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This edition of the book contains revised and updated information
from both the second edition and the revised second edition, as
well as new material as of early 2010. The authors and collabora-
tors have included information essential to the design and specifi-
cation of equipment needed for the ultimate purchasing of
equipment. The vast amount of literature has been screened so that
only time-tested practical methods that are useful in the design and
specification of equipment are included. The authors and colla-
borators have used their judgment about what to include based
upon their combined industrial and academic experience. The
emphasis is on design techniques and practice as well as what is
required to work with vendors in the selection and purchase of
equipment. This material would be especially helpful to the young
engineer entering industry, thus bridging the gap between aca-
demia and industry. Chapters 10, 13, 14, 15, and 16 have been

Preface to the Third Edition

extensively updated and revised compared to the second and
revised second editions of the book.

Dr Wayne J. Genck, President of Genck International, a ren-
owned international expert on crystallization has joined the con-
tributors, replacing John H. Wolf, Retired President of Swenson
Process Equipment Company.

Older methods and obsolete equipment for the most part have
been removed. If the reader has an interest in older material, he or
she might consult previous editions of this book.

This book is not intended as a classroom text, however, with
some modifications and addition of examples and problems, it
could be used for teaching purposes.

James R. Couper
W. Roy Penney
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Chapter 0

RULES OF THUMB: SUMMARY

Although experienced engineers know where to find information
and how to make accurate computations, they also keep a mini-
mum body of information readily available, made largely of short-
cuts and rules of thumb. This compilation is such a body of
information from the material in this book and is, in a sense, a
digest of the book.

Rules of thumb, also known as heuristics, are statements of
known facts. The word heuristics is derived from Greek, to dis-
cover or to invent, so these rules are known or discovered through
use and practice but may not be able to be theoretically proven. In
practice, they work and are most safely applied by engineers who
are familiar with the topics. Such rules are of value for approxi-
mate design and preliminary cost estimation, and should provide
even the inexperienced engineer with perspective and whereby the
reasonableness of detailed and computer-aided design can be
appraised quickly, especially on short notice, such as a conference.

Everyday activities are frequently governed by rules of thumb.
They serve us when we wish to take a course of action but we may
not be in a position to find the best course of action.

Much more can be stated in adequate fashion about some
topics than others, which accounts, in part, for the spottiness of
the present coverage. Also, the spottiness is due to the ignorance
and oversights on the part of the authors. Therefore, every engi-
neer undoubtedly will supplement or modify this material (Walas,
1988).

COMPRESSORS AND VACUUM PUMPS

1. Fans are used to raise the pressure about 3% (12 in. water),

blowers raise to less than 40 psig, and compressors to higher

pressures, although the blower range commonly is included
in the compressor range.

. Vacuum pumps: reciprocating piston type decrease the pres-
sure to 1 Torr; rotary piston down to 0.001 Torr, two-lobe
rotary down to 0.0001 Torr; steam jet ejectors, one stage down
to 100 Torr, three stage down to 1 Torr, five stage down to
0.05 Torr.

. A three-stage ejector needs 100 1b steam/lb air to maintain a
pressure of 1 Torr.

. In-leakage of air to evacuated equipment depends on the abso-
lute pressure, Torr, and the volume of the equipment, ¥ cuft,
according to w = £V Ib/hr, with k = 0.2 when P is more than
90 Torr, 0.08 between 3 and 20 Torr, and 0.025 at less than
1 Torr.

. Theoretical adiabatic horsepower (THP) = [(SCFM)T/81304]
[(Py/P))“~1], where T is inlet temperature in °F + 460 and
a= (k= 1k k= C)lC,.

. Outlet temperature 7> = T,(P,/P;)“.

. To compress air from 100°F, k = 1.4, compression ratio = 3,
theoretical power required = 62 HP/million cuft/day, outlet
temperature 306°F.

. Exit temperature should not exceed 350-400°F; for diatomic
gases (C,/C, = 1.4) this corresponds to a compression ratio
of about 4.

. Compression ratio should be about the same in each stage of a

multistage unit, ratio = (P,/P,)"", with n stages.

Efficiencies of fans vary from 60-80% and efficiencies of

blowers are in the range of 70-85%.

10.

xiii

11. Efficiencies of reciprocating compressors: 65-70% at compres-
sion ratio of 1.5, 75-80% at 2.0, and 80-85% at 3-6.

12. Efficiencies of large centrifugal compressors, 6000-100,000
ACFM at suction, are 76-78%.

13. Rotary compressors have efficiencies of 70-78%, except liquid-
liner type which have 50%.

14. Axial flow compressor efficiencies are in the range of 81-83%.

CONVEYORS FOR PARTICULATE SOLIDS

1. Screw conveyors are used to transport even sticky and abrasive
solids up inclines of 20° or so. They are limited to distances of
150 ft or so because of shaft torque strength. A 12 in. dia con-
veyor can handle 1000-3000 cuft/hr, at speeds ranging from
40 to 60 rpm.

. Belt conveyors are for high capacity and long distances (a mile or
more, but only several hundred feet in a plant), up inclines of 30°
maximum. A 24 in. wide belt can carry 3000 cuft/hr at a speed of
100 ft/min, but speeds up to 600 ft/min are suited for some mate-
rials. The number of turns is limited and the maximum incline is
30 degrees. Power consumption is relatively low.

. Bucket elevators are used for vertical transport of sticky and
abrasive materials. With buckets 20 x 20 in. capacity can reach
1000 cuft/hr at a speed of 100 ft/min, but speeds to 300 ft/min
are used.

. Drag-type conveyors (Redler) are suited for short distances in any
direction and are completely enclosed. Units range in size from
3 in. square to 19 in. square and may travel from 30 ft/min (fly
ash) to 250 ft/min (grains). Power requirements are high.

. Pneumatic conveyors are for high capacity, short distance
(400 ft) transport simultaneously from several sources to several
destinations. Either vacuum or low pressure (6-12 psig) is
employed with a range of air velocities from 35 to 120 ft/sec
depending on the material and pressure. Air requirements are
from 1 to 7 cuft/cuft of solid transferred.

COOLING TOWERS

1. Water in contact with air under adiabatic conditions even-
tually cools to the wet bulb temperature.
In commercial units, 90% of saturation of the air is feasible.
Relative cooling tower size is sensitive to the difference
between the exit and wet bulb temperatures:

AT(°F) 5 15 25

Relative volume 2.4 1.0 0.55

2.
3.

. Tower fill is of a highly open structure so as to minimize pressure
drop, which is in standard practice a maximum of 2 in. of water.

. Water circulation rate is 1-4 gpm/sqft and air rates are 1300—
1800 Ib/(hr)(sqft) or 300400 ft/min.

. Chimney-assisted natural draft towers are of hyperboloidal
shapes because they have greater strength for a given thick-
ness; a tower 250 ft high has concrete walls 5-6 in. thick.
The enlarged cross section at the top aids in dispersion of exit
humid air into the atmosphere.

. Countercurrent induced draft towers are the most common in
process industries. They are able to cool water within 2°F of
the wet bulb.
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8.

10.

11.

12.

Evaporation losses are 1% of the circulation for every 10°F of
cooling range. Windage or drift losses of mechanical draft
towers are 0.1-0.3%. Blowdown of 2.5-3.0% of the circulation
is necessary to prevent excessive salt buildup.

. Towers that circulate cooling water to several process units

and are vulnerable to process intrusion should not use film fill
due to the risk of fouling and fill failure (Huchler, 2009).
Sites with nearby obstructions or where there is the risk that
the tower plume or combustion exhaust may be entrained
should use a couterflow configuration, and may need special
air intake designs (Huchler, 2009).

If the facility, like a power plant, has very high heat loads
requiring high recirculating water rates and large cooling
loads, it may require the use of natural-draft towers with
hyperbolic concrete shells (Huchler, 2009).

The use of variable-frequency fan drives increase capital costs
and provide operating flexibility for towers of two or more
cells (Huchler, 2009).

CRYSTALLIZATION FROM SOLUTION

o

&~

10.

. The feed to a crystallizer should be slightly unsaturated.
. Complete recovery of dissolved solids is obtainable by evapora-

tion, but only to the eutectic composition by chilling. Recovery
by melt crystallization also is limited by the eutectic composition.

. Growth rates and ultimate sizes of crystals are controlled by

limiting the extent of supersaturation at any time.

. Crystal growth rates are higher at higher temperatures.
. The ratio S = C/C, of prevailing concentration to saturation

concentration is kept near the range of 1.02-1.05.

. In crystallization by chilling, the temperature of the solution is

kept at most 1-2°F below the saturation temperature at the
prevailing concentration.

. Growth rates of crystals under satisfactory conditions are in

the range of 0.1-0.8 mm/hr. The growth rates are approxi-
mately the same in all directions.

. Growth rates are influenced greatly by the presence of impuri-

ties and of certain specific additives that vary from case to case.

. Batch crystallizers tend to have a broader crystal size distribu-

tion than continuous crystallizers.

To narrow the crystal size distribution, cool slowly through the
initial crystallization temperature or seed at the initial crystal-
lization temperature.

DISINTEGRATION

1.

Percentages of material greater than 50% of the maximum size
are about 50% from rolls, 15% from tumbling mills, and 5%
from closed circuit ball mills.

. Closed circuit grinding employs external size classification and

return of oversize for regrinding. The rules of pneumatic con-
veying are applied to design of air classifiers. Closed circuit
is most common with ball and roller mills.

. Jaw and gyratory crushers are used for coarse grinding.
. Jaw crushers take lumps of several feet in diameter down to

4 in. Stroke rates are 100-300/min. The average feed is sub-
jected to 8-10 strokes before it becomes small enough to
escape. Gyratory crushers are suited for slabby feeds and make
a more rounded product.

. Roll crushers are made either smooth or with teeth. A 24 in.

toothed roll can accept lumps 14 in. dia. Smooth rolls effect
reduction ratios up to about 4. Speeds are 50-900 rpm. Capa-
city is about 25% of the maximum corresponding to a contin-
uous ribbon of material passing through the rolls.

10.

. Hammer mills beat the material until it is small enough to pass

through the screen at the bottom of the casing. Reduction
ratios of 40 are feasible. Large units operate at 900 rpm, smal-
ler ones up to 16,000 rpm. For fibrous materials the screen is
provided with cutting edges.

. Rod mills are capable of taking feed as large as 50 mm and

reducing it to 300 mesh, but normally the product range is
8-65 mesh. Rods are 25-150 mm dia. Ratio of rod length to
mill diameter is about 1.5. About 45% of the mill volume is
occupied by rods. Rotation is at 50-65% of critical.

. Ball mills are better suited than rod mills to fine grinding. The

charge is of equal weights of 1.5, 2, and 3 in. balls for the finest
grinding. Volume occupied by the balls is 50% of the mill
volume. Rotation speed is 70-80% of critical. Ball mills have
a length to diameter ratio in the range 1-1.5. Tube mills have
a ratio of 4-5 and are capable of very fine grinding. Pebble
mills have ceramic grinding elements, used when contamina-
tion with metal is to be avoided.

. Roller mills employ cylindrical or tapered surfaces that roll

along flatter surfaces and crush nipped particles. Products of
20-200 mesh are made.

Fluid energy mills are used to produce fine or ultrafine (submi-
cron) particles.

DISTILLATION AND GAS ABSORPTION

1.

10.

Distillation usually is the most economical method of separat-
ing liquids, superior to extraction, adsorption, crystallization,
or others.

. For ideal mixtures, relative volatility is the ratio of vapor pres-

sures aj, = P,/P;.
12 2/ Py

. For a two-component, ideal system, the McCabe-Thiele method

offers a good approximation of the number of equilibrium stages.

. Tower operating pressure is determined most often by the tem-

perature of the available condensing medium, 100-120°F if
cooling water; or by the maximum allowable reboiler tempera-
ture, 150 psig steam, 366°F.

. Sequencing of columns for separating multicomponent mixtures:

(a) perform the easiest separation first, that is, the one least
demanding of trays and reflux, and leave the most difficult to
the last; (b) when neither relative volatility nor feed concentra-
tion vary widely, remove the components one by one as overhead
products; (¢) when the adjacent ordered components in the feed
vary widely in relative volatility, sequence the splits in the order
of decreasing volatility; (d) when the concentrations in the feed
vary widely but the relative volatilities do not, remove the com-
ponents in the order of decreasing concentration in the feed.

. Flashing may be more economical than conventional distilla-

tion but is limited by the physical properties of the mixture.

. Economically optimum reflux ratio is about 1.25 times the

minimum reflux ratio R,,,.

. The economically optimum number of trays is nearly twice the

minimum value N,,.

. The minimum number of trays is found with the Fenske-

Underwood equation

Ny = log {[(x/ (1=2)ouna/ b/ (1=2)]oyms } / 108 @

Minimum reflux for binary or pseudobinary mixtures is given by
the following when separation is essentially complete (xp=1) and
DIF is the ratio of overhead product and feed rates:

R, D/F =1/(a—1),when feed is at the bubblepoint,
(Ry+1)D/F = a/(a—1),when feed is at the dewpoint.



11. A safety factor of 10% of the number of trays calculated by the
best means is advisable.

12. Reflux pumps are made at least 25% oversize.

13. For reasons of accessibility, tray spacings are made 20-30 in.

14. Peak efficiency of trays is at values of the vapor factor
F; =u,/p, in the range 1.0-1.2 (ft/sec) \/Ib/cuft. This range
of F; establishes the diameter of the tower. Roughly, linear
velocities are 2 ft/sec at moderate pressures and 6 ft/sec in
vacuum.

15. The optimum value of the Kremser-Brown absorption factor
A = K (VIL) is in the range 1.25-2.0.

16. Pressure drop per tray is of the order of 3 in. of water or
0.1 psi.

17. Tray efficiencies for distillation of light hydrocarbons and aqu-
eous solutions are 60-90%; for gas absorption and stripping,
10-20%.

18. Sieve trays have holes 0.25-0.50 in. dia, hole area being 10% of
the active cross section.

19. Valve trays have holes 1.5 in. dia each provided with a liftable
cap, 12-14 caps/sqft of active cross section. Valve trays usually
are cheaper than sieve trays.

20. Bubblecap trays are used only when a liquid level must be
maintained at low turndown ratio; they can be designed for
lower pressure drop than either sieve or valve trays.

21. Weir heights are 2 in., weir lengths about 75% of tray dia-
meter, liquid rate a maximum of about 8§ gpm/in. of weir; mul-
tipass arrangements are used at high liquid rates.

22. Packings of random and structured character are suited espe-
cially to towers under 3 ft dia and where low pressure drop
is desirable. With proper initial distribution and periodic redis-
tribution, volumetric efficiencies can be made greater than
those of tray towers. Packed internals are used as replacements
for achieving greater throughput or separation in existing
tower shells.

23. For gas rates of 500 cfm, use 1 in. packing; for gas rates of
2000 cfm or more, use 2 in.

24. The ratio of diameters of tower and packing should be at least
15.

25. Because of deformability, plastic packing is limited to a 10-15 ft
depth unsupported, metal to 20-25 ft.

26. Liquid redistributors are needed every 5-10 tower diameters
with pall rings but at least every 20 ft. The number of liquid
streams should be 3-5/sqft in towers larger than 3 ft dia (some
experts say 9—12/sqft), and more numerous in smaller towers.

27. Height equivalent to a theoretical plate (HETP) for vapor-
liquid contacting is 1.3-1.8 ft for 1 in. pall rings, 2.5-3.0 ft
for 2 in. pall rings.

28. Packed towers should operate near 70% of the flooding rate
given by the correlation of Sherwood, Lobo, et al.

29. Reflux drums usually are horizontal, with a liquid holdup of
5 min half full. A takeoff pot for a second liquid phase, such
as water in hydrocarbon systems, is sized for a linear velocity
of that phase of 0.5 ft/sec, minimum diameter of 16 in.

30. For towers about 3 ft dia, add 4 ft at the top for vapor disen-
gagement and 6 ft at the bottom for liquid level and reboiler
return.

31. Limit the tower height to about 175 ft max because of wind
load and foundation considerations. An additional criterion
is that L/D be less than 30.

DRIVERS AND POWER RECOVERY EQUIPMENT

1. Efficiency is greater for larger machines. Motors are 85-95%;
steam turbines are 42-78%; gas engines and turbines are
28-38%.
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. For under 100 HP, electric motors are used almost exclusively.

They are made for up to 20,000 HP.

. Induction motors are most popular. Synchronous motors are

made for speeds as low as 150 rpm and are thus suited for
example for low speed reciprocating compressors, but are not
made smaller than 50 HP. A variety of enclosures is available,
from weather-proof to explosion-proof.

. Steam turbines are competitive above 100 HP. They are speed

controllable. They are used in applications where speeds and
demands are relatively constant. Frequently they are employed
as spares in case of power failure.

. Combustion engines and turbines are restricted to mobile and

remote locations.

. Gas expanders for power recovery may be justified at capacities

of several hundred HP; otherwise any needed pressure reduc-
tion in process is effected with throttling valves.

. Axial turbines are used for power recovery where flow rates,

inlet temperatures or pressure drops are high.

. Turboexpanders are used to recover power in applications

where inlet temperatures are less than 1000°F.

DRYING OF SOLIDS

1.

Drying times range from a few seconds in spray dryers to 1 hr
or less in rotary dryers and up to several hours or even several
days in tunnel shelf or belt dryers.

. Continuous tray and belt dryers for granular material of natural

size or pelleted to 3-15 mm have drying times in the range of
10-200 min.

. Rotary cylindrical dryers operate with superficial air velocities

of 5-10 ft/sec, sometimes up to 35 ft/sec when the material is
coarse. Residence times are 5-90 min. Holdup of solid is
7-8%. An 85% free cross section is taken for design purposes.
In countercurrent flow, the exit gas is 10-20°C above the solid;
in parallel flow, the temperature of the exit solid is 100°C.
Rotation speeds of about 4 rpm are used, but the product of
rpm and diameter in feet is typically between 15 and 25.

. Drum dryers for pastes and slurries operate with contact times

of 3-12 sec, produce flakes 1-3 mm thick with evaporation
rates of 15-30 kg/m? hr. Diameters are 1.5-5.0 ft; the rotation
rate is 2-10 rpm. The greatest evaporative capacity is of the
order of 3000 1b/hr in commercial units.

. Pneumatic conveying dryers normally take particles 1-3 mm

dia but up to 10 mm when the moisture is mostly on the surface.
Air velocities are 10-30 m/sec. Single pass residence times are
0.5-3.0 sec but with normal recycling the average residence time
is brought up to 60 sec. Units in use range from 0.2 m dia by
1 m high to 0.3 m dia by 38 m long. Air requirement is several
SCFM/Ib of dry product/hr.

. Fluidized bed dryers work best on particles of a few tenths of a

mm dia, but up to 4 mm dia have been processed. Gas velocities
of twice the minimum fluidization velocity are a safe prescrip-
tion. In continuous operation, drying times of 1-2 min are
enough, but batch drying of some pharmaceutical products
employs drying times of 2-3 hr.

. Spray dryers are used for heat sensitive materials. Surface

moisture is removed in about 5 sec, and most drying is com-
pleted in less than 60 sec. Parallel flow of air and stock is most
common. Atomizing nozzles have openings 0.012-0.15 in. and
operate at pressures of 300—4000 psi. Atomizing spray wheels
rotate at speeds to 20,000 rpm with peripheral speeds of
250-600 ft/sec. With nozzles, the length to diameter ratio of
the dryer is 4-5; with spray wheels, the ratio is 0.5-1.0. For
the final design, the experts say, pilot tests in a unit of 2 m
dia should be made.
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EVAPORATORS

1.

10.

Long tube vertical evaporators with either natural or forced
circulation are most popular. Tubes are 19-63 mm dia and
12-30 ft long.

. In forced circulation, linear velocities in the tubes are 15-20 ft/sec.
. Film-related efficiency losses can be minimized by maintaining

a suitable temperature gradient, for instance 40-45°F. A rea-
sonable overall heat transfer coefficient is 250 Btu/(h)(ft*).

. Elevation of boiling point by dissolved solids results in differ-

ences of 3-10°F between solution and saturated vapor.

. When the boiling point rise is appreciable, the economic num-

ber of effects in series with forward feed is 4-6.

. When the boiling point rise is small, minimum cost is obtained

with 8-10 effects in series.

. In countercurrent evaporator systems, a reasonable tempera-

ture approach between the inlet and outlet streams is 30°F.
In multistage operation, a typical minimum is 10°F.

. In backward feed the more concentrated solution is heated

with the highest temperature steam so that heating surface is
lessened, but the solution must be pumped between stages.

. The steam economy of an N-stage battery is approximately

0.8N 1b evaporation/lb of outside steam.

Interstage steam pressures can be boosted with steam jet com-
pressors of 20-30% efficiency or with mechanical compressors
of 70-75% efficiency.

EXTRACTION, LIQUID-LIQUID

1.

The dispersed phase should be the one that has the higher volu-
metric rate except in equipment subject to backmixing where it
should be the one with the smaller volumetric rate. It should be
the phase that wets the material of construction less well. Since
the holdup of continuous phase usually is greater, that phase
should be made up of the less expensive or less hazardous
material.

. Although theory is favorable for the application of reflux to

extraction columns, there are very few commercial applications.

. Mixer-settler arrangements are limited to at most five stages.

Mixing is accomplished with rotating impellers or circulating
pumps. Settlers are designed on the assumption that droplet
sizes are about 150 ym dia. In open vessels, residence times of
30-60 min or superficial velocities of 0.5-1.5 ft/min are pro-
vided in settlers. Extraction stage efficiencies commonly are
taken as 80%.

. Spray towers even 2040 ft high cannot be depended on to func-

tion as more than a single stage.

. Packed towers are employed when 5-10 stages suffice. Pall rings

of 1-1.5 in. size are best. Dispersed phase loadings should not
exceed 25 gal/(min) (sqft). HETS of 5-10 ft may be realizable.
The dispersed phase must be redistributed every 5-7 ft. Packed
towers are not satisfactory when the surface tension is more
than 10 dyn/cm.

. Sieve tray towers have holes of only 3-8 mm dia. Velocities

through the holes are kept below 0.8 ft/sec to avoid formation
of small drops. At each tray, design for the redistribution of
each phase can be provided. Redispersion of either phase at
each tray can be designed for. Tray spacings are 6-24 in. Tray
efficiencies are in the range of 20-30%.

. Pulsed packed and sieve tray towers may operate at frequencies

of 90 cycles/min and amplitudes of 6-25 mm. In large diameter
towers, HETS of about 1 m has been observed. Surface tensions
as high as 30-40 dyn/cm have no adverse effect.

. Reciprocating tray towers can have holes 9/16 in. dia, 50-60%

open area, stroke length 0.75 in., 100-150 strokes/min, plate

spacing normally 2 in. but in the range 1-6 in. In a 30 in. dia
tower, HETS is 20-25 in. and throughput is 2000 gal/(hr)(sqft).
Power requirements are much less than of pulsed towers.

. Rotating disk contactors or other rotary agitated towers realize

HETS in the range 0.1-0.5 m. The especially efficient Kuhni
with perforated disks of 40% free cross section has HETS
0.2 m and a capacity of 50 m*m? hr.

FILTRATION

1.

10.

11.

Processes are classified by their rate of cake buildup in a
laboratory vacuum leaf filter: rapid, 0.1-10.0 cm/sec; medium,
0.1-10.0 cm/min; slow, 0.1-10.0 cm/hr.

. The selection of a filtration method depends partly on which

phase is the valuable one. For liquid phase being the valuable
one, filter presses, sand filters, and pressure filters are suitable.
If the solid phase is desired, vacuum rotary vacuum filters are
desirable.

. Continuous filtration should not be attempted if 1/8 in. cake

thickness cannot be formed in less than 5 min.

. Rapid filtering is accomplished with belts, top feed drums, or

pusher-type centrifuges.

. Medium rate filtering is accomplished with vacuum drums or

disks or peeler-type centrifuges.

. Slow filtering slurries are handled in pressure filters or sedi-

menting centrifuges.

. Clarification with negligible cake buildup is accomplished with

cartridges, precoat drums, or sand filters.

. Laboratory tests are advisable when the filtering surface is

expected to be more than a few square meters, when cake
washing is critical, when cake drying may be a problem, or
when precoating may be needed.

. For finely ground ores and minerals, rotary drum filtration

rates may be 1500 1b/(day)(sqft), at 20 rev/hr and 18-25 in.
Hg vacuum.

Coarse solids and crystals may be filtered by rotary drum filters
at rates of 6000 1b/(day)(sqft) at 20 rev/hr, 2-6 in. Hg vacuum.
Cartridge filters are used as final units to clarify a low solid
concentration stream. For slurries where excellent cake wash-
ing is required, horizontal filters are used. Rotary disk filters
are for separations where efficient cake washing is not essen-
tial. Rotary drum filters are used in many liquid-solid separa-
tions and precoat units capable of producing clear effluent
streams. In applications where flexibility of design and opera-
tion are required, plate-and-frame filters are used.

FLUIDIZATION OF PARTICLES WITH GASES

1.

Properties of particles that are conducive to smooth fluidization
include: rounded or smooth shape, enough toughness to resist
attrition, sizes in the range 50-500 ym dia, a spectrum of sizes
with ratio of largest to smallest in the range of 10-25.

. Cracking catalysts are members of a broad class characterized

by diameters of 30-150 pym, density of 1.5 g/mL or so, appreci-
able expansion of the bed before fluidization sets in, minimum
bubbling velocity greater than minimum fluidizing velocity,
and rapid disengagement of bubbles.

. The other extreme of smoothly fluidizing particles is typified by

coarse sand and glass beads both of which have been the subject
of much laboratory investigation. Their sizes are in the range
150-500 pm, densities 1.5-4.0 g/mL, small bed expansion, about
the same magnitudes of minimum bubbling and minimum flui-
dizing velocities, and also have rapidly disengaging bubbles.

. Cohesive particles and large particles of 1 mm or more do not

fluidize well and usually are processed in other ways.



5.

Rough correlations have been made of minimum fluidization
velocity, minimum bubbling velocity, bed expansion, bed level
fluctuation, and disengaging height. Experts recommend, how-
ever, that any real design be based on pilot plant work.

. Practical operations are conducted at two or more multiples of

the minimum fluidizing velocity. In reactors, the entrained
material is recovered with cyclones and returned to process. In
dryers, the fine particles dry most quickly so the entrained
material need not be recycled.

HEAT EXCHANGERS

1.

2.

10.

11.

12.

13.

14.

Take true countercurrent flow in a shell-and-tube exchanger as
a basis.

Standard tubes are 3/4 in. OD, 1 in. triangular spacing, 16 ft
long; a shell 1 ft dia accommodates 100 sqft; 2 ft dia, 400 sqft,
3 ft dia, 1100 sqft.

. Tube side is for corrosive, fouling, scaling, and high pressure

fluids.

. Shell side is for viscous and condensing fluids.
. Pressure drops are 1.5 psi for boiling and 3-9 psi for other

services.

. Minimum temperature approach is 20°F with normal cool-

ants, 10°F or less with refrigerants.

. Water inlet temperature is 90°F, maximum outlet 120°F.
. Heat transfer coefficients for estimating purposes, Btu/(hr)

(sqft)(°F): water to liquid, 150; condensers, 150; liquid to
liquid, 50; liquid to gas, 5; gas to gas, 5; reboiler, 200. Max
flux in reboilers, 10,000 Btu/(hr)(sqft).

. Usually, the maximum heat transfer area for a shell-and-tube

heat exchanger is in the range of 5000 ft>.

Double-pipe exchanger is competitive at duties requiring
100-200 sqft.

Compact (plate and fin) exchangers have 350 sqft/cuft, and
about 4 times the heat transfer per cuft of shell-and-tube units.
Plate and frame exchangers are suited to high sanitation ser-
vices, and are 25-50% cheaper in stainless construction than
shell-and-tube units.

Air coolers: Tubes are 0.75-1.00 in. OD, total finned surface 15—
20 sqft/sqft bare surface, U = 80-100 Btu/(hr)(sqft bare surface)
(°F), fan power input 2-5 HP/(MBtu/hr), approach 50°F or more.
Fired heaters: radiant rate, 12,000 Btu/(hr)(sqft); convection
rate, 4000; cold oil tube velocity, 6 ft/sec; approx equal trans-
fers of heat in the two sections; thermal efficiency 70-75%; flue
gas temperature 250-350°F above feed inlet; stack gas tem-
perature 650-950°F.

INSULATION

—

. Up to 650°F, 85% magnesia is most used.
. Up to 1600-1900°F, a mixture of asbestos and diatomaceous

earth is used.

. Ceramic refractories at higher temperatures.
. Cryogenic equipment (—200°F) employs insulants with fine

pores in which air is trapped.

. Optimum thickness varies with temperature: 0.5 in. at 200°F,

1.0 in. at 400°F, 1.25 in. at 600°F.

. Under windy conditions (7.5 miles/hr), 10-20% greater thick-

ness of insulation is justified.

MIXING AND AGITATION

1.

Mild agitation is obtained by circulating the liquid with an
impeller at superficial velocities of 0.1-0.2 ft/sec, and intense
agitation at 0.7-1.0 ft/sec.

2.
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Intensities of agitation with impellers in baffled tanks are mea-
sured by power input, HP/1000 gal, and impeller tip speeds:

Operation HP/1000 gal Tip speed (ft/min)
Blending 0.2-0.5
Homogeneous reaction 0.5-15 7.5-10
Reaction with heat transfer 1.5-5.0 10-15
Liquid-liquid mixtures 5 15-20
Liquid-gas mixtures 5-10 15-20
Slurries 10

. Proportions of a stirred tank relative to the diameter D: liquid

level = Dj; turbine impeller diameter = D/3; impeller level above
bottom = D/3; impeller blade width = D/15; four vertical baffles
with width = D/10.

. Propellers are made a maximum of 18 in., turbine impellers to

9 ft.

. Gas bubbles sparged at the bottom of the vessel will result in

mild agitation at a superficial gas velocity of 1 ft/min, severe
agitation at 4 ft/min.

. Suspension of solids with a settling velocity of 0.03 ft/sec is

accomplished with either turbine or propeller impellers, but
when the settling velocity is above 0.15 ft/sec intense agitation
with a propeller is needed.

. Power to drive a mixture of a gas and a liquid can be 25-50%

less than the power to drive the liquid alone.

. In-line blenders are adequate when a second or two contact

time is sufficient, with power inputs of 0.1-0.2 HP/gal.

PARTICLE SIZE ENLARGEMENT

1.

The chief methods of particle size enlargement are: compression
into a mold, extrusion through a die followed by cutting or
breaking to size, globulation of molten material followed by
solidification, agglomeration under tumbling or otherwise agi-
tated conditions with or without binding agents.

. Rotating drum granulators have length to diameter ratios of

2-3, speeds of 10-20 rpm, pitch as much as 10°. Size is controlled
by speed, residence time, and amount of binder; 2-5 mm dia is
common.

. Rotary disk granulators produce a more nearly uniform pro-

duct than drum granulators. Fertilizer is made 1.5-3.5 mm; iron
ore 10-25 mm dia.

. Roll compacting and briquetting is done with rolls ranging

from 130 mm dia by 50 mm wide to 910 mm dia by 550 mm
wide. Extrudates are made 1-10 mm thick and are broken down
to size for any needed processing such as feed to tabletting
machines or to dryers.

. Tablets are made in rotary compression machines that convert

powders and granules into uniform sizes. Usual maximum dia-
meter is about 1.5 in., but special sizes up to 4 in. dia are possi-
ble. Machines operate at 100 rpm or so and make up to 10,000
tablets/min.

. Extruders make pellets by forcing powders, pastes, and melts

through a die followed by cutting. An 8 in. screw has a capacity
of 2000 1b/hr of molten plastic and is able to extrude tubing at
150-300 ft/min and to cut it into sizes as small as washers at
8000/min. Ring pellet extrusion mills have hole diameters of 1.6—
32 mm. Production rates cover a range of 30-200 Ib/(hr)(HP).

. Prilling towers convert molten materials into droplets and allow

them to solidify in contact with an air stream. Towers as high as
60 m are used. Economically the process becomes competitive
with other granulation processes when a capacity of 200-400
tons/day is reached. Ammonium nitrate prills, for example,
are 1.6-3.5 mm dia in the 5-95% range.
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Fluidized bed granulation is conducted in shallow beds 12-24 in.
deep at air velocities of 0.1-2.5 m/s or 3-10 times the minimum
fluidizing velocity, with evaporation rates of 0.005-1.0 kg/m’sec.
One product has a size range 0.7-2.4 mm dia.

. Agglomerators give a loosely packed product and the operating
costs are low.

PIPING

1.

Line velocities and pressure drops, with line diameter D in

inches: liquid pump discharge, (5 + D/3) ft/sec, 2.0 psi/100 ft;

liquid pump suction, (1.3 + D/6) ft/sec, 0.4 psi/100 ft; steam or

gas, 20D ft/sec, 0.5 psi/100 ft.

. Control valves require at least 10 psi drop for good control.

. Globe valves are used for gases, for control and wherever tight
shutoff is required. Gate valves are for most other services.

. Screwed fittings are used only on sizes 1.5 in. and smaller,
flanges or welding otherwise.

. Flanges and fittings are rated for 150, 300, 600, 900, 1500, or
2500 psig.

. Pipe schedule number = 1000 P/S, approximately, where P is

the internal pressure psig and S is the allowable working stress

(about 10,000 psi for A120 carbon steel at 500°F). Schedule

40 is most common.

PUMPS

1.

2.

Power for pumping liquids: HP = (gpm)(psi difference)/(1714)

(fractional efficiency).

Normal pump suction head (NPSH) of a pump must be in

excess of a certain number, depending on the kind of pumps

and the conditions, if damage is to be avoided. NPSH = (pres-
sure at the eye of the impeller — vapor pressure)/(density). Com-
mon range is 4-20 ft.

. Specific speed N, = (rpm)(gpm)™’ /(head in ft)*”°. Pump may
be damaged if certain limits of N are exceeded, and efficiency
is best in some ranges.

. Centrifugal pumps: Single stage for 15-5000 gpm, 500 ft max
head; multistage for 20-11,000 gpm, 5500 ft max head. Effi-
ciency 45% at 100 gpm, 70% at 500 gpm, 80% at 10,000 gpm.
They are used in processes where fluids are of moderate viscos-
ity and the pressure increase is modest.

. Axial pumps for 20-100,000 gpm, 40 ft head, 65-85% effi-
ciency. These pumps are used in applications to move large
volumes of fluids at low differential pressure.

. Rotary pumps for 1-5000 gpm, 50,000 ft head, 50-80%
efficiency.

. Reciprocating pumps for 10-10,000 gpm, 1,000,000 ft head
max. Efficiency 70% at 10 HP, 85% at 50 HP, 90% at 500 HP.
These pumps are used if high pressures are necessary at low flow
rates.

. Turbine pumps are used in low flow and high pressure
applications.

. Positive displacement pumps are used where viscosities are

large, flow rates are low, or metered liquid rates are required.

REACTORS

1. Inlet temperature, pressure and concentrations are necessary
for specification of a reactor. An analysis of equilibrium
should be made to define the limits of possible conversion
and to eliminate impossible results.

2. Material and energy balances are essential to determine reac-

tor size.

3.

10.

11.

12.

The rate of reaction in every instance must be established in
the laboratory, and the residence time or space velocity and
product distribution eventually must be found in a pilot plant.

. Dimensions of catalyst particles are 0.1 mm in fluidized beds,

1 mm in slurry beds, and 2-5 mm in fixed beds.

. The optimum proportions of stirred tank reactors are with

liquid level equal to the tank diameter, but at high pressures
slimmer proportions are economical.

. Power input to a homogeneous reaction stirred tank is 0.5-1.5

HP/1000 gal, but three times this amount when heat is to be
transferred.

. Ideal CSTR (continuous stirred tank reactor) behavior is

approached when the mean residence time is 5-10 times the
length of time needed to achieve homogeneity, which is accom-
plished with 500-2000 revolutions of a properly designed stirrer.

. Batch reactions are conducted in stirred tanks for small daily

production rates or when the reaction times are long or when
some condition such as feed rate or temperature must be pro-
grammed in some way.

. Relatively slow reactions of liquids and slurries are conducted

in continuous stirred tanks. A battery of four or five in series is
most economical.

Tubular flow reactors are suited to high production rates at
short residence times (sec or min) and when substantial heat
transfer is needed. Embedded tubes or shell-and-tube construc-
tion then are used.

In granular catalyst packed reactors, the residence time distri-
bution often is no better than that of a five-stage CSTR battery.
For conversions under about 95% of equilibrium, the perfor-
mance of a five-stage CSTR battery approaches plug flow.

REFRIGERATION

. A ton of refrigeration is the removal of 12,000 Btu/hr of heat.
. At various temperature levels: 0 to 50°F, chilled brine and

glycol solutions; —50 to 40°F, ammonia, freons, or butane;
—150 to —50°F, ethane or propane.

. Compression refrigeration with 100°F condenser requires these

HP/ton at various temperature levels: 1.24 at 20°F; 1.75 at
0°F; 3.1 at —40°F; 5.2 at —80°F.

. Below —80°F, cascades of two or three refrigerants are used.
. In single stage compression, the compression ratio is limited to

about 4.

. In multistage compression, economy is improved with inter-

stage flashing and recycling, so-called economizer operation.

. Absorption refrigeration (ammonia to —30°F, lithium bromide

to +45°F) is economical when waste steam is available at
12 psig or so.

SIZE SEPARATION OF PARTICLES

1.

2.

Grizzlies that are constructed of parallel bars at appropriate
spacings are used to remove products larger than 5 cm dia.
Revolving cylindrical screens rotate at 15-20 rpm and below
the critical velocity; they are suitable for wet or dry screening
in the range of 10-60 mm.

. Flat screens are vibrated or shaken or impacted with bouncing

balls. Inclined screens vibrate at 600-7000 strokes/min and are
used for down to 38 um although capacity drops off sharply
below 200 um. Reciprocating screens operate in the range
30-1000 strokes/min and handle sizes down to 0.25 mm at the
higher speeds.

. Rotary sifters operate at 500-600 rpm and are suited to a range

of 12 mm to 50 ym.



. Air classification is preferred for fine sizes because screens of

150 mesh and finer are fragile and slow.

. Wet classifiers mostly are used to make two product size ranges,

oversize and undersize, with a break commonly in the range
between 28 and 200 mesh. A rake classifier operates at about
9 strokes/min when making separation at 200 mesh, and
32 strokes/min at 28 mesh. Solids content is not critical, and
that of the overflow may be 2-20% or more.

. Hydrocyclones handle up to 600 cuft/min and can remove par-

ticles in the range of 300-5 um from dilute suspensions. In one
case, a 20 in. dia unit had a capacity of 1000 gpm with a pres-
sure drop of 5 psi and a cutoff between 50 and 150 ym.

UTILITIES: COMMON SPECIFICATIONS

1.

2.

[ BN

8.

Steam: 15-30 psig, 250-275°F; 150 psig, 366°F; 400 psig, 448°F;
600 psig, 488°F or with 100-150°F superheat.

Cooling water: Supply at 80-90°F from cooling tower, return at
115-125°F; return seawater at 110°F, return tempered water or
steam condensate above 125°F.

. Cooling air supply at 85-95°F; temperature approach to pro-

cess, 40°F.

. Compressed air at 45, 150, 300, or 450 psig levels.
. Instrument air at 45 psig, 0°F dewpoint.
. Fuels: gas of 1000 Btu/SCF at 5-10 psig, or up to 25 psig for

some types of burners; liquid at 6 million Btu/barrel.

. Heat transfer fluids: petroleum oils below 600°F, Dowtherms,

Therminol, etc. below 750°F, fused salts below 1100°F, direct
fire or electricity above 450°F.
Electricity: 1-100 Hp, 220-660 V; 200-2500 Hp, 2300-4000 V.

VESSELS (DRUMS)

1.

[

10.

11.

12.

13.

14.

Drums are relatively small vessels to provide surge capacity or
separation of entrained phases.

. Liquid drums usually are horizontal.
. Gasl/liquid separators are vertical.
. Optimum length/diameter = 3, but a range of 2.5-5.0 is

common.

. Holdup time is 5 min half full for reflux drums, 5-10 min for a

product feeding another tower.

. In drums feeding a furnace, 30 min half full is allowed.
. Knockout drums ahead of compressors should hold no less

than 10 times the liquid volume passing through per minute.

. Liquid/liquid separators are designed for settling velocity of

2-3 in./min.

. Gas velocity in gas/liquid separators, V = k+/p; /p,—1 ft/sec,

with k& = 0:35 with mesh deentrainer, £ = 0:1 without mesh
deentrainer.

Entrainment removal of 99% is attained with mesh pads of
4-12 in. thicknesses; 6 in. thickness is popular.

For vertical pads, the value of the coefficient in Step 9 is
reduced by a factor of 2/3.

Good performance can be expected at velocities of 30-100% of
those calculated with the given k; 75% is popular.
Disengaging spaces of 6—18 in. ahead of the pad and 12 in.
above the pad are suitable.

Cyclone separators can be designed for 95% collection of 5 ym
particles, but usually only droplets greater than 50 yum need be
removed.

VESSELS (PRESSURE)

1.

Design temperature between —20°F and 650°F is 50°F above
operating temperature; higher safety margins are used outside
the given temperature range.
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. The design pressure is 10% or 10-25 psi over the maximum oper-

ating pressure, whichever is greater. The maximum operating
pressure, in turn, is taken as 25 psi above the normal operation.

. Design pressures of vessels operating at 0-10 psig and 600-

1000°F are 40 psig.

. For vacuum operation, design pressures are 15 psig and full

vacuum.

. Minimum wall thicknesses for rigidity: 0.25 in. for 42 in. dia and

under, 0.32 in. for 42-60 in. dia, and 0.38 in. for over 60 in. dia.

. Corrosion allowance 0.35 in. for known corrosive conditions,

0.15 in. for non-corrosive streams, and 0.06 in. for steam drums
and air receivers.

. Allowable working stresses are one-fourth of the ultimate

strength of the material.

. Maximum allowable stress depends sharply on temperature.

Temperature (°F) —20-650 750 850 1000
Low alloy steel SA203 (psi) 18,750 15,650 9550 2500
Type 302 stainless (psi) 18,750 18,750 15,900 6250

VESSELS (STORAGE TANKS)

. For less than 1000 gal, use vertical tanks on legs.
. Between 1000 and 10,000 gal, use horizontal tanks on concrete

supports.

. Beyond 10,000 gal, use vertical tanks on concrete foundations.
. Liquids subject to breathing losses may be stored in tanks with

floating or expansion roofs for conservation.

. Freeboard is 15% below 500 gal and 10% above 500 gal capacity.
. Thirty days capacity often is specified for raw materials and

products, but depends on connecting transportation equipment
schedules.

. Capacities of storage tanks are at least 1.5 times the size of con-

necting transportation equipment; for instance, 7500 gal tank
trucks, 34,500 gal tank cars, and virtually unlimited barge and
tanker capacities.

MEMBRANE SEPARATIONS

1.

When calculating mole fraction relationships (see Section
19.10), respective permeabilities in mixtures tend to be less, or
much less, than measured pure permeabilities.

. In calculating the degree of separation for mixtures between

two components or key components, the permeability values
used can be approximated as 50 percent of the values of the
pure components.

. In calculating membrane area, these same lower membrane per-

meability values may be used.

. When in doubt, experimental data for each given mixture for a

particular membrane material must be obtained.

MATERIALS OF CONSTRUCTION

1.

2.

The maximum use temperature of a metallic material is given
by TMax =23 (TMelting Point)

The coefficient of thermal expansion is of the order of 10 x 107°.
Nonmetallic coefficients vary considerably.

REFERENCE

S.M. Walas, Chemical Process Equipment: Selection and Design, Butterworth-
Heinemann, Woburn, MA, 1988.



XX RULES OF THUMB: SUMMARY

BIBLIOGRAPHY

The following are additional sources for rules of thumb:

C.R. Branan, Rules of Thumb for Chemical Engineers, 3rd ed., Elsevier
Science, St. Louis, MO, 2002.

A.A. Durand et al., “Heuristics Rules for Process Equipment,” Chemical
Engineering, 44-47 (October 2006).

L. Huchler, “Cooling Towers, Part 1: Siting, Selection and Sizing,” Chemi-
cal Engineering Progress, 61-54 (August 2009).

W.J. Korchinski, and L.E. Turpin, Hydrocarbon Processing, 129-133
(January 1966).

M.S. Peters, K.D. Timmerhaus, and R.E. West, Plant Design and Econom-
ics for Chemical Engineers, 5th ed., McGraw-Hill, Inc., New York, 2003.
G.D. Ulrich, and P.T. Vasudevan, “A Guide to Chemical Engineering
Process Design and Economics,” Process Publishers, Lee, NH, 2007.

D.R. Woods, Process Design and Engineering Practice, PTR Prentice-Hall,
Englewood Cliffs, NJ, 1995.

D.R. Woods et al., Albright’s Chemical Engineers’ Handbook, Sec. 16.11,
CRC Press, Boca Raton, Fl, 2008.



Copyrighted Materials

Copyright © 2012 Elsevier Retrieved from www.knovel.com

INTRODUCTION

Ithough this book is devoted to the selection and
design of individual equipment, some mention
should be made of integration of a number of
units into a process. Each piece of equipment
interacts with several others in a plant, and the range of

its required performance is dependent on the others in
terms of material and energy balances and rate processes.
In this chapter, general background material will be
presented relating to complete process design. The design
of flowsheets will be considered in Chapter 2.

1.1. PROCESS DESIGN

Process design establishes the sequence of chemical and physical
operations; operating conditions; the duties, major specifications,
and materials of construction (where critical) of all process equip-
ment (as distinguished from utilities and building auxiliaries); the
general arrangement of equipment needed to ensure proper func-
tioning of the plant; line sizes; and principal instrumentation. The
process design is summarized by a process flowsheet, material and
energy balances, and a set of individual equipment specifications.
Varying degrees of thoroughness of a process design may be
required for different purposes. Sometimes only a preliminary
design and cost estimate are needed to evaluate the advisability of
further research on a new process or a proposed plant expansion
or detailed design work; or a preliminary design may be needed to
establish the approximate funding for a complete design and con-
struction. A particularly valuable function of preliminary design is
that it may reveal lack of certain data needed for final design. Data
1 of costs of individual equipment are supplied in Chapter 21, but the
complete economics of process design is beyond its scope.

1.2. EQUIPMENT

Two main categories of process equipment are proprietary and
custom-designed. Proprietary equipment is designed by the manu-
facturer to meet performance specifications made by the user; these
specifications may be regarded as the process design of the equip-
ment. This category includes equipment with moving parts such
as pumps, compressors, and drivers as well as cooling towers,
dryers, filters, mixers, agitators, piping equipment, and valves,
and even the structural aspects of heat exchangers, furnaces, and
other equipment. Custom design is needed for many aspects of che-
mical reactors, most vessels, multistage separators such as fraction-
ators, and other special equipment not amenable to complete
standardization.

Only those characteristics of equipment are specified by process
design that are significant from the process point of view. On a pump,
for instance, process design will specify the operating conditions,
capacity, pressure differential, NPSH, materials of construction in
contact with process liquid, and a few other items, but not such
details as the wall thickness of the casing or the type of stuffing box
or the nozzle sizes and the foundation dimensions — although most
of these omitted items eventually must be known before a plant is
ready for construction. Standard specification forms are available
for most proprietary kinds of equipment and for summarizing the
details of all kinds of equipment. By providing suitable checklists,
they simplify the work by ensuring that all needed data have been
provided. A collection of such forms is in Appendix B.

Proprietary equipment is provided “off the shelf” in limited
sizes and capacities. Special sizes that would fit particular applica-
tions more closely often are more expensive than a larger standard

size that incidentally may provide a worthwhile safety factor. Even
largely custom-designed equipment, such as vessels, is subject to
standardization such as discrete ranges of head diameters, pressure
ratings of nozzles, sizes of manways, and kinds of trays and pack-
ings. Many codes and standards are established by government
agencies, insurance companies, and organizations sponsored by
engineering societies. Some standardizations within individual
plants are arbitrary choices made to simplify construction, mainte-
nance, and repair, and to reduce inventory of spare parts: for
example, limiting the sizes of heat exchanger tubing and pipe sizes,
standardization of centrifugal pumps, and restriction of process
control equipment to a particular manufacturer. There are
instances when restrictions must be relaxed for the engineer to
accommodate a design.

VENDORS’ QUESTIONNAIRES

A manufacturer’s or vendor’s inquiry form is a questionnaire
whose completion will give him the information on which to base
a specific recommendation of equipment and a price. General
information about the process in which the proposed equipment
is expected to function, amounts and appropriate properties of
the streams involved, and the required performance are basic.
The nature of additional information varies from case to case;
for instance, being different for filters than for pneumatic con-
veyors. Individual suppliers have specific inquiry forms. A repre-
sentative selection is in Appendix C.

SPECIFICATION FORMS

When completed, a specification form is a record of the salient fea-
tures of the equipment, the conditions under which it is to operate,
and its guaranteed performance. Usually it is the basis for a firm
price quotation. Some of these forms are made up by organizations
such as TEMA or API, but all large engineering contractors and
many large operating companies have other forms for their own
needs. A selection of specification forms is in Appendix B.

1.3. CATEGORIES OF ENGINEERING PRACTICE

Although the design of a chemical process plant is initiated by che-
mical engineers, its complete design and construction requires the
inputs of other specialists: mechanical, structural, electrical, and
instrumentation engineers; vessel and piping designers; and pur-
chasing agents who know what may be available at attractive
prices. On large projects all these activities are correlated by a pro-
ject manager; on individual items of equipment or small projects,
the process engineer naturally assumes this function. A key activity
is the writing of specifications for soliciting bids and ultimately
purchasing equipment. Specifications must be written so explicitly
that the bidders are held to a uniform standard and a clear-cut
choice can be made on the basis of their offerings alone.
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For a typical project, Figures 1.1 and 1.2 are generally the
shape of the curves. Note that in Figure 1.1, engineering begins
early so that critical material (e.g., special alloys) can be com-
mitted for the project. Figure 1.2 shows that, in terms of total engi-
neering effort, process engineering is a small part.

In terms of total project cost, the cost of engineering is a small
part, ranging from 5 to 20% of the total plant cost. The lower figure
is for large plants that are essentially copies of ones built before,
while the higher figure is for small plants or those employing new
technology, unusual processing conditions, and specifications.

1.4. SOURCES OF INFORMATION FOR PROCESS DESIGN

A selection of books relating to process design methods and data is
listed in the references at the end of this chapter. Items that are
especially desirable in a personal library or readily accessible are
identified. Specialized references are given throughout the book
in connection with specific topics.

The extensive chemical literature is served by the items cited in
References. The book by Leesley (References, Section B) has much
information about proprietary data banks and design methods. In
its current and earlier editions, the book by Peters and Timmer-
haus has many useful bibliographies on various topics.

For general information about chemical manufacturing pro-
cesses, the major encyclopedic references are Kirk-Othmer (1978-
1984) (1999), McKetta (1992), McKetta and Cunningham (1976),
and Ullman (1994) in Reference Section 1.2, Part A, as well as
Kent (1992) in Reference Section 1.2, Part B.

Extensive physical property and thermodynamic data are
available throughout the literature. Two such compilations are
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Figure 1.2. Rate of application of engineering manhours by engi-
neering function: process engineering, project engineering, and
design engineering.

found in the DECHEMA publications (1977) and the Design Insti-
tute for Physical Property Research (DIPPR) (1985). DECHEMA
is an extensive series (11 volumes) of physical property and ther-
modynamic data. Some of the earlier volumes were published in
the 1980s but there are numerous supplements to update the data.
The main purpose of the DECHEMA publication is to provide
chemists and chemical engineers with data for process design and
development. DIPPR, published by AIChE, is a series of volumes
on physical properties. The references to these publications are
found in References, Part C. The American Petroleum Institute
(API) published data and methods for estimating properties of
hydrocarbons and their mixtures, called the API Data Book. Ear-
lier compilations include Landolt-Bornstein work, which was
started in 1950 but has been updated. The later editions are in Eng-
lish. There are many compilations of special property data, such as
solubilities, vapor pressures, phase equilibria, transport, and ther-
mal properties. A few of these are listed in References, Section 1.2,
Parts B and C. Still other references of interest may be found in
References, Part C.

Information about equipment sizes, configurations, and some-
times performance is best found in manufacturers’ catalogs and
manufacturers” web sites, and from advertisements in the journal
literature, such as Chemical Engineering and Hydrocarbon Proces-
sing. In References, Section 1.1, Part D also contains information
that may be of value. Thomas Register covers all manufacturers
and so is less convenient for an initial search. Chemical Week
Equipment Buyer’s Guide in Section 1.1, Part D, is of value in
the listing of manufacturers by the kind of equipment. Manufac-
turers’ catalogs and web site information often have illustrations
and descriptions of chemical process equipment.

1.5. CODES, STANDARDS, AND
RECOMMENDED PRACTICES

A large body of rules has been developed over the years to ensure
the safe and economical design, fabrication, and testing of equip-
ment, structures, and materials. Codification of these rules has
been done by associations organized for just such purposes, by
professional societies, trade groups, insurance underwriting com-
panies, and government agencies. Engineering contractors and
large manufacturing companies usually maintain individual sets
of standards so as to maintain continuity of design and to simplify
maintenance of plant. In the first edition, Walas (1984) presented a
table of approximately 500 distinct internal engineering standards
that a large petroleum refinery found useful.

Typical of the many thousands of items that are standardized in
the field of engineering are limitations on the sizes and wall thick-
nesses of piping, specifications of the compositions of alloys, stipula-
tion of the safety factors applied to strengths of construction
materials, testing procedures for many kinds of materials, and so on.

Although the safe design practices recommended by profes-
sional and trade associations have no legal standing where they
have not actually been incorporated in a body of law, many of
them have the respect and confidence of the engineering profession
as a whole and have been accepted by insurance underwriters so
they are widely observed. Even when they are only voluntary, stan-
dards constitute a digest of experience that represents a minimum
requirement of good practice.

There are several publications devoted to standards of impor-
tance to the chemical industry. See Burklin (1982), References,
Section 1.1, Part B. The National Bureau of Standards published
an extensive list of U.S. standards through the NBS-SIS service
(see Table 1.1). Information about foreign standards is available
from the American National Standards Institute (ANSI) (see
Table 1.1).



A list of codes pertinent to the chemical industry is found in
Table 1.1 and supplementary codes and standards in Table 1.2.

TABLE 1.1. Codes and Standards of Direct Bearing on
Chemical Process Design

A. American Chemistry Council, 1300 Wilson Blvd., Arlington, VA
22209, (703) 741-5000, Fax (703) 741-6000.

B. American Institute of Chemical Engineers, 3 Park Avenue,

New York, NY 10016, 1-800-242-4363, www.aiche.org.
Standard testing procedures for process equipment, e.g.
centrifuges, filters, mixers, fired heaters, etc.

C. American National Standards Institute, (ANSI), 1819 L Street, NW,
6th Floor, Washington, DC, 20036, 1-202-293-8020, www.ansi.org.

Abbreviations, letter symbols, graphic symbols, drawing and
drafting practices.

D. American Petroleum Institute, (API), 1220 L Street, NW,
Washington, 20005 1-202-682-8000, www.api.org.

Recommended practices for refinery operations, guides for
inspection of refinery equipment, manual on disposal wastes,
recommended practice for design and construction of large,
low pressure storage tanks, recommended practice for design
and construction of pressure relief devices, recommended
practices for safety and fire protection, etc.

E. American Society of Mechanical Engineers, (ASME), 3 Park
Avenue, New York, NY, 10016, www.asme.org.

ASME Boiler and Pressure Vessel Code, Sec. VIII, Unfired
Pressure Vessels, Code for pressure piping, scheme for
identifying piping systems, etc.

F. American Society for Testing Materials, (ASTM), 110 Bar Harbor
Drive, West Conshohocken, PA, www.astm.org.

ASTM Standards for testing materials, 66 volumes in 16
sections, annual with about 30% revision each year.

G. Center for Chemical Process Safety, 3 Park Avenue, 19th Floor,
New York, NY 10016, 1-212-591-7237, www.ccpsonline.org.

Various guidelines for the safe handling of chemicals (CCPS is
sponsored by AIChE).

H. Cooling Tower Institute, P.O. Box 74273, Houston, TX 77273,
1-281-5683-4087, www.cti.org.

Acceptance test procedures for cooling water towers of
mechanical draft industrial type.

I.  Hydraulic Institute, 9 Sylvan Way, Parsippany, NJ 07054, 1-973-
267-9700, www.hydraulicinstitute.org.

Standards for centrifugal, reciprocating and rotary pumps,
pipe friction manual.

J. Instrumentation, Systems and Automation Society (ISA), 67
Alexander Dr., Research Triangle Park, NC 27709, 1-919-549-8411,
www.isa.org.

Instrumentation flow plan symbols, specification forms for
instruments, Dynamic response testing of process control
instruments, etc.

K. National Fire Protection Association, 1 Batterymarch Park,
Quincy, MA 02169-7471, (617) 770-3000.

L. Tubular Exchangers Manufacturers’ Association (TEMA), 25 North
Broadway, Tarrytown, NY 10591, 1-914-332-0040, www.tema.org.

TEMA heat exchanger standards.

M. International Standards Organization (ISO), 1430 Broadway,
New York, NY, 10018.

Many international standards.

1.6. MATERIAL AND ENERGY BALANCES

Material and energy balances are based on a conservation law
which is stated generally in the form

input + source = output + sink + accumulation.

The individual terms can be plural and can be rates as well as
absolute quantities. Balances of particular entities are made
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TABLE 1.2. Codes and Standards Supplementary to
Process Design (a Selection)

A. American Concrete Institute, P.O. Box 9094, Farmington Hills,
MI 48333, (248) 848-3700, www.aci.org.

Reinforced concrete design handbook, manual of standard
practice for detailing reinforced concrete structures.

B. American Institute of Steel Construction, 1 E. Wacker Drive, Suite
3100, Chicago, IL, 60601, (312) 670-2400, www.aisc.org.

Manual of steel construction, standard practice for steel
structures and bridges.

C. American Iron and Steel Institute, 1140 Connecticut Avenue,
NW, Suite 705, Washington, DC, (202) 452-7100, www.aisi.org.

AISI standard steel compositions.

D. American Society of Heating, Refrigeration and Air Conditioning
Engineers, ASHRAE, 1791 Tullie Circle, NE, Atlanta, GA 30329,
(404) 636-8400, www.ashrae.org.

Refrigeration data handbook.

E. Institute of Electrical and Electronic Engineers, 445 Hoes Lane,
Piscataway, NJ, 08854, (732) 981-0600, www.ieee.org.

Many standards including flowsheet symbols for
instrumentation.

F. National Institute of Standards and Technology (NIST), 100
Bureau Drive, Stop 1070, Gaithersburg, MD 20899.

Formerly the National Bureau of Standards. Measurement and
standards research, standard reference materials, standards
reference data, weights and measures, materials science and
engineering.

around a bounded region called a system. Input and output quan-
tities of an entity cross the boundaries. A source is an increase in
the amount of the entity that occurs without crossing a boundary;
for example, an increase in the sensible enthalpy or in the amount
of a substance as a consequence of chemical reaction. Analo-
gously, sinks are decreases without a boundary crossing, as the dis-
appearance of water from a fluid stream by adsorption onto a solid
phase within the boundary.

Accumulations are time rates of change of the amount of the
entities within the boundary. For example, in the absence of
sources and sinks, an accumulation occurs when the input and out-
put rates are different. In the steady state, the accumulation is zero.

Although the principle of balancing is simple, its application
requires knowledge of the performance of all the kinds of equipment
comprising the system as well as the phase relations and physical
properties of all mixtures that participate in the process. As a conse-
quence of trying to cover a variety of equipment and processes, the
books devoted to the subject of material and energy balances always
run to several hundred pages. Throughout this book, material and
energy balances are utilized in connection with the design of indivi-
dual kinds of equipment and some processes. Cases involving indi-
vidual items of equipment usually are relatively easy to balance,
for example, the overall balance of a distillation column in Section
13.4 and of nonisothermal reactors of Tables 17.4-17.7. When a
process is maintained isothermal, only a material balance is needed
to describe the process, unless it is also required to know the net heat
transfer for maintaining a constant temperature.

In most plant design situations of practical interest, however,
the several items of equipment interact with each other, the output
of one unit being the input to another that in turn may recycle part
of its output to the input equipment. Common examples are an
absorber-stripper combination in which the performance of the
absorber depends on the quality of the absorbent being returned
from the stripper, or a catalytic cracker—catalyst regenerator sys-
tem whose two parts interact closely.

Because the performance of a particular item of equipment
depends on its input, recycling of streams in a process introduces
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temporarily unknown, intermediate streams whose amounts, com-
positions, and properties must be found by calculation. For a plant
with dozens or hundreds of streams the resulting mathematical
problem is formidable and has led to the development of many
computer algorithms for its solution, some of them making quite
rough approximations, others more nearly exact. Usually the pro-
blem is solved more easily if the performance of the equipment is
specified in advance and its size is found after the balances are
completed. If the equipment is existing or must be limited in size,
the balancing process will require simultaneous evaluation of its
performance and consequently is a much more involved operation,
but one which can be handled by computer when necessary.

The literature on this subject naturally is extensive. An early
book (for this subject), Nagiev’s Theory of Recycle Processes in
Chemical Engineering (Macmillan, New York, 1964, Russian edi-
tion, 1958) treats many practical cases by reducing them to systems
of linear algebraic equations that are readily solvable. The book by
Westerberg et al., Process Flowsheeting (Cambridge Univ. Press,
Cambridge, 1977), describes some aspects of the subject and has
an extensive bibliography. Benedek in Steady State Flowsheeting
of Chemical Plants (Elsevier, New York, 1980) provides a detailed
description of one simulation system. Leesley in Computer-Aided
Process Design (Gulf, Houston, 1982) describes the capabilities of
some commercially available flowsheet simulation programs.
Some of these incorporate economic balance with material and
energy balances.

Process simulators are used as an aid in the formulation and
solution of material and energy balances. The larger simulators
can handle up to 40 components and 50 or more processing units
when their outputs are specified. ASPEN, PRO II, DESIGN II,
and HYSIM are examples of such process simulators.

A key factor in the effective formulation of material and
energy balances is a proper notation for equipment and streams.
Figure 1.3, representing a reactor and a separator, utilizes a simple
type. When the pieces of equipment are numbered i and j, the nota-
tion Af.;‘) signifies the flow rate of substance 4 in stream k proceed-

ing from unit i to unit j. The total stream is designated l",(;‘ ),
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Figure 1.3. Notation of flow quantities in a reactor (1) and distilla-
tion column (2). 4;" designates the amount of component A4 in
stream k proceeding from unit i to unit j. Subscripts 0 designates
a source or sink beyond the boundary limits. I designates a total
flow quantity.

Subscript ¢ designates a total stream and subscript 0 designates
sources or sinks outside the system. Example 1.1 adopts this nota-
tion for balancing a reactor-separator process in which the perfor-
mances are specified in advance.

Since this book is concerned primarily with one kind of equip-
ment at a time, all that need be done here is to call attention to the
existence of the abundant literature on these topics of recycle cal-
culations and flowsheet simulation.

1.7. ECONOMIC BALANCE

Engineering enterprises are subject to monetary considerations,
and the objective is to achieve a balance between fixed and vari-
able costs so that optimum operating conditions are met. In simple
terms, the main components of fixed expenses are depreciation
and plant indirect expenses. The latter consist of fire and safety
protection, plant security, insurance premiums on plant and equip-
ment, cafeteria and office building expenses, roads and docks, and
the like. Variable operating expenses include utilities, labor, main-
tenance, supplies, and so on. Raw materials are also an operating
expense. General overhead expenses beyond the plant gate are
sales, administrative, research, and engineering overhead expenses
not attributable to a specific project. Generally, as the capital cost
of a processing unit increases, the operating expenses will decline.
For example, an increase in the amount of automatic control
equipment results in higher capital cost, which is offset by a
decline in variable operating expenses. Somewhere in the summa-
tion of the fixed and variable operating expenses there is an eco-
nomic balance where the total operating expenses are a
minimum. In the absence of intangible factors, such as unusual
local conditions or building for the future, this optimum should
be the design point.

Costs of individual equipment items are summarized in Chap-
ter 21 as of the end of the first quarter of 2009. The analysis of
costs for complete plants is beyond the scope of this book. Refer-
ences are made to several economic analyses that appear in the fol-
lowing publications:

1. AIChE Student Contest Problems (annual) (AIChE, New
York).

2. Bodman, Industrial Practice of Chemical Process Engineering
(MIT Press, Cambridge, MA, 1968).

3. Rase, Chemical Reactor Design for Process Plants, Vol. II, Case
Studies (Wiley, New York, 1977).

4. Washington University, St. Louis, Case Studies in Chemical
Engineering Design (22 cases to 1984).

Somewhat broader in scope are:

5. Couper et al., The Chemical Process Industries Infrastructure:
Function and Economics (Dekker, New York, 2001).

6. Skinner et al., Manufacturing Policy in the Oil Industry (Irwin,
Homewood, IL., 1970).

7. Skinner et al., Manufacturing Policy in the Plastics Industry
(Irwin, Homewood, IL., 1968).

Many briefer studies of individual equipment appear in some
books, of which a selection is as follows:

e Happel and Jordan (1975):
1. Absorption of ethanol from a gas containing CO, (p. 403).
2. A reactor-separator for simultaneous chemical reactions
(p. 419).
. Distillation of a binary mixture (p. 385).

3
4. A heat exchanger and cooler system (p. 370).
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ExampLE 1.1

Material Balance of a Chlorination Process with Recycle
A plant for the chlorination of benzene is shown below. From pilot
plant work, with a chlorine/benzene charge weight ratio of 0.82,
the composition of the reactor effluent is

Separator no. 2 returns 80% of the unreacted chlorine to the
reactor and separator no. 3 returns 90% of the benzene. Both
recycle streams are pure. Fresh chlorine is charged at such a rate
that the weight ratio of chlorine to benzene in the total charge
remains 0.82. The amounts of other streams are found by material

A. CgHs 0.247 balances and are shown in parentheses on the sketch per 100 lbs of
B. Cl, 0.100 fresh benzene to the system.
C. CeHsClI 0.3174
D. CgH4Cl, 0.1559
E. HCI 0.1797
Fresh C_H, A, (68.0) Recycle C H
Am =100 821 (24.5) Recycle (.‘}12
Fresh C1,
HZO —
B,, (113.2)
1 2 3
L T )
12 CeHy Asg
CHC1 C
|1_t (305.7) s 5 a0
CyH,C1,:D,

Lis le Ees

C1
H,O

5. Piping of water (p. 353).
6. Rotary dryer (p. 414).

e Humphreys, Jelen's Cost and Optimization Engineering, 3rd.
ed., McGraw-Hill, New York, 1991).
7. Drill bit life and replacement policy (p. 257).
8. Homogeneous flow reactor (p. 265).
9. Batch reactor with negligible downtime (p. 272).

e Peters and Timmerhaus, 4th ed. (1991):
10. Shell and tube cooling of air with water (p. 635).

e Rudd and Watson (1968):
11. Optimization of a three stage refrigeration system (p. 172).

e Sherwood (1963):
12. Gas transmission line (p. §4).
13. Fresh water from sea water by evaporation (p. 138).

e Ulrich (1984):
14. Multiple effect evaporator for concentrating Kraft liquor
(p. 347).

e Walas (1959):
15. Optimum number of vessels in a CSTR battery (p. 98).

Capital, labor, and energy costs have not escalated at the same
rate over the years since these studies were prepared, so the conclu-
sions must be revisited. However, the methodologies employed and
the patterns of study used should be informative.

Since energy costs have escalated, appraisals of energy utiliza-
tion are necessary from the standpoints of the first and second laws
of thermodynamics. Such analyses will reveal where the greatest
generation of entropy occurs and where the most improvement in
energy saved might be made by appropriate changes of process
and equipment.

Analyses of cryogenic processes, such as air separation or the
separation of helium from natural gas, have found that a combina-
tion of pressure drops involving heat exchangers and compressors
was most economical from the standpoint of capital invested and
operating expenses.

Details of the thermodynamic basis of availability analysis are
dealt with by Moran (Availability Analysis, Prentice-Hall, Engle-
wood Cliffs, NJ, 1982). He applied the method to a cooling tower,
heat pump, a cryogenic process, coal gasification, and particularly
to the efficient use of fuels.

An interesting conclusion reached by Linnhoff [in Seider and
Mabh (Eds.), (1981)] is that “chemical processes which are properly
designed for energy versus capital cost tend to operate at approxi-
mately 60% efficiency.” A major aspect of his analysis is recogni-
tion of practical constraints and inevitable losses. These may
include material of construction limits, plant layout, operability,
the need for simplicity such as limits on the number of compressor
stages or refrigeration levels, and above all the recognition that, for
low grade heat, heat recovery is preferable to work recovery, the
latter being justifiable only in huge installations. Unfortunately,
the edge is taken off the dramatic 60% conclusion by Linnhoft’s
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admission that efficiency cannot be easily defined for some com-
plexes of interrelated equipment.

1.8. DESIGN SAFETY FACTORS

A number of factors influence the performance of equipment and
plant. There are elements of uncertainty and the possibility of
error, including inaccuracy of physical data, basic correlations
of behavior such as pipe friction or column tray efficiency or
gas-liquid distribution. Further, it is often necessary to use
approximations of design methods and calculations, unknown
behavior of materials of construction, uncertainty of future mar-
ket demands, and changes in operating performance with time.
The solvency of the project, the safety of the operators and the
public, and the reputation and career of the design engineer are
at stake. Accordingly, the experienced engineer will apply safety
factors throughout the design of a plant. Just how much of a fac-
tor should be applied in a particular case cannot be stated in gen-
eral terms because circumstances vary widely. The inadequate
performance of a particular piece of equipment may be compen-
sated for by the superior performance of associated equipment,
as insufficient trays in a fractionator may be compensated for
by increases in reflux and reboiling, if that equipment can take
the extra load.

The safety factor practices of some 250 engineers were ascer-
tained by a questionnaire and summarized in Table 1.3; additional
figures are given by Peters and Timmerhaus (1991). Relatively
inexpensive equipment that can conceivably serve as a bottleneck,
such as pumps, always is liberally sized, perhaps as much as 50%
extra for a reflux pump.

In an expanding industry, it may be the policy to deliberately
oversize critical equipment that cannot be modified for increased
capacity. The safety factors in Table 1.3 account for future trends;
however, considerable judgment must be exercised to provide rea-
sonable chances of equipment operating without unreasonably
increasing capital investment.

Safety factors must be judiciously applied and should not be
used to mask inadequate or careless design work. The design
should be the best that can be made in the time economically jus-
tifiable, and the safety factors should be estimated from a careful
consideration of all factors entering into the design and the possi-
ble future deviations from the design conditions.

Sometimes it is possible to evaluate the range of validity of
measurements and correlations of physical properties, phase equili-
brium behavior, mass and heat transfer efficiencies and similar fac-
tors, as well as the fluctuations in temperature, pressure, flow, etc.,

associated with practical control systems. Then the effects of such
data on the uncertainty of sizing equipment can be estimated.
For example, the mass of a distillation column that is related
directly to its cost depends on at least these factors:

. The vapor-liquid equilibrium data.

. The method of calculating the reflux and number of trays.

. The tray efficiency.

. Allowable vapor rate and consequently the tower diameter at a
given tray spacing and estimated operating surface tension and
fluid densities.

5. Corrosion allowances.

PSS

Also such factors as allowable tensile strengths, weld efficiencies,
and possible inaccuracies of formulas used to calculate shell and
head thicknesses may be pertinent—that is, the relative uncertainty
or error in the function is related linearly to the fractional uncer-
tainties of the independent variables. For example, take the case
of a steam-heated thermosyphon reboiler on a distillation column
for which the heat transfer equation is

q = UAAT.

The problem is to find how the heat transfer rate can vary when
the other quantities change. U is an experimental value that is
known only to a certain accuracy. AT may be uncertain because
of possible fluctuations in regulated steam and tower pressures.
A, the effective area, may be uncertain because the submergence
is affected by the liquid level controller at the bottom of the col-
umn. Accordingly,

that is, the fractional uncertainty of ¢ is the sum of the fractional
uncertainties of the quantities on which it is dependent. In practical
cases, of course, some uncertainties may be positive and others
negative, so that they may cancel out in part; but the only safe
viewpoint is to take the sum of the absolute values.

It is not often that proper estimates can be made of uncertain-
ties of all the parameters that influence the performance or
required size of particular equipment, but sometimes one particu-
lar parameter is dominant. All experimental data scatter to some
extent, for example, heat transfer coefficients; and various correla-
tions of particular phenomena disagree, for example, equations of

TABLE 1.3. Safety Factors in Equipment Design: Results of a Questionnaire

Equipment Design Variable Range of Safety Factor (%)
Compressors, reciprocating piston displacement 11-21
Conveyors, screw diameter 8-21
Hammer mills power input 15-217
Filters, plate-and-frame area 11-21°
Filters, rotary area 14-207
Heat exchangers, shell and tube for area 11-18
liquids

Pumps, centrifugal impeller diameter 7-14
Separators, cyclone diameter 7-11
Towers, packed diameter 11-18
Towers, tray diameter 10-16
Water cooling towers volume 12-20

“Based on pilot plant tests (Walas, 1984).



state of liquids and gases. The sensitivity of equipment sizing to
uncertainties in such data has been the subject of some published
information, of which a review article is by Zudkevich (1982);
some of the cases cited are:

=

. Sizing of isopentane/pentane and propylene/propane splitters.

2. Effect of volumetric properties on sizing of an ethylene
compressor.

3. Effect of liquid density on metering of LNG.

4. Effect of vaporization equilibrium ratios, K, and enthalpies on
cryogenic separations.

5. Effects of VLE and enthalpy data on design of plants for coal-

derived liquids.

Examination of such studies may lead to the conclusion that some
of the safety factors of Table 1.3 may be optimistic. But long
experience in certain areas does suggest to what extent various
uncertainties do cancel out, and overall uncertainties often do fall
in the range of 10-20% as stated there. Still, in major cases the
uncertainty analysis should be made whenever possible.

1.9. SAFETY OF PLANT AND ENVIRONMENT

The safe practices described in the previous section are primarily
for assurance that the equipment has adequate performance over
anticipated ranges of operating conditions. In addition, the design
of equipment and plant must minimize potential harm to personnel
and the public in case of accidents, of which the main causes are

. human failure,

. failure of equipment or control instruments,
failure of supply of utilities or key process streams,
. environmental events (wind, water, and so on).

ao T

A more nearly complete list of potential hazards is in Table 1.4,
and a checklist referring particularly to chemical reactions is in
Table 1.5.

An important part of the design process is safety, since it is the
requirement for a chemical manufacturer’s license to operate.
Therefore, safety must be considered at the early stages of design.
Lechner (2006) suggested a general guideline for designing a safe
process beginning with Basic Process Engineering (STEP 1). In this
step a preliminary process engineering flowsheet is created followed
by a preliminary safety review by the project team. Next Detailed
Process Engineering (STEP 2) involves the preparation of P&IDs
(Process and Instrumentation Diagrams). A detailed hazard analy-
sis is also developed and the P&IDs and the detailed hazard analysis
are subjected to a review by the project team. The next step (STEP 3)
is the Management of Change. It is inevitable that there will be
changes that are documented and all personnel are informed about
any changes in Steps 1 and 2 that are required to accomplish a safe
engineered process design.

Ulrich and Vasudevan (2006) pointed out that it may be too
late to consider safety once a project has reached the equipment
specification and PID stage. These authors listed basic steps for
inherently safer predesign when making critical decisions in the
preliminary design phase.

Examples of common safe practices are pressure relief valves,
vent systems, flare stacks, snuffing steam and fire water, escape
hatches in explosive areas, dikes around tanks storing hazardous
materials, turbine drives as spares for electrical motors in case of
power failure, and others. Safety considerations are paramount in
the layout of the plant, particularly isolation of especially hazar-
dous operations and accessibility for corrective action when
necessary.
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TABLE 1.4. Some Potential Hazards

Energy Source
Process chemicals, fuels, nuclear reactors, generators, batteries
Source of ignition, radio frequency energy sources, activators,
radiation sources
Rotating machinery, prime movers, pulverisers, grinders,
conveyors, belts, cranes
Pressure containers, moving objects, falling objects

Release of Material
Spillage, leakage, vented material
Exposure effects, toxicity, burns, bruises, biological effects
Flammability, reactivity, explosiveness, corrosivity and fire-
promoting properties of chemicals
Wetted surfaces, reduced visibility, falls, noise, damage
Dust formation, mist formation, spray

Fire Hazard
Fire, fire spread, fireballs, radiation
Explosion, secondary explosion, domino effects
Noise, smoke, toxic fumes, exposure effects
Collapse, falling objects, fragmentation

Process State
High/low/changing temperature and pressure
Stress concentrations, stress reversals, vibration, noise
Structural damage or failure, falling objects, collapse
Electrical shock and thermal effects, inadvertent activation, power
source failure
Radiation, internal fire, overheated vessel
Failure of equipment/utility supply/flame/instrument/component
Start-up and shutdown condition
Maintenance, construction, and inspection condition

Environmental Effects

Effect of plant on surroundings, drainage, pollution, transport,
wind and light change, source of ignition/vibration/noise/radio
interference/fire spread/explosion

Effect of surroundings on plant (as above)

Climate, sun, wind, rain, snow, ice, grit, contaminants, humidity,
ambient conditions

Acts of God, earthquake, arson, flood, typhoon, force majeure

Site layout factors, groups of people, transport features, space
limitations, geology, geography

Processes

Processes subject to explosive reaction or detonation

Processes which react energetically with water or common
contaminants

Processes subject to spontaneous polymerisation or heating

Processes which are exothermic

Processes containing flammables and operated at high pressure
or high temperature or both

Processes containing flammables and operated under
refrigeration

Processes in which intrinsically unstable compounds are present

Processes operating in or near the explosive range of materials

Processes involving highly toxic materials

Processes subject to a dust or mist explosion hazard

Processes with a large inventory of stored pressure energy

Operations

The vaporisation and diffusion of flammable or toxic liquids or
gases

The dusting and dispersion of combustible or toxic solids

The spraying, misting, or fogging of flammable combustible
materials or strong oxidising agents and their mixing

The separation of hazardous chemicals from inerts or diluents

The temperature and pressure increase of unstable liquids

(Wells, 1980).
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TABLE 1.5. Safety Checklist of Questions About Chemical
Reactions

TABLE 1.6. Safety Checklist of Questions About Start-up
and Shut-down

1. Define potentially hazardous reactions. How are they isolated?
Prevented? (See Chapter 17)

2. Define process variables which could, or do, approach limiting
conditions for hazard. What safeguards are provided against
such variables?

3. What unwanted hazardous reactions can be developed through
unlikely flow or process conditions or through contamination?

4. What combustible mixtures can occur within equipment?

5. What precautions are taken for processes operating near or within
the flammable limits? (Reference: S&PP Design Guide No. 8.)

6. What are process margins of safety for all reactants and
intermediates in the process?

7. List known reaction rate data on the normal and possible
abnormal reactions.

8. How much heat must be removed for normal, or abnormally
possible, exothermic reactions? (see Chaps. 7, 17, and 18 of
this book)

9. How thoroughly is the chemistry of the process including
desired and undesired reactions known? (See NFPA 491 M,
Manual of Hazardous Chemical Reactions)

10. What provision is made for rapid disposal of reactants if
required by emergency?

11. What provisions are made for handling impending runaways
and for short-stopping an existing runaway?

12. Discuss the hazardous reactions which could develop as a result
of mechanical equipment (pump, agitator, etc.) failure.

13. Describe the hazardous process conditions that can result from
gradual or sudden blockage in equipment including lines.

14. Review provisions for blockage removal or prevention.

15. What raw materials or process materials or process conditions
can be adversely affected by extreme weather conditions?
Protect against such conditions.

16. Describe the process changes including plant operation that
have been made since the previous process safety review.

(Fawcett and Wood, 1982, pp. 725-726. Chapter references refer
to this book.)

Continual monitoring of equipment and plant is standard
practice in chemical process plants. Equipment deteriorates and
operating conditions may change. Repairs are sometimes made
with materials or equipment whose ultimate effects on operations
may not have been taken into account. During start-up and shut-
down, stream compositions and operating conditions are much dif-
ferent from those under normal operation, and their possible effect
on safety must be considered. Sample checklists of safety questions
for these periods are in Table 1.6.

Because of the importance of safety and its complexity, safety
engineering is a speciality in itself. In chemical processing plants of
any significant size, loss prevention reviews are held periodically by
groups that always include a representative of the safety depart-
ment. Other personnel, as needed by the particular situation, are
from manufacturing, maintenance, technical service, and possibly
research, engineering, and medical groups. The review considers
any changes made since the last review in equipment, repairs, feed-
stocks and products, and operating conditions.

Detailed safety checklists appear in books by Fawcett and
Wood (1982) and Wells (1980). These books and the volume by
Lees (1996) also provide entry into the vast literature of chemical
process plant safety. Lees has particularly complete bibliographies.
Standard references on the properties of dangerous materials are
the books by Lewis (1993, 2000).

Although the books by Fawcett and Woods, Wells and Lewis
are dated, they do contain valuable information.

The Center for Chemical Process Safety sponsored by AIChE
publishes various books entitled Safety Guideline Series.

Start-up Mode (§4.1)
D1 Can the start-up of plant be expedited safely? Check the
following:
(a) Abnormal concentrations, phases, temperatures, pressures,
levels, flows, densities
(b) Abnormal quantities of raw materials, intermediates, and
utilities (supply, handling, and availability)
(c) Abnormal quantities and types of effluents and emissions
(81.6.10)
(d) Different states of catalyst, regeneration, activation
(e) Instruments out of range, not in service or de-activated,
incorrect readings, spurious trips
(f) Manual control, wrong routing, sequencing errors, poor
identification of valves and lines in occasional use, lock-
outs, human error, improper start-up of equipment
(particularly prime movers)
(g) Isolation, purging
) Removal of air, undesired process material, chemicals used
for cleaning, inerts, water, oils, construction debris, and
ingress of same
(i) Recycle or disposal of off-specification process materials
(j) Means for ensuring construction/maintenance completed
(k) Any plant item failure on initial demand and during
operation in this mode
(I) Lighting of flames, introduction of material, limitation of
heating rate
Different modes of the start-up of plant:
Initial start-up of plant
Start-up of plant section when rest of plant down
Start-up of plant section when other plant on-stream
Start-up of plant after maintenance
Preparation of plant for its start-up on demand

3

Shut-down Mode (§§4.1,4.2)

D2 Are the limits of operating parameters, outside which remedial
action must be taken, known and measured?

D3 To what extent should plant be shut down for any deviation
beyond the operating limits? Does this require the installation of
alarm and/or trip? Should the plant be partitioned differently?
How is plant restarted? (§9.6)

D4 In an emergency, can the plant pressure and/or the inventory of
process materials be reduced effectively, correctly, safely? What
is the fire resistance of plant? (§89.5,9.6)

D5 Can the plant be shut down safely? Check the following:

(a) See the relevant features mentioned under start-up mode
(b) Fail-danger faults of protective equipment
(c) Ingress of air, other process materials, nitrogen, steam,
water, lube oil (84.3.5)
(d) Disposal or inactivation of residues, regeneration of catalyst,
decoking, concentration of reactants, drainage, venting
(e) Chemical, catalyst, or packing replacement, blockage
removal, delivery of materials prior to start-up of plant
(f) Different modes of shutdown of plant:
Normal shutdown of plant
Partial shutdown of plant
Placing of plant on hot standby
Emergency shutdown of plant

(Wells, 1980). (The paragraphs are from Wells).

1.10. STEAM AND POWER SUPPLY

For smaller plants or for supplementary purposes, steam and power
can be supplied by package plants which are shippable and ready to
hook up to the process. Units with capacities in the range of sizes up
to about 350,000 Ib/hr steam at 750° F and 850 psi are on the market
and are obtainable on a rental/purchase basis for energy needs.
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ExampLE 1.2

Data of a Steam Generator for Making 250,000 Ib/hr at

450 psia and 650°F from Water Entering at 220°F
Fuel oil of 18,500 Btu/lb is fired with 13% excess air at 80°F. Flue
gas leaves at 410°F. A simplified cross section of the boiler is
shown. Heat and material balances are summarized. Tube selec-
tions and arrangements for the five heat transfer zones also are
summarized. The term A4, is the total internal cross section of the
tubes in parallel. Assure 85% recovery (Steam. Its Generation and
Use, 14.2, Babcock and Wilcox, Barberton, OH, 1972). (a) Cross
section of the generator: (b) Heat balance:

Fuel input 335.5 MBtu/hr
To furnace tubes 162.0
To boiler tubes 68.5
To screen tubes 8.1
To superheater 31.3
To economizer 15.5

285.4 Mbtu/hr
18.0 MBtu/hr

Total to water and steam

In air heater

(c) Tube quantity, size, and grouping:

Screen
2 rows of 2%-in. OD tubes, approx 18 ft long
Rows in line and spaced on 6-in. centers
23 tubes per row spaced on 6-in. centers

S = 542 sqft
A =129 sqft
Superheater

12 rows of 2%-in. OD tubes (0.165-in. thick), 17.44 ft long
Rows in line and spaced on 31 -in. centers
23 tubes per row spaced on 6-in. centers

S = 3150 sqft
A, = 133 sqft
Boiler

25 rows of 2L-in. OD tubes, approx 18 ft long
Rows in line and spaced on 3!-in. centers

35 tubes per row spaced on 4-in. centers

S = 10,300 sqft

A, = 85.0 sqft

Superheater Boiler

|

—18 ft X 12 ft—
wide

Boiler fe—10 ft —
o OTE; ©
Economizer
IR0 2
= Air ~
© Heater R
-~
| JULMRER ~
80F
410F

S

Economizer
10 rows of 2 -in. OD tubes (0.148-in. thick), approx 10 ft long
Rows in line and spaced on 3-in. centers
47 tubes per row spaced on 3-in. centers
S = 2460 sqft
A, =42 sqft

Air heater
53 rows of 2-in. OD tubes (0.083-in. thick), approx 13 ft long
Rows in line and spaced on 2} -in. centers
47 tubes per row spaced on 3} -in. centers
S = 14,800 sqft
A, (total internal cross section area of 2173 tubes) = 39.3 sqft
A, (clear area between tubes for crossflow of air) = 70 sqft
Air temperature entering air heater = 80°F

Modern steam plants are quite elaborate structures that can
recover 80% or more of the heat of combustion of the fuel. The sim-
plified sketch of Example 1.2 identifies several zones of heat transfer
in the equipment. Residual heat in the flue gas is recovered as preheat
of the water in an economizer and in an air preheater. The combus-
tion chamber is lined with tubes along the floor and walls to keep
the refractory cool and usually to recover more than half the heat
of combustion. The tabulations of this example are of the distribution
of heat transfer surfaces and the amount of heat transfer in each zone.

More realistic sketches of the cross section of a steam genera-
tor are in Figure 1.4. Part (a) of this figure illustrates the process of
natural circulation of water between an upper steam drum and a
lower drum provided for the accumulation and eventual blowdown
of sediment. In some installations, pumped circulation of the water
is advantageous.

Both process steam and supplemental power are recoverable
from high pressure steam which is readily generated. Example 1.3
is of such a case. The high pressure steam is charged to a turbine-

generator set, process steam is extracted at the desired process pres-
sure at an intermediate point in the turbine, and the rest of the steam
expands further and is condensed.

In plants such as oil refineries that have many streams at high
temperatures or high pressures, their energy can be utilized to gen-
erate steam and/or to recover power. The two cases of Example 1.4
are of steam generation in a kettle reboiler with heat from a frac-
tionator sidestream and of steam superheating in the convection
tubes of a furnace that provides heat to fractionators.

Recovery of power from the thermal energy of a high tem-
perature stream is the subject of Example 1.5. A closed circuit of
propane is the indirect means whereby the power is recovered with
an expansion turbine. Recovery of power from a high pressure gas
is a fairly common operation. A classic example of power recovery
from a high pressure liquid is in a plant for the absorption of CO,
by water at a pressure of about 4000 psig. After the absorption, the
CO; is released and power is recovered by releasing the rich liquor
through a turbine.
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Figure 1.4. Steam boiler and furnace arrangements. (a) Natural circulation of water in a two-drum boiler. Upper drum is for steam disen-
gagement; the lower one for accumulation and eventual blowdown of sediment. (b) A two-drum boiler. Preheat tubes along the floor and
walls are connected to heaters that feed into the upper drum. (c) Cross section of a Stirling-type steam boiler with provisions for superheat-
ing, air preheating, and flue gas economizing; for maximum production of 550,000 1b/hr of steam at 1575 psia and 900°F. /Steam, Babcock
and Wilcox, Barberton, OH, 1972, pp. 3.14, 12.2 (Fig. 2), and 25.7 (Fig. 5).

1.11. DESIGN BASIS

Before a chemical process design can be properly started, a certain
body of information must be agreed upon by all participants in
the proposed plant design (engineering, research, plant supervision,
safety and health personnel, environmental personnel, and plant
management). The design basis states what is to be made, how much
is to be made, where it is to be made, and what are the raw materi-
als. Distinctions must also be clear between grass-roots facilities,
battery-limits facilities, plant expansions, and plant retrofits. The
required data may be classified into basic design and specific design

data. These data form the basis for the project scope that is essential
for any design and the scope includes the following:

1. Required products: their compositions, amounts, purities, toxi-
cities, temperatures, pressures, and monetary values.

2. Available raw materials: their compositions, amounts, toxici-
ties, temperatures, pressures, monetary values, and all pertinent
physical properties unless they are standard and can be estab-
lished from correlations. This information about properties
applies also to products of item 1.
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ExampLE 1.3

Steam Plant Cycle for Generation of Power and Low Pressure

Process Steam
The flow diagram is for the production of 5000 kW gross and
20,000 Ib/hr of saturated process steam at 20 psia. The feed and
hot well pumps make the net power production 4700 kW.

Reducing volve
{ond desuperheater)

———

80__800vr-400p-655°F.—1327h Ow

————

f Generator 095 3""""\*'5,000“, |
Boiler Turbinf 075 '
0.8 eff eng. eff,—— -, '

I

o,
60,800w-20p~228°F~1156h | Process steam
s e el e o
Ip—20 ib./sq. in. abs. *50,000 Ib./hr.
. 20 ib./sq. in. obs,
20000w | in. Hg~
Jabs. 75°F-987n dry ond sat.

4 10800w-""]

Feed Makeup water
heater] /550000 o7hr.
80,800w- Cendenser | 70,000w-79°F-47h

228°F.-196h<L
< Hot well pump

Feed pump

Conditions at key points are indicated on the enthalpy—-entropy
diagram. The process steam is extracted from the turbine at an
intermediate point, while the rest of the stream expands to 1 in.
Hg and is condensed (example is corrected from Perry, 6th ed.,
9.43, 1984).
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8
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o
-
o
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ExampLE 1.4

Pickup of Waste Heat by Generating and Superheating Steam

in a Petroleum Refinery
The two examples are generation of steam with heat from a side-
stream of a fractionator in a 9000 Bbl/day fluid cracking plant,
and superheating steam with heat from flue gases of a furnace
whose main function is to supply heat to crude topping and

STEAM FRACTIONATOR
160 psig SIDESTREAM
(a) 98% quality 17,300 pph
580 F
> RETURN
BLOWDOWN 425F
WATER 860 pph
17,300 pph

vacuum service in a 20,000 Bbl/day plant. (a) Recovery of heat
from a sidestream of a fractionator in a 9000 Bbl/day fluid cataly-
tic cracker by generating steam, Q =15,950,000 Btu/hr. (b) Heat
recovery by superheating steam with flue gases of a 20,000 Bbl/
day crude topping and vacuum furnace.

(b) STEAM <> Q=12 MBWhr
50 psig satd 640 F
6910 pph / \

I

Q =53.2 MB/hr

ATMOSPHERIC COIL

'\l—
_ 1

ot Q=92 MB/hr

VACUUM COIL

3. Daily and seasonal variations of any data of items 1 and 2 and
subsequent items of these lists.

4. All available laboratory and pilot plant data on reaction and
phase equilibria, catalyst degradation, and life and corrosion
of equipment.

5. Any available existing plant data of similar processes.

6. Local restrictions on means of disposal of wastes.

Basic engineering data include:

7. Characteristics and values of gaseous and liquid fuels that are
to be used and their unit costs.

8. Characteristics of raw makeup and cooling tower waters, tem-
peratures, maximum allowable temperature, flow rates avail-
able, and unit costs.
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ExampLE 1.5

Recovery of Power from a Hot Gas Stream
A closed circuit of propane is employed for indirect recovery of
power from the thermal energy of the hot pyrolyzate of an ethylene
plant. The propane is evaporated at 500 psig, and then expanded
to 100°F and 190 psig in a turbine where the power is recovered.
Then the propane is condensed and pumped back to the evapora-
tor to complete the cycle. Since expansion turbines are expensive
machines even in small sizes, the process is not economical on
the scale of this example, but may be on a much larger scale.

PROPANE

34700 pph
PYROLYZATE gqp psig 190 psig
1400F 195F 100F
§800 pph

CONDENSER
80F

TURBINE

75% eff

204.6 HP
EVAPORATOR
5.2 MBtwhr

PUMP
50% eff
53.2 HP

215F

9. Steam and condensate: mean pressures and temperatures and
their fluctuations at each level, amount available, extent of
recovery of condensate, and unit costs.

10. Electrical power: Voltages allowed for instruments, lighting
and various driver sizes, transformer capacities, need for emer-
gency generator, unit costs.

11. Compressed air: capacities and pressures of plant and instru-
ment air, instrument air dryer.

12. Plant site elevation.

13. Soil bearing value, frost depth, ground water depth, piling
requirements, available soil test data.

14. Climatic data. Winter and summer temperature extremes,
cooling tower drybulb temperature, air cooler design tempera-
ture, strength and direction of prevailing winds, rain and
snowfall maxima in 1 hr and in 12 hr, earthquake and hurri-
cane provision.

15. Blowdown and flare: What may or may not be vented to the
atmosphere or to ponds or to natural waters, nature of
required liquid, and vapor relief systems.

16. Drainage and sewers: rainwater, oil, sanitary.

17. Buildings: process, pump, control instruments,
equipment.

18. Paving types required in different areas.

19. Pipe racks: elevations, grouping, coding.

20. Battery limit pressures and temperatures of individual feed
stocks and products.

21. Codes: those governing pressure vessels, other equipment,
buildings, electrical, safety, sanitation, and others.

22. Miscellaneous: includes heater stacks, winterizing, insulation,
steam or electrical tracing of lines, heat exchanger tubing size
standardization, instrument locations.

23. Environmental regulations.

24. Safety and health requirements.

special

A convenient tabular questionnaire is presented in Table 1.7 and it
may become part of the scope. For anything not specified, for
instance, sparing of equipment, engineering standards of the
designer or constructor will be used. A proper design basis at the
very beginning of a project is essential to getting a project com-
pleted and on stream expeditiously.

UTILITIES

These provide motive power as well as heating and cooling of pro-
cess streams, and include electricity, steam, fuels, and various fluids

whose changes in sensible and latent heats provide the necessary
energy transfers. In every plant, the conditions of the utilities are
maintained at only a few specific levels, for instance, steam at cer-
tain pressures, cooling water over certain temperature ranges, and
electricity at certain voltages. If a company generates its own power,
provision for standby electric power from a public or private utility
should be made in the event of plant utility failure. At some stages of
some design work, the specifications of the utilities may not have
been established. Then, suitable data may be selected from the com-
monly used values itemized in Table 1.8.

1.12. LABORATORY AND PILOT PLANT WORK

Basic physical and thermodynamic property data are essential for
the design and selection of equipment. Further, the state-of-the-
art design of many kinds of equipment may require more or less
extensive laboratory or pilot plant studies. Equipment manufac-
turers who are asked to provide performance guarantees require
such information. As indicated in Appendix C, typical equipment
suppliers’ questionnaires may require the potential purchaser to
have performed such tests.

Some of the more obvious areas definitely requiring test work
are filtration, sedimentation, spray, or fluidized bed or any other
kind of solids drying, extrusion pelleting, pneumatic and slurry
conveying, adsorption, and others. Even in such thoroughly
researched areas as vapor-liquid and liquid-liquid separations,
rates, equilibria, and efficiencies may need to be tested, particularly
of complex mixtures. A great deal can be found out, for instance,
by a batch distillation of a complex mixture.

In some areas, suppliers may make available small-scale
equipment, such as leaf filters, that can be used to determine suit-
able operating conditions, or they may do the work themselves at
suppliers’ facilities (e.g., use of drying equipment).

Pilot plant experimentation is expensive and can be time con-
suming, delaying the introduction of the product in the market-
place. There have been trends and reports of recent successes
whereby extensive pilot plant research has been bypassed. One
such study involved the manufacture of bisphenol A in which
laboratory work bypassed the pilot plant stage and a full-scale pro-
duction unit was designed and operated successfully. This is not
recommended, but using some laboratory research and simulation
may make it possible to reduce or eliminate expensive pilot plant
work. However, confidence must be developed in using simulation
to replace pilot plant work and this is obtained only through
experience.
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TABLE 1.7. Typical Design Basis Questionnaire

1.101
1.102
1.103
1.104

1.105

Plant Location

Plant Capacity, Ib or tons/yr.

Operating Factor or Yearly Operating Hours

(For most modern chemical plants, this figure is generally 8,000 hours per year).

Provisions for Expansion

Raw Material Feed (Typical of the analyses required for a liquid)

Assay, wt per cent min

Impurities, wt per cent max

Characteristic specifications
Specific gravity

Distillation range °F

Initial boiling point °F

Dry end point °F
Viscosity, centipoises

Color APHA

Heat stability color

Reaction rate with established reagent

Acid number

Freezing point or set point °F

Corrosion test

End-use test

For a solid material chemical assay, level of impurities and its physical

1.108

2.100
2.101

characteristics, such as specific density, bulk density, particle size distribution and 2.102

the like are included. This physical shape information is required to assure that
adequate processing and material handling operations will be provided.

1.1051 Source

1.106

1.107

Supply conditions at process

Plant battery limits

Storage capacity (volume or day's inventory)
Required delivery conditions at battery limits
Pressure

Temperature

Method of transfer

Product Specifications

Here again specifications would be similar to that of the raw material in equivalent

or sometimes greater detail as often trace impurities affect the marketability of the 5 403

final product.

Storage requirements (volume or days of inventory)

Type of product storage

For solid products, type of container or method of shipment and loading facilities

should be outlined.

Miscellaneous Chemicals and Catalyst Supply

In this section the operating group should outline how various miscellaneous
chemicals and catalysts are to be stored and handled for consumption within the plant.

Atmospheric Conditions
Barometric pressure range
Temperature

Design dry bulb temperature (°F)

% of summer season this temperature is exceeded.

Design wet bulb temperature (°F)

% of summer season this temperature is exceeded.
Minimum design dry bulb temperature winter condition (°F)
Level of applicable pollutants that could affect the process.
Examples of these are sulfur compounds, dust and solids, chlorides and salt water
mist when the plant is at a coastal location.

Utilities
Electricity

Characteristics of primary supply

Voltage, phases, cycles

Preferred voltage for motors

Over 200 hp

Under 200 hp

Value, c/kWh

(If available and if desired, detailed electricity pricing schedule can be included for

base load and incremental additional consumption.)

Supply Water
Cleanliness

Corrosiveness

Solids content analysis

Other details

Pressure (at grade) Maximum
Supply
Return

Cooling Water

Well, river, sea, cooling tower, other.

Minimum

Quality

Value

Use for heat exchanger design
Fouling properties

Design fouling factor

Preferred tube material

(continued)
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TABLE 1.7.—(continued)

2.104

2.105

2.106

2.107

2.108

Steam
High pressure, psig

Temperature, °F

Moisture, %

Value per thousand Ib
Medium pressure, psig

Temperature, °F

Moisture, %

Value per thousand Ib
Low pressure, psig

Temperature, °F

Moisture, %

Value per thousand Ib
Steam Condensate
Disposition

Max Normal Min Composition
Per cent CO,

Per cent oxygen

Per cent CO

Other trace impurities

Quantity available
Value per thousand cu ft

2.109 Plant Air

Supply Source

Offsite battery limits (OSBL)

Portable compressor

Process air system

Special compressor

Supply pressure, psig
2.110 Instrument Air

Required pressure at battery limits
Value per thousand Ib or gal

Supply source (OSBL)

Special compressor

Boiler Feed Water
Quality
Hardness, ppm

Supply pressure, psig

Dew point, °F

Qil, dirt and moisture removal requirements

Silica content

In general a value of plant and instrument air is usually not given as the yearly

Hardness

over-all cost is insignificant in relation to the other utilities required.

Total solids, ppm
Other details

3.101 Waste Disposal Requirements
In general, there are three types of waste to be considered: liquid, solid and

Chemical additives

gaseous. The destination and disposal of each of these effluents is usually

Supply pressure

Temperature, °F

Value per thousand gal
Process Water

Max Min different. Typical items are as follows:
Destination of liquid effluents

Cooling water blowdown

Chemical sewer

Storm sewer

(If the quality of the process water is different from the make-up water or boiler feed Method of chemical treating for liquid effluents
water, separate information should be provided.) Preferred materials of construction for
Quality Max Min Cooling water blowdown

Supply pressure
Temperature, °F
Value per thousand gal
Inert Gas
Pressure, psig
Dew point, °F

Chemical sewer

Storm sewer

Facilities for chemical treating
Max Min for liquid effluents

Facilities for treatment of gaseous effluents

Solids disposal

(Landau, 1966).



TABLE 1.8. Typical Utility Characteristics

Steam

Pressure (psig) Saturation (°F) Superheat (°F)

15-30 250-275
150 366
400 448
600 488 100-150
Heat Transfer Fluids
°F Fluid
Below 600 petroleum oils
Below 750 Dowtherm, Therminol and others
Below 1100 fused salts
Above 450 direct firing and electrical heating
Refrigerants
°F Fluid
40-80 chilled water

0-50 chilled brine and glycol solutions

—-50-40 ammonia, freons or suitable
substitutes, butane
-150- -50 ethane or propane
—350- -150 methane, air, nitrogen
—400- —-300 Hydrogen
Below —400 Helium

Cooling Water

Supply at 80-90°F

Return at 115°F, with 125°F maximum

Return at 110°F (salt water)

Return above 125°F (tempered water or steam condensate)

Cooling Air

Supply at 85-95°F
Temperature approach to process, 40°F
Power input, 20 HP/1000 sqft of bare heat transfer surface

Fuel

Gas: 5-10 psig, up to 25 psig for some types of burners, pipeline gas
at 1000 Btu/SCF
Liquid: at 6 million Btu/barrel

Compressed Air

Pressure levels of 45, 150, 300, 450 psig

Instrument Air

45 psig, 0°F dewpoint

Electricity
Driver HP Voltage
1-100 220, 440, 550
75-250 440
200-2500 2300, 4000
Above 2500 4000, 13,200

OTHER SOURCES OF INFORMATION 15

OTHER SOURCES OF INFORMATION

The books listed below are what a process engineer should have available in
either his or her home office, company library or a university library
nearby that he or she may consult. The books listed and books on similar
subjects are vital tools of the process engineer.

1.1 Process Design

A. Books Essential to a Private Library

D.M. Himmelblau, Basic Principles and Calculations in Chemical Engineering,
6th ed., PTR Prentice Hall, Englewood Cliffs, NJ, 1996.

E.E. Ludwig, Applied Process Design for Chemical and Petrochemical
Plants, 3rd ed., Gulf, Houston, 1995-2000, 3 vols.

W.L. McCabe, J.C. Smith, P. Harriott, Unit Operations of Chemical
Engineering, 6th ed., McGraw-Hill, New York, 2002.

R.H. Perry, D.W. Green, Perry’s Chemical Engineers Handbook, 6th ed.,
McGraw-Hill, New York, 1984; 8th ed., 2009. Earlier editions also contain
valuable information.

JM. Smith, H.C. Van Ness, M.M. Abbott, Introduction to Chemical
Engineering Thermodynamics, 6th ed., McGraw-Hill, New York, 2001.
S.M. Walas, Reaction Kinetics for Chemical Engineers, McGraw-Hill, New

York, 1959.

B. Other Books

F. Aerstin, G. Street, Applied Chemical Process Design, Plenum, New York,
1978.

W.D. Baasel, Preliminary Chemical Engineering Plant Design, 2nd ed., Van
Nostrand Reinhold, New York, 1990.

P. Benedek, editor. Steady-State Flowsheeting of Chemical Plants, Elsevier,
New York, 1980.

G.R. Branan, Process Engineers Pocket Book, 2 vols. Houston, Gulf, 1976 1983.

C.R. Burklin, Encycl. Chem. Process Des., 1982;14:416-31 Dekker, New York.

D.R. Coughanowr, Process Systems Analysis and Control, 2nd ed.,
McGraw-Hill, New York, 1991.

J.R. Couper, Process Engineering Economics, Dekker, New York, 2003.

J.M. Douglas, Conceptual Design of Chemical Processes, McGraw-Hill,
New York, 1991.

T.F. Edgar, D.M. Himmelblau, Optimization of Chemical Processes,
McGraw-Hill, New York, 1988.

F.L. Evans, Equipment Design Handbook for Refineries and Chemical
Plants, 2 vols. Gulf, Houston, 1979.

R.G.E. Franks, Modelling and Simulation in Chemical Engineering, Wiley,
New York, 1972.

J. Happel, D.G. Jordan, Chemical Process Economics, 2nd ed., Dekker,
New York, 1975.

K.E. Humphries, Jelen's Cost and Optimization Engineering, 3rd ed.,
McGraw-Hill, New York, 1991.

D.Q. Kern, Process Heat Transfer, McGraw-Hill, New York, 1950.

H.Z. Kister, Distillation Design, McGraw-Hill, New York, 1992.

R. Landau, editor. The Chemical Plant, Reinhold, New York, 1966.

M.E. Leesley, editor. Computer-Aided Process Design, Gulf, Houston,
1982.

O. Levenspiel, Chemical Reaction Engineering, 3rd ed., Wiley, New York, 1999.

N.P. Lieberman, Process Design for Reliable Operations, Gulf, Houston, 1983.

R.S.H. Mah, W.D. Seider, Foundations of Computer-Aided Chemical
Process Design, 2 vols. Engineering Foundation, New York, 1981.

M.J. Moran, Availability Analysis, Prentice-Hall, Englewood Cliffs, NJ,
1982.

F. Nagiev, Theory of Recycle Processes in Chemical Engineering, Macmillan,
New York, 1964.

M.S. Peters, K.D. Timmerhaus, Process Design and Economics for Chemical
Engineers, 4th ed., McGraw-Hill, New York, 1991 and 5th ed. McGraw-
Hill, New York, 2003. (The units in the fourth edition are in the English
System and in the SI System in the fifth edition.)

H.F. Rase, M.H. Barrows, Project Engineering for Process Plants, Wiley,
New York, 1957.
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W. Resnick, Process Analysis and Design for Chemical Engineers, McGraw-
Hill, New York, 1981.

R.W. Rousseau, editor. Handbook of Separation Process Technology,
Wiley, New York, 1987.

D.F. Rudd, C.C. Watson, Strategy of Process Engineering, Wiley, New
York, 1968.

T.K. Sherwood, A Course in Process Design, MIT Press, Cambridge, MA, 1963.

G.D. Ulrich, P.T. Vasudevan, Chemical Engineering Process Design and
Economics, A Practical Guide, 2nd ed., Process Publishing, Lee, NH, 2004.

G.D. Ulrich, P.T. Vasudevan, Predesign with Safety in Mind, CEP, July
2006 27-37.

J.F. Valle-Riestra, Project Evaluation on the Chemical Process Industries,
McGraw-Hill, New York, 1983.

A.W. Westerberg et al., Process Flowsheeting, Cambridge University Press,
Cambridge, England, 1977.

D.R. Woods, Process Design and Engineering Practice, PTR Prentice Hall,
Englewood Cliffs, NJ, 1995.

D. Zudkevitch, Separation of Ethyl Acetate from Ethanol and Water,
Encycl. Chem. Process Des., 14, 401-483 (1982).

C. Estimation of Properties

AIChE Manual for Predicting Chemical Process Data, AIChE, New York,
1984—date.

W.J. Lyman, W.F. Reehl, D.H. Rosenblatt, Handbook of Chemical Prop-
erty Estimation Methods: Environmental Behavior of Organic Compounds,
McGraw-Hill, New York, 1982.

R.C. Reid, J.M. Prausnitz, B.E. Poling, The Properties of Gases and
Liquids, 4th ed., McGraw-Hill, New York, 1987.

Z. Sterbacek, B. Biskup, P. Tausk, Calculation of Properties Using Corre-
sponding States Methods, Elsevier, New York, 1979.

S.M. Walas, Phase Equilibria in Chemical Engineering, Butterworth, Stone-
ham, MA, 1984.

D. Equipment

Chemical Engineering Catalog, Penton/Reinhold, New York, annual.

Chemical Engineering Equipment Buyers' Guide, Chemical Week, New
York, annual.

Thomas Register of American Manufacturers, Thomas, Springfield, IL,
annual.

(Manufacturers’ equipment brochures are the most reliable source of
information.)

E. Safety Aspects

H.H. Fawcett, W.J. Wood, editors. Safety and Accident Prevention in Chemical
Operations, Wiley and Sons, New York, 1982.

M. Kutz, editor. Mechanical Engineers’ Handbook, 2nd ed., Wiley, New
York, 1998.

P. Lechner, Designing for a Safe Process, Chem. Eng., pp. 31-33 (December 20,
1994).

F.P. Lees, Loss Prevention in the Process Industries, 2nd ed., Butterworth-
Heinemann, Woburn, MA, 1996 3 vols.

R.J. Lewis, Hazardous Chemicals Desk Reference, 3rd ed., Van Nostrand
Reinhold, New York, 1993.

R.J. Lewis, Sax’s Dangerous Properties of Industrial Materials, 8th ed., Van
Nostrand Reinhold, New York, 2000.

N.P. Lieberman, Troubleshooting Refinery Processes, PennWell, Tulsa, OK,
1981.

Process Safety Guidelines, Center for Chemical Process Safety, American
Institute of Chemical Engineers, New York, 1992—date, 22 guidelines.

R.C. Rosaler, editor. Standard Handbook of Plant Engineering, McGraw-
Hill, New York, 1983.
G.L. Wells, Safety in Process Plant Design, Wiley, New York, 1980.

1.2 Process Equipment

A.Encyclopedias

Kirk-Othmer Concise Encyclopedia of Chemical Technology, (4th ed.), Wiley,
New York, 1999.

Kirk-Othmer Encyclopedia of Chemical Technology, 26 vols. Wiley, New
York, 1978-1984.

McGraw-Hill Encyclopedia of Science and Technology, 5th ed, McGraw-
Hill, New York, 1982.

J.J. McKetta, Chemical Processing Handbook, Dekker, New York, 1992.

J.J. McKetta, W. Cunningham, editors. Encyclopedia of Chemical Proces-
sing and Design, Dekker, New York, 1976-date.

D.G. Ullman, Encyclopedia of Chemical Technology, English edition,
Verlag Chemie, Weinheim, FRG, 1994.

B. General Data Collections

American Petroleum Institute, Technical Data Book-Petroleum Refining,
American Petroleum Institute, Washington, DC, 1971-date.

W.M. Haynes, editor. CRC Handbook of Chemistry and Physics, CRC
Press, Washington, DC, 2010.

Gas Processors Suppliers Association, Engineering Data Book, 11th ed.,
(1998) Tulsa, OK.

J.A. Kent, Riegel’'s Handbook of Industrial Chemistry, 9th ed., Van
Nostrand Reinhold, New York, 1992.

L.M. Landolt-Bornstein, Numerical Data and Functional Relationships in
Science and Technology, Springer, New York, 1950-date.

J.G. Speight, editor. Lange’s Handbook of Chemistry, 13th ed., McGraw-Hill,
New York, 1984.

J.C. Maxwell, Data Book on Hydrocarbons, Van Nostrand Reinhold, New
York, 1950.

C.L. Yaws et al., Physical and Thermodynamic Properties, McGraw-Hill,
New York, 1976.

C. Special Data Collections

L.H. Horsley, editor. Azeotropic Data, Advances in Chemistry Series #6,
American Chemical Society, Washington, DC, 1953.

Beilstein Handbook, Beilstein Information Systems, Frankfurt, Germany.

Design Institute of Physical Properties and Data (DIPPR), American
Institute of Chemical Engineers, New York, 1985-9 databases. Data
are updated at frequent intervals.

Dortmund Data Bank, University of Oldenburg, Germany, 1996-date.

Gmelin Handbook, Gmelin Institute, Germany.

J. Gmehling et al., Chemistry and Chemical Engineering Data Series, 11 vols.
DECHEMA, Frankfurt/Main, FRG, 1977-date.

J.H. Keenan et al., Thermodynamic Properties of Steam, Wiley, New York,
English Units, 1969, SI Units, 1978.

J.A. Larkin, Selected Data on Mixtures, International Data Series B, Ther-
modynamic Properties of Organic Aqueous Systems, Engineering Science
Data Unit Ltd., London, 1978-date.

Thermodynamic ~ Properties of Organic Substances, Thermodynamic
Research Center, Texas A & M University, Bryan, TX, 1977-date.

D.D. Wagman, The NBS Tables of Chemical Thermodynamic Properties,
American Chemical Society, Washington, DC, 1982.

D.R. Woods, Data for Process Design and Engineering Practice, PTR
Prentice Hall, Englewood Cliffs, NJ, 1995.
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2

FLOWSHEETS

plant design consists of words, numbers, and

pictures. An engineer thinks in terms of sketches

and drawings that are his or her “pictures”. To

solve a material balance problem, the engineer
will start with a block to represent equipment, or a process
step and then will show the entering and leaving streams
with their amounts and properties. When asked to describe
a process, an engineer will begin to sketch equipment, show
how it is interconnected, and show the process flows and
operating conditions.

Such sketches develop into flowsheets, which are more
elaborate diagrammatic representations of the equipment,
the sequence of operations, and the expected performance
of a proposed plant or the actual performance of an already
operating one. For clarity and to meet the needs of the
various persons engaged in design, cost estimating,
purchasing, fabrication, operation, maintenance, and
management, several different kinds of flowsheets are
necessary. Four of the main kinds will be described and
illustrated.

2.1. BLOCK FLOWSHEETS

At an early stage or to provide an overview of a complex process or
plant, a drawing is made with rectangular blocks to represent indi-
vidual processes or groups of operations, together with quantities
and other pertinent properties of key streams between the blocks
and into and from the process as a whole. Such block flowsheets
are made at the beginning of a process design for orientation
purposes, for discussions or later as a summary of the material
balance of the process. For example, the coal carbonization process
of Figure 2.1 starts with 100,000 lb/hr of coal and process air,
involves six main process units, and makes the indicated quantities
of ten different products. When it is of particular interest, amounts
of utilities also may be shown; in this example the use of steam is
indicated at one point. The block diagram of Figure 2.2 was

prepared in connection with a study of the modification of an exist-
ing petroleum refinery. The three feed stocks are separated into
more than 20 products. Another representative petroleum refinery
block diagram, in Figure 13.20, identifies the various streams but
not their amounts or conditions.

2.2. PROCESS FLOWSHEETS

Process flowsheets embody the material and energy balances and
include the sizes of major equipment of the plant. They include
all vessels, such as reactors, separators, and drums; special proces-
sing equipment; heat exchangers; pumps; and so on. Numerical
data include flow quantities, compositions, pressures, and tempera-
tures. Major instrumentation essential for process control and the
complete understanding of the flowsheet without reference to other

Net Fuel Gas 7183
Sutfur Sulfur 1070
Recovery !
Phenols Phenols 5
Recovery
Steam } I Net Waste Liquids 2380 -
Carbonizer Primary
Fractionator
Coal o
i Light Aromatics 77
100,000 22,500 | glls g 0 -
Air ecovery
Middle Oils (diesel, etc.) 12575
o
Tar Acids 3320
Pitch Heavy Qils (creosote, etc.) 2380
Distillation
Pitch 3000
itcl >
Char 77500

Figure 2.1. Coal carbonization block flowsheet. Quantities are in lb/hr.
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Figure 2.2. Block flowsheet of the revamp of a 30,000 Bbl/day refinery with supplementary light stocks. (The C. W. Nofsinger Co.) (Walas, 1988).




information is required, particularly in the early stages of a design,
since the process flowsheet is drawn first and is the only diagram
available that represents the process. As the design develops and a
mechanical flowsheet is prepared, instrumentation may be removed
to minimize clutter. A checklist of information usually included on a
process flowsheet is found in Table 2.1.

Working flowsheets are necessarily elaborate and difficult to
represent on the page of a book. Figure 2.3 originally was 30 in.
wide. In this process, ammonia is made from available hydrogen
supplemented by hydrogen from the air oxidation of natural gas
in a two-stage reactor F-3 and V-5. A large part of the plant is
devoted to the purification of the feed gases—namely, the removal
of carbon dioxide and unconverted methane before they enter the
converter CV-1. Both commercial and refrigeration grade ammo-
nia are made in this plant. Compositions of 13 key streams are
summarized in the tabulation. Characteristics of streams, such as
temperature, pressure, enthalpy, volumetric flow rates, and so on,
sometimes are conveniently included in the tabulation, as in Figure
2.3. In the interest of clarity, it may be preferable to have a sepa-
rate sheet if the material balance and related stream information
is voluminous.

A process flowsheet of the dealkylation of toluene to benzene
is in Figure 2.4; the material and enthalpy flows as well as tem-
perature and pressures are tabulated conveniently, and basic
instrumentation is represented.

2.3. PROCESS AND INSTRUMENTATION DIAGRAMS (P&ID)

Piping and instrument (P&ID) diagrams emphasize two major
characteristics. They do not show operating conditions or compo-
sitions or flow quantities, but they do show all major as well as
minor equipment more realistically than on the process flowsheet.

TABLE 2.1. Checklist of Data Normally Included on a
Process Flowsheet

1. Process lines, but including only those bypasses essential to an
understanding of the process
2. All process equipment. Spares are indicated by letter symbols or
notes
3. Major instrumentation essential to process control and to
understanding of the flowsheet
Valves essential to an understanding of the flowsheet
Design basis, including stream factor
Temperatures, pressures, flow quantities
Mass and/or mol balance, showing compositions, amounts, and
other properties of the principal streams
Utilities requirements summary
. Data included for particular equipment
a. Compressors: SCFM (60°F, 14.7 psia); AP psi; HHP; number of
stages; details of stages if important
b. Drives: type; connected HP; utilities such as kW, Ib steam/hr,
or Btu/hr
c. Drums and tanks: ID or OD, seam to seam length, important
internals
d. Exchangers: Sqft, kBtu/hr, temperatures, and flow quantities
in and out; shell side and tube side indicated
e. Furnaces: kBtu/hr, temperatures in and out, fuel
f. Pumps: GPM (60°F), AP psi, HHP, type, drive
g. Towers: Number and type of plates or height and type of
packing identification of all plates at which streams enter or
leave; ID or OD; seam to seam length; skirt height
h. Other equipment: Sufficient data for identification of duty and
size

No ok
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Line sizes and specifications of all lines, valves and instrumenta-
tion as well as codes for materials of construction and insulation
are shown on the diagram. In fact, every mechanical aspect of
the plant regarding the process equipment and their interconnec-
tions is represented except for supporting structures and founda-
tions. The equipment is shown in greater detail than on the
process flowsheet, notably with respect to external piping connec-
tions, internal details, and resemblance to the actual appearance.

Many chemical and petroleum companies are now using Process
Industry Practices (PIP) criteria for the development of P&IDs. These
criteria include symbols and nomenclature for typical equipment,
instrumentation, and piping. They are compatible with industry
codes of the American National Standards Institute (ANSI), Ameri-
can Society of Mechanical Engineers (ASME), Instrumentation,
Systems and Automation Society of America (ISA), and Tubular
Exchanger Manufacturers Association (TEMA). The PIP criteria
can be applied irrespective of whatever Computer Assisted Design
(CAD) system is used to develop P&IDs. Process Industries Practice
(2003) may be obtained from the Construction Industry Institute
mentioned in the References.

Catena et al. (1992) showed how “intelligently” created
P&IDs prepared on a CAD system can be electronically linked
to a relational database that is helpful in meeting OSHA regula-
tions for accurate piping and instrumentation diagrams.

Since every detail of a plant design is recorded on electronic
media and paper, many other kinds of flowsheets are also required:
for example, electrical flow, piping isometrics, and piping tie-ins to
existing facilities, instrument lines, plans, and elevations, and indivi-
dual equipment drawings in detail. Models and three-dimensional
representations by computer software are standard practice in design
offices.

The P&ID flowsheet of the reaction section of a toluene deal-
kylation unit in Figure 2.5 shows all instrumentation, including
indicators and transmitters. The clutter on the diagram is mini-
mized by tabulating the design and operating conditions of the
major equipment below the diagram.

The P&ID of Figure 2.6 represents a gas treating plant
that consists of an amine absorber and a regenerator and their
immediate auxiliaries. Internals of the towers are shown with exact
locations of inlet and outlet connections. The amount of instru-
mentation for such a comparatively simple process may be surpris-
ing. On a completely finished diagram, every line will carry a code
designation identifying the size, the kind of fluid handled, the pres-
sure rating, and material specification. Complete information
about each line—its length, size, elevation, pressure drop, fittings,
etc.—is recorded in a separate line summary. On Figure 2.6, which
is of an early stage of construction, only the sizes of the lines are
shown. Although instrumentation symbols are fairly well standar-
dized, they are often tabulated on the P&I diagram as in this
example.

2.4. UTILITY FLOWSHEETS

There are P&IDs for individual utilities such as steam, steam con-
densate, cooling water, heat transfer media in general, compressed
air, fuel, refrigerants, and inert blanketing gases, and how they are
piped up to the process equipment. Connections for utility streams
are shown on the mechanical flowsheet, and their conditions and
flow quantities usually appear on the process flowsheet.

2.5. DRAWING OF FLOWSHEETS

Flowsheets may be drawn by hand at preliminary stages of a project,
but with process simulators and CAD software packages, it is a
simple matter to develop flowsheets with a consistent set of symbols
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Figure 2.3. Process flowsheet of a plant making 47 tons/day of ammonia from available hydrogen and hydrogen made from natural gas. (The C. W. Nofsinger Co.) (Walas, 1988).
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Fluid Handling

Heat Transfer

FLUID HANDLING

Centrifugal pump or blower,
motor driven

Centrifugal pump or blower,
turbine driven

Rotary pump or blower

Reciprocating pump or
compressor

Centrifugal compressor

Centrifugal compressor,
alternate symbol

Stm

Steam ejector Process
1
TN ¢
t
=< '
. 1
Coil in tank !
vy 1
N !
i
i
— 1
Evaporator < I
1
F\/ !
- ;
=) 1
- !
1
Cooling tower, Ai :
forced draft _-,” !
1
1
| 1
1
Water :
]
]

HEAT TRANSFER

Shell-and-tube
heat exchanger

Condenser

Reboiler ~

Vertical thermosiphon
reboiler

Kettle reboiler

Air cooler with
finned tubes

Fired heater

Tubeside

Shellside

g Process

Process

Process

Shellside

% Process

é Process

Fuel

Fired heater with radiant
and convective coils

Rotary dryer
or Kiln

Tray dryer

Spray condenser with
steam ejector

o

Heat
ource
Proces

=

Stm
water

(continued)
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TABLE 2.2.—(continued)

Mass Transfer Vessels
MASS TRANSFER VESSELS
/J: /: Drum or tank ( j
1 | j—
14 le— —
Drum or tank
35
——
Tray Packed Storage tank
column column
Open tank l: T
I
Gas holder J

Multistage spray
stirred column column
Solvent Process Extract

0 e

‘ I
Raffinate

Mixer-settler extraction battery

for equipment, piping, and operating conditions contained in software
packages. There is no generally accepted set of standards, although
attempts have been made with little success. Every large engineering
office has its own internal standards. Some information appears in
the ANSI (American National Standards Institute) and British
Standards publications with respect to flowsheets and piping. Many
flowsheets that appear in journals such as Chemical Engineering
and Hydrocarbon Processing use a fairly consistent set of symbols.

Jacketed vessel with
agitator

4,

N

Vessel with heat
transfer coil

Bin for solids

N

As mentioned earlier, PIP (1998) is being used for flowsheets and
P&IDs by many companies. Other useful compilations of symbols have
appeared in books by Austin (1979), Sinnott, Coulson, and Richardson
(1983), and Ulrich (2004). Computer-generated symbols are also found
in VISIO which is a program within Microsoft Office software. A selec-
tion of more common kinds of equipment appears in Table 2.2.
Equipment symbols are a compromise between a schematic
representation of the equipment and simplicity and ease of drawing.
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Conveyors & Feeders

Separators

CONVEYORS & FEEDERS

Conveyor

Belt conveyor

Screw conveyor

Elevator

Feeder

Star feeder

Screw feeder

Platg-and-frame filter

Sand filter

Dust collector

Cyclone separator

Centrifuge

Mash entrainment

SEPARATORS

I

Rotary vacuum filter

Ry

separator
Weighing feeder
Tank car
Liquid-liquid
separator h
' Heavy Light
Freight car

Conical settling
tank

Raked thickener

01K Fol g fl

A selection of the more common kinds of equipment appears
in Table 2.2. Less common equipment or any with especially
intricate configuration often is represented simply by a circle or
rectangle. Since a symbol does not usually speak entirely for itself
but also may carry a name and a letter-number identification, the
flowsheet can be made clear even with the roughest of equipment

Drum with water
settling pot

Screen

]

\ Course
>

.

Fine

(continued)

symbols. The letter-number designation consists of a letter or com-
bination to designate the class of the equipment and a number to
distinguish it from others of the same class, as two heat exchangers
by E-112 and E-215. Table 2.3 is a typical set of letter designations.

Operating conditions such as flow rate, temperature, pressure,
enthalpy, heat transfer rate, and also stream numbers are identified
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TABLE 2.2.—(continued)

Mixing & Comminution

Drivers

MIXING & COMMINUTION

L L ele W

Liquid mixing
impellers: basic,
propeller,turbine,
anchor

Ribbon blender

Double cone blender

Crusher

Roll crusher

Pebble or rod mill

O<¢ < |

DRIVERS

Motor

@_.

o
o
38

DC motor

AC motor, 3-phase

Turbine

Turbines:
steam,
hydraulic,
gas

with symbols called flags, of which Table 2.4 is a commonly
used set. Particular units are identified on each flowsheet, as in
Figure 2.3.

Letter designations and symbols for instrumentation have been
thoroughly standardized by the Instrumentation, Systems and
Automation Society of America (ISA) (1984). Table 2.5 is a selec-
tion of identification Letters for Instrumentation. The P&ID of
Figure 2.6 illustrates many examples of instrumentation symbols
and identification.

For clarity as well as esthetic purposes, equipment should be
represented with some indication of relative sizes. True scale is not
always feasible because a tower may be 150 feet high while a process
drum may be only 3 feet high and this would not be possible to
represent on a drawing.

An engineer or draftperson will arrange the flowsheet as
artistically as possible consistent with clarity, logic, and economy
of space on a drawing. A fundamental rule is that there should be
no large gaps. Flow is predominantly from the left to the right.

On a process flowsheet, distillation towers, furnaces, reactors,
and large vertical vessels often are arranged at one level, condenser
and accumulator drums on another level, reboilers on still another
level, and pumps more or less on one level but sometimes near the
equipment they serve in order to minimize excessive crossing of lines.
Streams enter the flowsheet from the left edge and leave at the right
edge. Stream numbers are assigned to key process lines. Stream
compositions and other desired properties are gathered into a table
that may be on a separate sheet if it is especially elaborate. A listing
of flags with the units is desirable on the flowsheet.

Rather less freedom is allowed in the construction of mechanical
flowsheets. The relative elevations and sizes of equipment are pre-
served as much as possible, but all pumps usually are shown at the
same level near the bottom of the drawing. Tabulations of instrumen-
tation symbols or of control valve sizes or of relief valve sizes also
often appear on P&IDs. Engineering offices have elaborate checklists
of information that should be included on the flowsheet, but such
information is beyond the scope here.
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TABLE 2.3. Letter Designations of Equipment

Equipment Letters Equipment Letters
Agitator M Grinder SR
Air filter FG Heat exchanger E
Bin TT Homogenizer M
Blender M Kettle R
Blower JB Kiln (rotary) DD
Centrifuge FF Materials handling equipment G
Classifying equipment S Miscellaneous? L
Colloid mill SR Mixer M
Compressor JC Motor PM
Condenser E Oven B
Conveyor C Packaging machinery L
Cooling tower TE Precipitator (dust or mist) FG
Crusher SR Prime mover PM
Crystallizer K Pulverizer SR
Cyclone separator (gas) FG Pump (liquid) J
Cyclone separator (liquid) F Reboiler E
Decanter FL Reactor R
Disperser M Refrigeration system G
Drum D Rotameter RM
Dryer (thermal) DE Screen S
Dust collector FG Separator (entrainment) FG
Elevator C Shaker M
Electrostatic separator FG Spray disk SR
Engine PM Spray nozzle SR
Evaporator FE Tank TT
Fan JJ Thickener F
Feeder C Tower T
Filter (liquid) P Vacuum equipment VE
Furnace B Weigh scale L

“Note: The letter L is used for unclassified equipment when only a few items are of this type; otherwise, individual letter designations are

assigned.

TABLE 2.4. Flowsheet Flags of Operating Conditions in

Typical Units

Mass flow rate, Ibs/hr

~

Molal flow rate, Ibmols/hr 1
Temperature, °F 510

Pressure, psig (or indicate if psia or
Torr or bar)

o
@,
[

[o2]

HARE

5

w

Volumetric liquid flow rate, gal/min
Volumetric liquid flow rate, bbls/day 8,500
Kilo Btu/hr, at heat transfer equipment 9,700

Enthalpy, Btu/lb

|

Others




Figure  2.4. Process
flowsheet of the man-
ufacture of benzene
by dealkylation of
toluene. (Wells, 1980).
(Walas, 1988).

Figure 2.5. Engineer-
ing P&ID of the reac-
tion section of plant
for dealkylation of
benzene. (Wells, 1980).
(Walas, 1988).
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ITEM

Computer-based algorithm

Analog instrument board mounted

Pneumatic-operated globe valve

Pneumatic-operated butterfly
valve, damper

Hand-actuated control valve

Control valve with positioner

Pressure-reducing regulator,
self contained

Back-pressure reducing regulator,

self contained

Pressure relief or safety valve

Temperature regulator, filled

system type

Orifice plate with flange or

corner taps

SYMBOL
N

b
ki
£
‘.

X

B4
><]

|

T

\/

ITEM

Orifice plate with vena contracta
taps

Orifice plate with vena contracta,
radius or pipe taps connected
to differential pressure transmitter

Venturi tube or flow nozzle

Turbine flowmeter

Magnetic flowmeter

Level transmitter, external float or
external type displacer
element

Level transmitter, differential
pressure type element

Temperature element without well

Temperature element with well

INSTRUMENT LINE (SIGNAL) SYMBOLS

ITEM

Pneumatic

Electrical

Capillary

Process fluid filled

SYMBOL

prd

Figure 2.6. General instrument symbols. Adapted from Smith and Corripio (2006 ).
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First Letter(s) Measured Variable Recording Indicating Blind Self-actuated control valves

A Analysis ARC AlC AC

B Burner BRC BIC BC

C User’s choice

D User’s choice

E Voltage

F Flow rate FRC FIC FC FCV, FICV

FQ Flow quantity FQRC FQIC

FF Flow ratio FFRC FFIC FFC

G User’s choice

H Hand HIC HC

| Current IRC lic

J Power JRC JIC

K Time KRC KIC KC KCV

L Level LRC LIC LC LCV

M User’s choice

N User’s choice

0] User’s choice

P Pressure, vacuum PRC PIV PC PCV

PD Pressure PDRC PDIC PDC PDCV

Q Quantity QRC Qic

R Radiation RRC RIC RC

S Speed, frequency SRC SIC SC SCV

T Temperature TRC TIC TC TCV

TD Temperature TDRC TDIC TDC TDCV
differential

U Multivariable

\'% Vibration analysis

Adapted from Smith and Corripio (2006).
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PROCESS CONTROL

n typical grass roots chemical processing
facilities, as much as 10% of the total capital
investment is allocated to process control
equipment, design, implementation and

commissioning. Process control is a very broad topic with

many distinct aspects. The following list of possible sub-
topics gives some idea of the full breadth of this topic:
In the field, the topic includes the selection and

installation of sensors, transmitters, transducers, actuators,
valve positioners, valves, variable-speed drives, switches

and relays, as well as their air supply, wiring, power,

grounding, calibration, signal conditioning, bus architecture,

communications protocol, area classification, intrinsic

safety, wired interlocks, maintenance, troubleshooting and

asset management.

In the control room, the topic encompasses the
selection and installation of panel mounted alarms,
switches, recorders and controllers, as well as Program
Logic Controllers (PLC) and Distributed Control Systems

(DCS), including analog and digital input/output hardware,

software to implement control strategies, interlocks,

sequencing and batch recipes, as well as display interfaces,
alarm management, and Ethernet communication to
networked computers, which are used to provide
supervisory control, inferential measures, data historians,
performance monitoring, and process optimization.

Also, the design practice includes P&ID
documentation, database specification and verification of
purchased equipment, control design and performance
analysis, software configuration, real-time simulation for
DCS system checkout and operator training, reliability
studies, interlock classification and risk assessment of
safety instrumented systems (SIS), and hazard and
operability (HAZOP) studies.

Books have been written about each of these sub-topics
and many standards exist to specify best practices or
provide guidance. The Instrumentation, Systems and
Automation Society (ISA) is the primary professional society
that addresses many of these different aspects of process
control. The focus of this chapter will be on control loop
principles, loop tuning and basic control strategies for
continuous processes.

3.1. THE FEEDBACK CONTROL LOOP

Feedback control utilizes a loop structure with negative feedback to
bring a measurement to a desired value, or setpoint. A block diagram
of a typical process control loop is shown in Figure 3.1, with key ele-
ments of the loop being the controller, valve, process, and measure-
ment. Note that in addition to the setpoint entering the loop, there
is also a load shown. Changes in setpoint move the process to a
new value for the controlled variable, whereas changes in load affect

the process resulting in a disturbance to the controlled variable.

The control loop must respond to either a change in setpoint
or a change in the load, by manipulating the valve in a manner
that affects the process and restores the controlled variable to its
setpoint. Reacting to setpoint changes is called servo operation,
and reacting to load changes is called regulator operation. A flow
control loop is a simple process example where both servo and reg-
ulator operation is often required. The flow setpoint may be chan-
ged to establish a new production rate. However, once set, it must
be maintained during load changes, which disturb the flow through

the valve by altering upstream or downstream pressures.

Control loop performance is determined by the response char-
acteristics of the block elements in the loop: the controller, valve,
process and measurement. Design choices can be made for the
valve, process and measurement, which can improve the achiev-
able performance of the loop. The controller may then be tuned
for the best performance of the resulting control loop, but must
also provide an operating margin from control instability. The
controller tuning always establishes a trade off between resulting
loop performance and robustness due to this operating margin.

OVERALL RESPONSE CHARACTERISTICS

There are both steady-state and dynamic response characteristics
that affect loop performance. Steady-state gain is the most basic
and important of these response characteristics. Gain for a block
element can be simply defined as the ratio of change in output to
a change in input. For several blocks in series, the resulting overall
gain is the product of the individual block gains.

Dynamic responses can be divided into the categories of self-
regulating and non self-regulating. A self-regulating response has

Load

Controlled

Setpoint
m Controller

/

Valve

Variable

@ Process

Figure 3.1. Block diagram of a control loop.

31

Measurement




32 PROCESS CONTROL

inherent negative feedback and will always reach a new steady-
state in response to an input change. Self-regulating response
dynamics can be approximated with a combination of a deadtime
and a first-order lag with an appropriate time constant.

Non self-regulating responses may be either integrating or run-
away. An integrating response continues to change due to a lack of
inherent feedback. Since the output of an integrating response con-
tinues to change, its “steady-state” gain must be determined as the
ratio of rate of change of the output to a change in the input. Its
response dynamics can be approximated with a combination of a
deadtime, a first-order lag, and a ramp. Self-regulating responses
with a very large time constant, or a very large gain, can also be
approximated as a pseudo-integrator during the first portion of
their response.

A run-away response continues to change at an increasing rate
due to inherent positive feedback. The response is exponential and
may be thought of as a first-order lag with a negative time con-
stant. Run-away response dynamics may be approximated with a
combination of deadtime, a first-order lag and a second, longer
lag with a negative time constant.

VALVE CHARACTERISTICS

Control valves have unique characteristics of their own which can
significantly affect the performance of a loop. The steady-state gain
of the valve relates controller output to a process flow. How this
flow aftects the controlled variable of the process defines the range
of control. For servo control, the range of control would be defined
as the range of setpoints achievable at a given load. For regulator
control, it would be defined as the range of loads for which the given
setpoint could be maintained. Attempting to operate outside the
range of control will always result in the valve being either fully
open or closed and the controlled variable offset from setpoint.

The steady-state gain of a control valve is determined at its
operating point, since its gain may vary somewhat throughout its
stroke. Valves have internal trim that provide a specified gain as
a function of position, such as Linear, Equal Percentage, or Quick
Opening inherent characteristics. Typically, the trim is chosen such
that the installed characteristics provide an approximately linear
flow response. Thus for a valve operating with critical gas flow,
Linear trim would provide an approximately linear flow response.
An Equal Percentage trim may be used to provide a more linear
response for gas or liquid flow where line pressure drop is equal
or greater than the valve pressure drop. The Quick Opening trim
is usually not chosen for linear response in continuous control
applications, however, it provides a high gain near the closed posi-
tion, which is useful for fast responding pressure relief applications.

One common non-linear characteristic of control valves is
hysteresis, which results in two possible flows at a given valve posi-
tion, depending upon whether the valve is opening or closing. In
the steady-state, hysteresis limits resolution in achieving a specific
flow with its desired effect on the process. Dynamically, hysteresis
also creates pre-stroke deadtime, which contributes to total loop
deadtime, thus degrading the performance of the loop. Pre-stroke
deadtime is the time that elapses as the controller output slowly
traverses across the dead band before achieving any change in
actual valve position or flow.

The use of a valve positioner can significantly reduce both
hysteresis and thus pre-stroke deadtime. A valve positioner is
recommended for all control loops requiring good performance.
Typical hysteresis may be 2-5% for a valve without a positioner,
0.5-2% for a valve with an analog positioner, and 0.2-0.5% for a
valve with a digital positioner.

On some control loops, a variable-speed drive on a pump, fan
or blower may be used as the final element connecting the controller

output to the process. Variable-speed drives provide fast and linear
response with little or no hysteresis and therefore are an excellent
choice with respect to control performance. As the initial cost of
variable-speed drives continues to decrease, their use should become
a more widespread practice.

PROCESS CHARACTERISTICS

An agitated tank is often used as an example of a first-order lag
process. However, mixing in real tanks falls far short of the ideal
well-mixed tank. Real tanks have composition responses that are
a combination of a first-order lag and deadtime. If the pumping rate
of the agitator (F,) is known, the deadtime (7) of the real tank may
be estimated by the following equation: T;= VI(F + F,), where V'is
the volume of the tank and F is the flow through it.

Process responses often consist of multiple lags in series.
When these lags are non-interacting, the resulting response is pre-
dominantly deadtime, varying linearly with the number of lags in
series. However when these lags are interacting, such as the trays
on a distillation column, the resulting response remains predomi-
nantly a first-order lag with a time constant proportional to the
number of lags squared.

Other process characteristics that affect control performance
are both steady-state and dynamic non-linear behavior. Steady-
state non-linear behavior refers to the steady-state gain varying,
dependent upon operating point or time. For example, the pH of
a process stream is highly non-linear, dependent upon the operat-
ing point on the titration curve. Further, depending upon the
stream component composition, the titration curve itself may vary
over time.

Non-linear dynamic behavior can occur due to operating
point, direction, or magnitude of process changes. For example,
the time constant of the composition response for a tank will
depend upon the operating point of liquid level in the tank. Some
processes will respond in one direction faster than in the other
direction, particularly as the control valve closes. For example,
liquid in a tank may drain quite rapidly, but once the drain valve
closes the level can only rise as fast as the inlet stream flow allows.
The magnitude of a change may cause different dynamic response
whenever inherent response limits are reached. Process examples
may include a transition to critical flow, or a transition from a
heat transfer to a mass transfer limiting mechanism in a drying
process.

These non-linearities are the main reason an operating margin
must be considered when tuning the controller. If the loop is to be
robust and operate in a stable manner over a wide range of condi-
tions, conservative values of the tuning parameters must be chosen.
Unfortunately, this results in poorer performance under most con-
ditions. One technique to handle known non-linearities is to pro-
vide tuning parameters that vary based upon measured process
conditions.

MEASUREMENT CHARACTERISTICS

Sensor type and location as well as transmitter characteristics, noise,
and sampled data issues also can affect loop performance. Most
continuous measurement sensors and transmitters have relatively
fast dynamics and a noise filter, which can be approximated by a
first-order lag with a one or two second time constant. Temperature
sensors are somewhat slower as the sensor is in a thermowell, and
these measurements have a larger, 15-30 second time constant.
Noise is often a problem in flow, pressure, and level measure-
ments. Because flow is a very fast loop, controller tuning can be set
to ignore noise by using low gain and rely on a large amount of reset
to take significant action only on sustained deviations. On slower,
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non self-regulating loops like level, noise in the measurement can
degrade potential control performance by preventing the use of
higher gains and/or derivative action in the controller.

Excessive filtering of a signal to reduce noise would add effec-
tive deadtime to the loop, thus degrading the loop performance.
One technique for reducing high amplitude, high frequency noise,
without introducing an excessive lag, is to rate limit the signal to
a rate comparable to the largest physically realizable upset. This
approach chops oft peak noise and allows a smaller time constant
filter to effectively reduce the remaining lower amplitude, high
frequency noise.

Non-continuous measurements, such as produced by the sample
and hold circuitry of a chromatograph, can introduce significant
deadtime into a loop. Also, the nature of the periodic step change
in value prevents the use of derivative action in the controller.

Distributed Control Systems often sample the transmitted sig-
nal at a one second interval, sometimes faster or slower depending
upon the characteristics of the process response. One concern
related to sample data measurement is aliasing of the signal, which
can shift the observed frequency. However at a one second sample
interval, this has seldom been a problem for all but the fastest pro-
cess responses. A general rule for good performance is to make the
period between scans less than one-tenth of the deadtime, or one-
twentieth of the lag in the process response.

CONTROLLER CHARACTERISTICS

The design of the valve, process, and measurement should be made
such as to minimize deadtime in the loop while providing a reli-
able, more linear response; then the controller can be tuned to pro-
vide the best performance, with an acceptable operating margin for
robustness. The PID controller is the most widespread and applic-
able control algorithm, which can be tuned to provide near opti-
mal responses to load disturbances. PID is an acronym for
Proportional, Integral and Derivative modes of control.

Proportional mode establishes an algebraic relationship
between input and output. The proportionality is set by a tunable
gain parameter. This unitless parameter, controller gain (K,), spe-
cifies percent change in output divided by percent change in input.
On earlier versions of PID controllers, an alternate parameter,
Proportional Band (PB), was defined as the percent change in
input required to cause a 100 percent change in output. Thus
by combining definitions, these two terms are related as follows:
K.=100/PB.

The Integral mode is sometimes referred to as “reset” because
it continues to take action over time until the error between mea-
surement and setpoint is eliminated. The parameter to specify this
action is Integral time, which can be thought of as the length of
time for the controller to repeat the initial proportional response
if the error remained constant. Note that as this parameter is made
smaller, the reset increases as the control action is repeated in a
shorter period of time. Some controllers use an alternate para-
meter, Reset, that is the reciprocal of Integral time and is referred
to as repeats/unit time. This latter approach is perhaps more intui-
tive in that as the Reset parameter is increased, there is more reset
action being applied.

The Derivative mode is sometimes referred to as “rate”
because it applies control action proportional to the rate of change
of its input. Most controllers use the process measurement, rather
than the error, for this input in order to not have an exaggerated
response to step changes in the setpoint. Also, noise in the process
measurement is attenuated by an inherent filter on the Derivative
term, which has a time constant 1/8 to 1/10 of the Derivative time.
Even with these considerations, process noise is a major deterrent
to the use of Derivative mode.

Another, perhaps the most important, controller parameter is
the control action, which is set as either “direct” or “reverse”. If
not set correctly, positive feedback in the control loop would result
in unstable operation with the valve reaching a wide open or closed
limit. By convention, if the valve position is to increase as the mea-
surement increases, then the controller is considered “direct”
acting.

By first determining the process action, then specifying the
opposite controller action, the desired negative feedback loop is
achieved. A typical flow loop is a good example as follows: the
process action is “direct” because the flow increases as the valve
position is increased, therefore the controller action should be spe-
cified as “reverse”.

The actual output signal from the controller will further
depend upon the specified failure mode of the valve. For example,
a fail-closed valve will require an increase-to-open signal, whereas
a fail-open valve will require an increase-to-close signal. Most
industrial controllers will have a separate parameter to specify
the required signal for the failure mode of the valve. In order to
minimize confusion, rather than displaying actual output, most
controllers display an “implied valve position”, which indicates
the desired position of the valve.

The response characteristics of a direct acting PID controller
are shown in Figure 3.2. For illustrative purpose, a step change
to the measurement is made and held constant without feedback.
In response to this disturbance, the independent contributions of
each controller mode are provided in Figures 3.2(A, B and C),
and the combined PID response is presented in Figure 3.2(D).
Note that the Proportional mode has an immediate effect on the
output, as defined by its algebraic relationship. The Integral mode
keeps changing the output at a constant rate as long as the con-
stant error persists. The Derivative mode provides an initial exag-
gerated response, which decays rapidly since the measurement
stops changing after the initial step disturbance.

Although there are many ways to implement PID modes into
a controller, the ISA standard algorithm is an ideal, non-interact-
ing combination of the modes. This algorithm is a relatively new
standard, made feasible by digital implementation. Note that
many previously published tuning guidelines have been developed
based upon various analog implementations of an interacting, ser-
ies combination of these modes.

3.2. CONTROL LOOP PERFORMANCE AND
TUNING PROCEDURES

Any systematic tuning procedure must strive to provide optimal
performance against some objective function. The first decision
to be made is whether this objective function is for setpoint
response or load response. Optimizing setpoint response will result
in sluggish load response, so if the primary objective of the loop is
regulation, then the objective function should be a measure of load
response performance.

A variety of criteria have been proposed for this objective
function such as the integral of square error (ISE), the integral of
absolute error (IAE), or the integral of the time weighted absolute
error (ITAE). The ISE criterion provides the greatest emphasis on
peak error, but is more oscillatory and less robust than the other
criteria. Although for any given loop, “the beauty of the response
is in the eye of the beholder”, in general the IAE criterion has
become the more widely accepted objective function to provide
both responsive and robust tuning.

Numerous empirical correlations have been developed to
determine PID tuning parameters for load responses of processes.
These correlations are based either on closed-loop procedures,
which directly identify the ultimate gain and ultimate period of
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Figure 3.2. Response characteristics of a direct acting PID controller.

the loop, or on open-loop procedures, which identify the time con-
stant and deadtime of a first-order plus deadtime approximation of
the process response.

CLOSED-LOOP PROCEDURE

The closed-loop procedure requires tuning a controller with only
gain and increasing that parameter until sustained oscillations are
observed. The gain when this occurs is called the ultimate gain
(K,) and the time between successive cycles is called the ultimate
period (7).

An alternative closed-loop approach called the “relay
method” uses temporary narrow limits on the controller output
and toggles between output limits each time the controller error
changes sign. The ultimate period is determined as before and the
ultimate gain is computed as K, =4*d/(3.14*a), where “d” is the
range of the output limits, and “a” is the range of the process mea-
surement, both in percent.

Correlations such as provided in Table 3.1 may then be used
to determine the values of tuning parameters based upon the
closed-loop response (Edgar, 1999).

OPEN-LOOP PROCEDURE

The open-loop procedure requires that the loop be placed in man-
ual mode and a step change in the controller output is made. The
process response is recorded such that a time constant (7,.) and
deadtime (7,;) may be determined from the data. The deadtime is
the time before the process begins to respond. The time constant
is the time it takes from the beginning of the process response
until it reaches approximately 63% of its final value. For non
self-regulating processes, the deadtime is determined in the same

Time
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manner, then a pseudo time constant may be determined from
the time it takes the process variable, in percent, to move an
amount equivalent to the percent change in controller output.

Correlations such as those presented in Table 3.2 may then be
used to determine the values of tuning parameters based upon the
open-loop response (Edgar, 1999).

DEFAULT TUNING

It is useful to have a set of robust, if not optimal, tuning parameters
for loops at startup. The values provided in Table 3.3 may be used
for that purpose. Loops with tuning outside the suggested range of
values indicate either an unusual process or fundamental problems
with the valve, process, or measurement responses.

3.3. SINGLE STREAM CONTROL

Flow, level, and pressure are process variables that can be con-
trolled by manipulating their own process stream. Flow control is
typically used to establish throughput, whereas level and pressure
are measures of liquid and gas inventory, which must be main-
tained to establish the overall process material balance. The pro-
cess material balance is typically controlled in the forward
direction as shown in Figure 3.3(A), where the feed flow rate to
the process is set, establishing the throughput and ultimate product
rate after allowing for yield losses.

For the reaction area of a process, the large tank shown first
in these figures may be thought of as a shift or day tank, with its
inventory maintained by the periodic transfer of raw material into
it from outside the boundary limits of the process. For the refining
area of a process, it may be thought of as a large crude tank used
to isolate the crude and refining areas of the process. In either case,

TABLE 3.1. Tuning Parameter Values from Closed-Loop Response

Controller Type Gain Integral Time Derivative Time
Proportional only, P 0.50*K, - -
Proportional-Integral, Pl 0.58*K,, 0.81*T, -
Proportional-Integral-Derivative, PID,, 0.76*K, 0.48*T, 0.11*T,
Proportional-Integral-Derivative, PID; 0.55*K,, 0.39*T, 0.14*T,

Where: PID, = non-interacting ISA algorithm; PID; = interacting, series algorithm.
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TABLE 3.2. Tuning Parameter Values from Open-Loop Response

Controller Type Gain Integral Time  Derivative Time
Proportional only, P 0.56*T /Ty - -
Proportional-Integral, Pl 0.65*T /Ty 3.5*T, -
Proportional-Integral-Derivative, PID, 1.30*TJ/Ty4 21*Ty 0.63*T,
Proportional-Integral-Derivative, PID; 0.88*T /Ty 1.8*Ty 0.70*T,

Where: PID,, = non-interacting ISA algorit

hm; PID; = interacting, series algorithm.

TABLE 3.3. Default and Range of Typical Tuning Parameter Values

Process Gain Integral Time (seconds) Derivative Time (seconds) Scan Period (seconds)
Liquid Flow/Pressure 0.3 (0.1-0.8) 6 (1-12) 0 (0-2) 1(0.2-2)
Liquid Level 5.0 (0.5-20) 600 (120-6000) 0 (0-60) 2 (1-30)
Gas Pressure 5.0 (0.5-20) 300 (60-600) 0 (0-30) 1(0.1-1)
Inline Blending 1.0 (0.1-10) 30 (10-60) 0 (0-30) 1(0.5-2)
Exchanger Temperature 0.5 (0.1-10) 120 (30-300) 12 (6-120) 2 (0.5-5)
Column Temperature 0.5 (0.1-10) 300 (120-3000) 30 (6-600) 2 (1-30)
Reactor Temperature 2.0 (0.1-10) 600 (300-6000) 60 (6-600) 2 (1-10)
Inline pH 0.2 (0.1-0.3) 30 (12-60) 0 (0-6) 1(0.2-2)
Neutralizer pH 0.2 (0.001-10) 300 (60-600) 60 (6-120) 2 (1-5)
Reactor pH 1.0 (0.001-50) 120 (60-600) 30 (6-60) 2 (1-5)

the tank is sized large enough to provide continued operation of
the downstream equipment during short periods of interrupted
supply. When such a tank is used as a transition between a batch
and continuous process, it is desirable for the tank to hold at least
three batches of material.

By contrast, in Figure 3.3(B), a less common material balance
approach is taken, where the product flow rate is set directly and
each process unit must then adjust its inlet flow to maintain inven-
tories. This approach is desirable when downstream factors fre-
quently determine the allowable production rate. This approach
has the advantage that no yield assumptions are required in order
to specify the production rate.

Alternatively, an intermediate flow could be set as shown in
Figure 3.3(C), in which case the units ahead would have to adjust
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Figure 3.3. Material balance control.

their inlet flow and the units following would adjust their outlet
flow. Although these latter strategies are less common, they can
offer the advantage of fixing the feed to a specific unit that may
otherwise be difficult to operate.

FLOW CONTROL

Flow control is probably the most common control loop in most
processes. Typically a liquid or gas flow rate is maintained in a
pipe by a throttling valve downstream of the measurement as
shown in Figure 3.4(A). Locating the valve upstream of the measure-
ment is not recommended because many measurement problems
can arise.

Another method of controlling liquid flow is to adjust the
speed of a variable-speed drive on a pump as shown in Figure
3.4(B). This approach is applicable to either centrifugal or posi-
tive displacement pumps and can provide significant energy sav-
ings at lower rates because the power required is proportional to
the speed cubed. This approach also provides good control per-
formance, however a separate block valve is required to prevent
leakage when the pump is stopped. Variable-speed drives have
become much more practical in recent years due to advanced elec-
tronics and microprocessor developments, which allow variable
frequency “vector” drives for standard AC induction motors. In
addition to providing precise control and energy savings, these
drives provide a soft start/stop and do not require separate starting
circuits.

Gas flow rate may also be controlled with variable-speed
drives on compressors, blowers or fans. The adjustment of lou-
vers or variable pitch fan blades, as shown in Figure 3.4(C), are
additional methods for gas flow control. However, these latter
devices have mechanical linkages that require high maintenance
and introduce significant hysteresis, which will degrade control
loop performance.

Solids may have their flow controlled by adjusting a motor speed
and inferring flow from the rate of displacement. Figure 3.4(D)
shows granular solids being flow controlled by a rotary vane feed
valve at the bottom of a supply hopper. Figure 3.4(E) shows the
linear line speed of a belt feeder with a manually adjustable under-
flow weir height at the hopper. Figure 3.4(F) shows a rotary feed
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Figure 3.4. Flow control.

plate, which controls solids flow by variable rotation speed with a
manually adjustable collar height and plow position. Figure 3.4(G)
shows a horizontal screw feeder or extruder, which controls flow by
adjusting the shaft speed. The flow of solids in the form of strings
or sheets may be controlled by adjusting the line speed of rollers as
shown in Figure 3.4(H).

LEVEL CONTROL

Level control can be designed into the process with gravity, pres-
sure and elevation determining outlet flow. For example, the use
of inlet and outlet weirs on the trays of a distillation column main-
tain both downcomer and tray levels as shown in Figure 3.5(A).
For operation at a pressure similar to downstream equipment, a
sump level may be maintained by elevating external piping to pro-
vide a seal, with a vent line to prevent siphoning as shown in
Figure 3.5(B). If downstream pressure is greater, then a barometric
leg may be used to maintain a seal as shown in Figure 3.5(C). The
overflow line shown must be adequately sized to self-vent, other-
wise it may begin to siphon.

For pumped systems such as shown in Figure 3.6, the tank
level may be controlled by manipulating either the outlet or inlet
flow. Direct control action is used when the outlet flow is adjusted.
Reverse action is required when the inlet flow is adjusted. Tank
level is an integrating process, usually with negligible deadtime,
therefore high gain and long integral time are recommended tuning
when tight level control is desired. Tight level control is often
required for reactor and heat transfer vessels, but loose level con-
trol is preferred for surge tanks.

The purpose of a surge tank is to reduce variations in the
manipulated flow by absorbing the effect of temporary distur-
bances. Ideally the tuning would be gain only, allowing the level
to vary about a mid-level setpoint with offset. However, in most
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processes, a setpoint at mid-level and permanent offset are not
acceptable. More typical is a setpoint either at the low end to allow
upstream equipment to keep running if the outlet flow stops, or at
the high end to provide feed for downstream equipment if the inlet
flow stops. For these latter cases, some integral action is required
to return the level to the setpoint. An error-squared PI algorithm
has proven effective for surge level control, providing low gain
near setpoint and proportionally higher gain at larger deviations.
In addition, logic that turns off the integral action when the level
is near setpoint can be helpful in eliminating slow continuous
cycling.

PRESSURE CONTROL

Pressure in a pipe line may be controlled by manipulating either
the inlet or outlet flow as shown in Figure 3.7(A). Pressure is an
integrating process, usually with negligible deadtime, therefore
high gain and long integral time are recommended tuning. A pres-
sure regulator is a self-contained valve and field controller with
high gain about a preset setpoint. Pressure regulators are often
used on plant utility streams such as instrument air or inert gas,
the latter being shown to lower the pressure on the nitrogen supply
in Figure 3.7(B).

Pressure control of a tank at atmospheric conditions can be
achieved with a simple vent. However, often air cannot be allowed
to come into contact with the process, or volatile material cannot
be allowed to escape to the atmosphere. In these cases, an inert
gas is used to “blanket” the material in the tank at a pressure
slightly above atmospheric. Pressure control is achieved with split
range control valves as shown in Figure 3.7(C). If liquid is with-
drawn from the tank, the pressure will decrease and the controller
will open valve PV-1, allowing nitrogen to restore the pressure to
setpoint. If the tank fills with liquid, the pressure will increase
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and the controller will close valve PV-1, and then open PV-2 to let
excess nitrogen out of the tank.

The graph in Figure 3.7(D) shows the relationship between
controller output and the valve positions. Sometimes a gap in the
controller output about the point where both valves are closed will
be used to assure no overlap that would have both valves open at
the same time. However, any gap should be minimized because
the pressure control performance will suffer as there is deadtime

introduced into the loop when the controller output must pass
through the gap.

3.4. UNIT OPERATION CONTROL

Successful control loop implementation also requires a functional
design strategy. A functional design strategy provides an equip-
ment layout and control loop interaction that best achieves the
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functional task required. The control strategy may apply a single
control loop or multiple control loops as required to achieve the
functional objective of the unit operation.

Multivariable model predictive control is often justified for
optimizing the performance of complex unit operations with signif-
icant interactions and constraints. This type of control incorpo-
rates feedforward, decoupling, and constraint control into the
design of the multi-loop controller. However, the performance
improvement achievable by that methodology remains highly
dependent on the proper design and implementation of the basic
control system as is discussed in the following sections.

HEAT EXCHANGERS WITHOUT PHASE CHANGE

Heat exchangers that exchange only sensible heat between the hot
and cold streams may have one process stream and a utility stream
such as hot oil, cooling tower water, chilled water or air. The flow
rate of the utility stream is often adjusted to control the outlet tem-
perature of the process stream as shown in Figure 3.8(A). The tem-
perature response will be non-linear with deadtime and multiple
lags. The control performance will benefit from tuning with Deri-
vative action. The valve on the utility stream may be either on
the inlet or the return. Cooling tower water is best throttled at
the inlet as the cooler water is less likely to cavitate in the valve.
Cooling tower water should not be throttled to the extent that its
return temperature exceeds 120 degrees F, at which point fouling
becomes a problem.

Figure 3.8(B) shows an alternative control scheme including a
bypass of the process stream around the exchanger. This arrange-
ment can offer much better temperature control, as now the tem-
perature response is linear and fast, because the dynamics of the
exchanger are no longer within the control loop. Note that the pro-
cess now being controlled is simply the linear, thermal blending of
a hot and cold stream.

The two valves being adjusted by the temperature controller
are implemented such that their stroking fully overlaps, with one
valve closing as the other valve opens, as shown in Figure 3.8(C).
With smaller pipe sizes, these two valves could economically be
replaced with a three-way valve located at the start of the bypass
line. It should not be located at the end of the bypass line where
thermal stresses would exist from the two different temperature
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streams. The three-way valve has flow characteristics similar to
the fully overlapped two valves, which achieve an approximately
constant resistance to total flow.

An interchanger would exchange heat between two process
streams, such as a pre-heater on a distillation column recovering
heat from the bottom stream to the feed stream, or a pre-heater
on a boiler recovering heat from the stack gas to the combustion
air. In these cases, the flow rates of the two process streams are
set by other control objectives and they are not available as
manipulated variables. Only one process stream temperature can
be controlled, and this should be achieved with a bypass of that
stream as previously discussed.

AIR COOLERS AND COOLING TOWERS

Air coolers and cooling towers often use multiple two-speed fans
and discrete control logic that steps the fan speeds progressively
to adjust air flow in order to maintain a stream temperature. For
example, consider a cooling tower as shown in Figure 3.9(A) using
four, 50-Hp fans, each capable of being set to off, half speed, or
full speed operation. Air flow is proportional to the fan speed,
while power consumed is proportional to speed cubed. There
would be 9 distinct air flows available for cooling, with a resolu-
tion of 12.5%, providing rather coarse temperature control. With
PID control, the fan speeds will cycle continually as the tempera-
ture oscillates above and below setpoint. Tight tuning will cycle
the fan speeds more frequently. Cycling a fan speed more than
4 times an hour may be considered severe service for its motor,
likely to incur greater maintenance costs.

An equivalent area, cooling tower could be designed using two,
100 Hp fans with variable-speed drives as shown in Figure 3.9(B).
Turndown operation would first decrease both fan speeds down to
their minimum speed, at approximately 12% of full speed. Then
one fan would shut off as the other fan doubled its speed, in order
to maintain the air flow. The running fan would then decrease again
to its minimum speed before being shut off. On increasing opera-
tion, first one fan would start at 18% output and increase up to
36%, at which point the second fan would start and the controller
output would reduce back to 18% for both fans to maintain air flow.
Both fans would then be increased up to full speed if required. Note
there is a gap between shutting off a fan at 12% and starting it back
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Figure 3.9. Temperature control of air cooled exchangers and cooling towers.
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up at 18%, which prevents cycling. The cost of the variable-speed
drives would be offset by the simpler construction and no need
for two-speed fans and their start/stop circuitry. In addition,
the variable-speed drives would provide improved temperature
control and less power usage. For example, at 75% air flow, the
two variable-speed drives would use (100 + 100)*(.75)*3 = 84.4 Hp,
whereas the 4 two-speed motors with two at High speed and two
at Low speed would use (50 + 50)*(1.0)*3 + (50 + 50)*(.50)"3 =
112.5 Hp.

Make-up water must be added because the cooling tower has
direct contact, evaporative cooling between the water and the air,
as well as losses due to droplets entrained into the air. Although
not shown, a continuous purge of water is required, because other-
wise impurities will build up as water evaporates. Also not shown
are chemical additives, which often are added periodically to treat
the water in order to retard bacterial and fungal activity. A level
control loop is shown which adjusts the make-up water flow to
maintain level as required by the resulting water balance.

HEAT EXCHANGERS WITH PHASE CHANGE

A steam heater, as shown in Figure 3.10(A), can provide respon-
sive temperature control because the entire steam side is at the con-
densing temperature and has a high heat transfer coefficient. The
pressure on the steam side is determined by the temperature that
provides heat transfer equal to the heat released by the condensing
steam. The steam trap provides condensate level control within the
trap in order to provide a seal for the condensing steam.

A refrigerant cooler likewise provides responsive temperature
control because the entire refrigerant side is at the boiling tempera-
ture and has a high heat transfer coefficient. The pressure on the
refrigerant side is determined by the temperature that provides

Process In

Steam Trap

(A) Steam Heater

Process In

i
___________ oo @

Process Out

Refrigerant
(B) Refrigerant Cooler

Figure 3.10. Temperature control of exchangers with phase change.

heat transfer equal to the heat absorbed by the boiling refrigerant.
A level controller is shown in Figure 3.10(B) maintaining the liquid
level above the tubes of the exchanger.

Measurement of the steam or refrigerant flow can provide a
good indication of heat duty. If there are multiple users, which
cause disturbances to the utility, then a temperature to flow cas-
cade control arrangement should be considered. In such a cascade
arrangement, the temperature controller output provides the set-
point for the flow controller. The flow controller minimizes the
effect of utility stream disturbances and linearizes the temperature
control loop.

PROCESS CONDENSERS

Condensing process vapor usually requires adjustment of the heat
removal such that the amount of vapor condensed matches the
vapor supply, in other words, pressure control. The most effective
manner of adjusting the heat removal is to vary the area available
for condensing. This may be accomplished by blocking a portion
of the total area with condensate or non-condensable gas (inerts).
In Figure 3.11(A), a condenser is shown with inerts blanking the
lower portion of its tubes. Vapor, as it is being condensed, pushes
the inerts to the far end of the condenser. When pressure rises due
to more vapor arriving at the condenser, the inerts are pushed out,
exposing more tube area for condensing. When pressure drops due
to less vapor arriving, inerts flow back into the condenser, blank-
ing off more tube area.

For a condenser operating at atmospheric pressure, an adequate
vent is all that is necessary. However, air is often not suitable for con-
tact with the process due to concern about contamination or flamm-
ability. In these cases, the vent may be connected to a source of low
pressure nitrogen, or other inert gas. For vacuum operation, the vent
must also be connected to a vacuum pump or steam jet (eductor) as
shown in Figure 3.11(B). The pressure controller adjusts the split
range control valves such that as its output decreases, first PV-2 closes
then PV-1 opens. Normal operation would have PV-1 closed and
PV-2 open, therefore the inert gas is used only sparingly.

Coolant flow is generally not throttled for pressure control,
however it is occasionally adjusted for temperature control of the
sub-cooled condensate. Unless there is significant sub-cooling, this
latter temperature loop is often ineffectual. At best, it will require
loose tuning, or often it will be placed into manual for seasonal
adjustment only.

As mentioned previously, condensate may also be used to blank off
tube area for pressure control. The two methods shown in Figure 3.12
may be used when inerts are not present in significant amounts.

The first method shown in Figure 3.12(A) places a valve in the
condensate line and directly backs the liquid up into the condenser
as needed. The second method places a control valve in a vapor
line, added to bypass the condenser and go directly into the accu-
mulation tank (see Figure 3.12(B)). Although somewhat counter-
intuitive, the vapor bypass valve must open as pressure drops, in
order to raise the pressure at the accumulation tank and force
liquid condensate back into the condenser to restore the energy
balance. Care must be taken that the surface of the liquid in the
tank is not disturbed, as undesirable pressure transients can
develop with the hot vapor in contact with the sub-cooled liquid.
Another concern with both of these condensate methods is the
venting of process inerts as they build up over time. Valve position
is the best indication of this pending problem.

PROCESS VAPORIZERS

A vaporizer is typically used in a process to provide a vapor feed to
downstream equipment. In that case, it may be desirable to set the
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Figure 3.11. Condenser pressure control with inert gas.

flow of vapor directly with the setpoint of a flow control loop.
Then the heat input is adjusted for pressure control and the liquid
level is maintained by adjusting the inlet flow, in a reverse material
balance manner as shown in Figure 3.13(A). If heat transfer limits
throughput, then both the vapor valve and the steam valve will
operate fully open and the pressure will droop to an equilibrium
point, where heat transfer equals the flow through the downstream
equipment.

For a direct material balance, the inlet liquid is flow controlled,
the level is maintained by adjusting the steam flow and the pressure
is then controlled by adjusting the vapor flow, as shown in Figure 3.13(B).
If the feed pump limits capacity, the pressure should be allowed to
droop by putting the controller into manual with a fully open valve.
Then the feed flow controller will run with its valve fully open and
the pressure will droop to an equilibrium point, where inlet flow
equals the flow through the downstream equipment.

Because of impurities in the liquid feed, it may be necessary to
purge or blowdown the vaporizer periodically, as indicated by a
rising boiling point temperature or the steam valve approaching
a full open position. Although not shown, vaporizers often have
a separate, temperature controlled superheater to ensure the vapor-
ization of any entrained droplets and prevent condensation.

Smaller, low cost vendor packaged vaporizers often employ
self-regulation of the level. These units typically have blade heat-
ers, which allow the level to vary until the area available for heat
transfer to the liquid provides vaporization to match the feed rate.

This design requires excess blade heater area, which also serves to
provide superheat to the vapor.

EVAPORATORS

An evaporator provides one stage of separation based upon relative
volatility. It is typically used with systems having a large relative
volatility, such as salts and solvents. When water is being removed
as an overhead vapor, multi-effect operation often may be used to
provide improved energy efficiency. Figure 3.14 shows two alterna-
tive direct material balance evaporator control schemes.

In both of these schemes, the feed is flow controlled and the over-
head vapor flow is adjusted for pressure control. The arrangement
shown in Figure 3.14(A) is more common, with the level controller
adjusting the bottom flow and the temperature controller adjusting
the steam flow. Note that the temperature is an inferred measure of
composition. This inferred composition control is achieved by adjust-
ing the steam flow such that the material balance has more or less
vapor removed overhead.

If the bottom flow is a small fraction of the feed, then it will
not provide satisfactory level control. A better arrangement for
that situation is the alternative shown in Figure 3.14(B), with the
level controller adjusting the steam flow and temperature control-
ler adjusting the bottom flow. As before, the temperature is an
inferred measure of composition, which is controlled by adjusting
the material balance split. When the temperature is above setpoint,
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implying that the high boiler composition is too high, the bottom
flow must be increased to remove more of the high boiler.

DISTILLATION COLUMNS

In simple distillation, a feed is separated into a distillate and bot-
toms product with multiple stages of separation based upon rela-
tive volatility. Both distillate and bottom composition may be
controlled by adjusting the material balance split and the separa-
tion. However, basic column control schemes attempt to control
only one composition within the column by adjusting the material
balance and simply fix the separation at an optimal value.

There are four alternative control schemes that are commonly
used for distillation column control as shown in Figure 3.15 through
Figure 3.18, respectively. Scheme 1 directly adjusts the material bal-
ance by manipulation of the distillate flow. If the distillate flow is
increased, then the reflux accumulator level controller decreases
the reflux flow. As less liquid proceeds to flow down to the sump,
the sump level controller decreases the bottoms flow a like amount.
The separation is held constant by manually setting the reboiler
steam flow to maintain a constant energy per unit feed.

This scheme is recommended when the distillate flow is one of
the smaller flows in the column, particularly when the reflux ratio
is large (R/D > 3). Also, it is important that the reflux accumulator
level control can be tightly tuned and that the liquid holdup is not
too large (< 5 minutes). This scheme has the least interaction with
the energy balance, as it provides a good range of control with only
small changes in the distillate flow, and it also provides a form of
automatic internal reflux control. If the reflux becomes more sub-
cooled, initially additional vapors will be condensed inside the
column. However, the overhead vapors will be reduced by exactly
the same amount, and with tight level control, the reflux will then
be reduced accordingly.

Another advantage of this scheme is that it lends itself readily
to the application of feedforward control in order to maintain the
D/F ratio for measured changes in feed flow. This feedforward
signal would be trimmed by the addition of a feedback signal from
the column temperature controller.

Scheme 2 indirectly adjusts the material balance through the
two level control loops. If the reflux flow is increased, then the reflux
accumulator level controller decreases the distillate flow. As the
additional liquid proceeds to flow down to the sump, the sump level
controller increases the bottoms flow a like amount. The separation
is held constant by manually setting the reboiler steam flow to main-
tain a constant energy per unit feed. This scheme is recommended
for columns with a small reflux ratio (R/D < 1). This scheme also
offers improved dynamics, which may be required, particularly if
the column has a large horizontal reflux accumulator.

Scheme 3 indirectly adjusts the material balance through the
two level loops. If the steam flow is increased, then the sump level
controller decreases the bottom flow. As the additional vapors go
overhead and condense, the reflux accumulator level control
increases the distillate flow a like amount. The separation is held
constant by manually setting the reflux flow to maintain a rela-
tively constant energy per unit feed. This scheme is recommended
for columns with a small energy per unit feed (V/F<2). This
scheme also offers the fastest dynamics.

Scheme 4 directly adjusts the material balance by manipulation
of the bottom flow. If the bottom flow is decreased, then the sump
level controller increases the reboiler steam flow. As the additional
vapors go overhead and condense, the reflux accumulator level con-
trol increases the distillate flow a like amount. The separation is held
constant by manually setting the reflux flow to maintain a relatively
constant energy per unit feed. This scheme is recommended when
the bottom flow is one of the smaller flows in the column, particularly
when the bottom flow is less than 20% of the vapor boilup.
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Scheme 4 has little interaction with the energy balance, as it
provides a good range of control with only small changes in the
bottom flow. However, the tuning of the sump level loop usually
makes this scheme slower than the others. An inverse response is
also possible with this sump level control loop. This type of
response occurs when an increase in steam flow temporarily causes
the sump level to increase before it begins to decrease. If this
occurs, the level loop must be detuned even more.

An advantage of this scheme is that it lends itself readily to the
application of feedforward control in order to maintain the B/F
ratio for measured changes in feed flow. This feedforward signal
would be trimmed by the feedback signal from the temperature
controller.

Once a basic column control scheme is chosen, simulation of
parametric steady-state cases can be used to determine the best
temperature control stage location. These cases should hold the
separation variable constant and adjust the material balance in
the manner of the chosen control scheme. Temperature profiles
from these parametric cases can then be plotted together as shown
in Figure 3.19. The best control stage location is where the largest,
most symmetrical temperature deviation from the base case occurs.
On new columns, it is recommended that additional thermowells

be installed one stage above and below this location because of
uncertainty in tray efficiencies and VLE data.

Product compositions from these same parametric cases can
be plotted against the temperature occurring on the uncontrolled
control stage as shown in Figure 3.20. The steady-state effect on
product composition due to temperature measurement errors can
be determined in this manner.

LIQUID-LIQUID EXTRACTION

Liquid-liquid extraction involves contacting of two immiscible
liquids and then subsequent separation by settling. Liquid-liquid
extraction can take place in a column with various internals to
foster contact between the dispersed and continuous liquid phases.
Internals can include sieve trays, baffle trays and packing, as well
as mechanical agitation and pulsing of the liquid.

The solvent flow is often maintained in proportion to the feed
flow. When the dispersed phase is the heavy phase, an interface
will form towards the bottom of the column and is controlled as
shown in Figure 3.21. When the dispersed phase is the light phase,
an interface will then form towards the top of the column, however
the bottom flow is still manipulated to maintain the interface level.
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One or more mixer-settlers in series can also be used to perform
liquid-liquid extraction. Often a series of mixer settlers will be
installed on a gradient to allow gravity flows between vessels as
shown in Figure 3.22. Adjustable piping and sight glasses allow the
system to be set up to be self-regulating over a narrow range of feed
rates. Often the solvent is added in ratio to the feed. Different ratios
and sometimes different solvents are used in subsequent stages.

REACTORS

Reactor control is largely about maintaining stoichiometric ratios
of feeds and temperature control. Often composition measurement

Za\
Bottoms

is not available for feedback correction of flow, therefore precise
flow measurements are required. Mass flow corriolis meters are
ideal for feed line sizes below 6 inches. Multiple feeds should be
ratioed off of one primary feed flow.

A jacketed vessel as shown in Figure 3.23 is often used
for maintaining temperature; however it has limited surface
area and low heat transfer coefficients. Sometimes internal
reactor cooling coils are also used to provide additional heat
transfer area. In order to manipulate the heat transfer, max-
imum flow is maintained in a circulation loop, while the
jacket temperature is adjusted by bringing in and letting out
coolant.



3.4. UNIT OPERATION CONTROL 45

Steam

Figure 3.16. Distillation column control-scheme 2.

e
@

®3

|Z
Distillate

Figure 3.17. Distillation column control-scheme 3.

- — -

£ @

Reflux

Distillate

Bottoms



46 PROCESS CONTROL

|7
Distillate

Inverse level response

B :
Bottoms time
Figure 3.18. Distillation column control-scheme 4.
Benzene-Toluene Column Temperature Profiles 100
18
99.8
17
1 99.6
6 \ DISTILLATE PRODUCT
i 99.4
14 *
13 \ % 992
\ g
12 \\ .‘% 99
. 1 g
£ 10 \ g 98
E o
3
z 9 \\\\ +1%D/F 986 BOTTOM PRODUCT
® s
) 98.4
& . \
6 98.2
5 98
4 _1%D/F 85 20 95 100 105 110
3 \ Control Stage Temperature, deg F
2 \\\\ Figure 3.20. Distillation column control-temperature sensitivity.
1

\

70.0 75.0 80.0 850 90.0 950 100.0 105.0 110.0 115.0 120.0
Temperature, Deg C

o

Figure 3.19. Distillation column control-control plate location.

The reactor temperature controller provides a setpoint to the
jacket temperature controller. Heat transfer is linear and propor-
tional to the temperature difference.

Another approach for removing heat is a circulation loop
through an external heat exchanger as shown in Figure 3.24. The
circulation rate is maximized for good heat transfer on the process

side, while the heat transfer medium is throttled by the reactor
temperature controller. If the reactor is small and well mixed, the
cascade temperature control arrangement as shown may not be
necessary, and the reactor temperature controller may be con-
nected directly to the valve.

When the reaction temperature is high enough to vaporize the
reactants, an external condenser is an effective way to remove heat
as shown in Figure 3.25. The reactor pressure is adjusted to main-
tain the corresponding boiling temperature.

For fast reaction kinetics, the feed flow may also be adjusted to
maintain temperature. In this case the rate of heat removal sets the
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production rate. For the fluid bed reactor shown in Figure 3.26,
a series of separate cooling coils may be manually put into service
to establish incremental production rate.

COMBUSTION

Combustion is the oxidation reaction of fuel with air, as occurs
in boilers and fired heaters. Maintaining the appropriate ratio of
oxygen to fuel is critical to the efficiency and safety of the flame
chamber. Too much oxygen wastes energy heating excess air,
whereas too little can result in an explosion.

In order to operate with a minimum of excess air, a cross lim-
iting scheme is often utilized to assure that during transients, the
air flow will increase before the fuel flow, and the fuel flow will
decrease before the air flow. This cross limiting is achieved by

Raffinate

R Y]

ol

Raffinate

Extract

Extract

the control strategy shown in Figure 3.27. The firing demand is
often set by a steam pressure controller for boiler operation, or
by a process temperature controller for a fired heater. The firing
demand signal goes to a high selector (HS) for the air flow and
to a low selector (LS) for the fuel flow.

The other signal going to the low selector is based upon the air
flow converted to Btu/hr and increased by a slight offset. This off-
set is tuned in order to not respond continually to noise in the air
flow measurement. At steady state, the low selector will select the
firing demand signal because of this offset. However, during a
transient increase in firing demand, the signal based upon the air
flow will be selected to set the fuel flow, until the air flow increases
to satisfy the increased demand.

The other signal going to the high selector is based upon the
fuel flow converted to Btu/hr and decreased by a slight offset tuned
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to reduce noise. At steady state the high selector will select the fir-
ing demand signal because of this offset. However, during a transi-
ent decrease in firing demand, the signal based upon the fuel flow
will be selected to set the air flow, until the fuel flow decreases to
satisfy the reduced demand.

This scheme can be easily expanded to handle multiple fuels,
in which case the signal from the low selector, as total Btu/hr,
would be proportioned to the setpoints of additional fuel flow con-
trollers, each converted with their own Btu/Ib fuel factor. Then the
multiple fuel flow measurements would each be converted to Btu/
hr and added together with the negative offset as the other input
to the high selector.

An O2 controller can be used to adjust the Btu/lb Air factor (K),
decreasing it to require more air if the measured oxygen is
below setpoint. Typically, the O2 controller output is limited to

IZaN
Product

Figure 3.25. External condenser reactor control.

only a 3< 10% correction. In prior analog based control systems,
the O2 controller would adjust the measured air flow signal, thus
maintaining a fixed factor with a pseudo flow. However, with
current digital based systems, the Btu/lb factors and their inverse
may be computed accurately; therefore the measured air flow need
not be altered. The O2 controller setpoint must be chosen carefully
to provide an adequate excess to account for any incomplete mixing
of fuel and air at the burner. The excess required is dependent upon
the type of fuel and burner design.

pH

pH measurement is difficult and often unreliable. When a high
degree of reliability is required, a three-probe system with an auto-
matic mid selector is recommended as shown in Figure 3.28(C).
Most titration curves are highly non-linear with respect to pH
but can be linearized somewhat by converting the signal to reagent
demand.

If the reagents react rapidly, then in-line control of pH is prac-
tical, with a signal filter to reduce the noise. A pump or in-line static
mixer should be used to provide thorough mixing of the process and
reagent as shown in Figure 3.28(A) and (B).

Often existing agitated tanks merely provide enough circula-
tion to keep solids from settling; however, for pH control the agi-
tator must circulate liquid at a rate of 20 times the throughput to
be considered well mixed. For tanks which are not well mixed, it
is better to provide in-line pH on the feed to the tank.

TURBINES AND COMPRESSORS

Steam turbines are most often used in processes to provide power
to compressors or electric generators as shown in Figure 3.29.
Multistage turbines may also admit or extract steam between
stages. Turbine speed is a fast loop, controlled by manipulating
the supply steam valve or valves, as often there will be a rack of
parallel steam valves supplied as part of the turbine system.

Steam turbines with electrical generators are used to recover
the power from high pressure steam when the plant steam balance
requires additional low pressure steam. As such, they provide more
energy efficient pressure regulation than a simple pressure control
valve. Admission or extraction of steam to a header between stages
and/or condensation of exhaust steam fulfill additional steam
balance and energy recovery needs.
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Figure 3.27. Cross limiting combustion control.

For electrical generators, at startup, the turbine speed must be
ramped up until the generator is providing electrical cycles that
are synchronized with the power grid. Once connected to the grid,
the speed becomes essentially self regulating, and the electrical
power generated varies directly with steam supplied. Steam header
pressures may then be controlled by adjusting the inlet steam,
extraction/admittance steam and exhaust condenser.

Steam turbines with compressors are used for providing pro-
cess gas flow at a required pressure in high throughput processes.
The process demand is determined by a pressure controller, which
adjusts the setpoint on the turbine speed controller. In smaller pro-
cesses, fixed speed compressors may be used by adjusting either an
inlet or discharge valve to achieve pressure control. It is more
energy efficient to adjust an inlet valve, or better yet to adjust inlet
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Figure 3.30. Compressor surge curve.

vanes which provide a pre-rotation to the gas. However, adjust-
ment of speed is the most energy efficient method control.

Both axial and centrifugal compressors are subject to an
unstable region of low flow operation called surge. This region is
defined by the pressure-flow relationship which has a peak deter-
mined by the operating speed. For various compressor speeds,
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these peaks may be connected to determine a surge line, which
defines a region of unstable operation at lower flows.

Flow control by recycle of process gas is used to maintain the
minimum flow requirements of the anti-surge control system.
Inputs from the pressure and speed transmitters are used to com-
pute the required minimum flow setpoint, based upon an anti-
surge control line relationship shown in Figure 3.30. The anti-surge
control line is determined by applying an operating margin to the
actual surge line. This operating margin is required because if the
compressor crosses over into unstable surging it cannot be returned
to stable operation by the closed-loop control system. A vibration
interlock system is often used to throw open the flow valve in order
to move the compressor out of its surge condition.
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DRIVERS FOR MOVING EQUIPMENT

owered chemical processing equipment includes
pumps, compressors, agitators and mixers,
crushers and grinders, and conveyors. Drivers are
electric motors, steam or gas turbines, and internal
combustion engines. For loads under 150 HP or so electric
motors are almost invariably the choice. Several criteria are
applicable. The cost of electric variable frequency drives
have decreased over recent years. Consequently, more
applications variable speed. Centrifugal and axial blowers
and compressors are advantageously driven by turbines
because the high operating speeds of 4000-10,000 rpom are
readily attainable whereas electric motors must operate
through a speed increasing gear at extra expense. When fuel
is relatively cheap or accessible, as in the field, gas turbines
and internal combustion engines are preferred drivers.
Turbines, internal combustion engines, and direct current

motors are capable of continuous speed adjustment over a
wide range. Energy efficiencies vary widely with the size and
type of driver as shown in this table.

Efficiency (%)
Driver 10 kW 100 kW 1000 kW 10,000 kW
Gas turbine and internal 28 34 38
combustion engine
Steam turbine 42 63 78
Motor 85 92 96 97

Since the unit energy costs are correspondingly different,
the economics of the several drive modes often are more
nearly comparable.

4.1. MOTORS

Although each has several subclasses, the three main classes of
motors are induction, synchronous, and direct current. Higher vol-
tages are more efficient, but only in the larger sizes is the housing
ample enough to accomodate the extra insulation that is necessary.
The voltages commonly used are

Horsepower Voltage
1-100 220, 440, 550
75-250 440
200-2500 2300, 4000
Above 2500 4000, 13,200

Direct current voltages are 115, 230, and 600.

The torque-speed characteristic of the motor must be matched
against that of the equipment, for instance, a pump. As the pump
comes up to speed, the torque exerted by the driver always should
remain 5% or so above that demanded by the pump.

The main characteristics of the three types of motors that bear
on their process applicability are summarized following.

INDUCTION

Induction motors are the most frequent in use because of their sim-
ple and rugged construction, and simple installation and control.
They are constant speed devices available as 3600 (two-pole),
1800, 1200, and 900 rpm (eight-pole). Two speed models with spe-
cial windings with 2:1 speed ratios are sometimes used with agita-
tors, centrifugal pumps and compressors and fans for air coolers
and cooling towers. Capacities up to 20,000 HP are made. With

speed increasing gears, the basic 1800 rpm model is the economical
choice as drivers, for centrifugal compressors at high speeds.

SYNCHRONOUS

Synchronous motors are made in speeds from 1800 (two-pole) to
150 rpm (48-pole). They operate at constant speed without slip,
an important characteristic in some applications. Their efficiencies
are 1-2.5% higher than that of induction motors, the higher value
at the lower speeds. They are the obvious choice to drive large low
speed reciprocating compressors requiring speeds below 600 rpm.
They are not suitable when severe fluctuations in torque are
encountered. Direct current excitation must be provided, and the
costs of control equipment are higher than for the induction types.
Consequently, synchronous motors are not used under 50 HP or
so. Variable frequency drives are increasingly used to drive induc-
tion motors. They provide economical speed control and reduce
startup current by as much as 75%.

DIRECT CURRENT

Direct current motors are often used for continuous operation at
constant load when fine speed adjustment and high starting torque
are needed. A wide range of speed control is possible. They have
some process applications with centrifugal and plunger pumps,
conveyors, hoists, etc.

Enclosures. In chemical plants and refineries, motors may
need to be resistant to the weather or to corrosive and hazardous
locations. The kind of housing that must be provided in particular
situations is laid out in detail in the National Electrical Code, Arti-
cle 500. Some of the classes of protection recognized there are in
this table of differential costs.

% Cost above

Type Drip Proof Protection Against

Drip proof Dripping liquids and falling particles

Weather protected, | and Il 10-50 Rain, dirt, snow

Totally enclosed fan cooled, TEFC, below 250 HP 25-100 Explosive and nonexplosive atmospheres
Totally enclosed, water, cooled, above 500 HP 25-100 Same as TEFC

Explosion proof, below 3000 HP 110-140 Flammable and volatile liquids
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Clearly the cost increments beyond the basic drip-proof motor TABLE 4.2. Checklist for Selection of Motors
enclosures are severe, and may need to be balanced in large sizes
against the cost of isolating the equipment in pressurized buildings Motor Data
away from the hazardous locations.

Applications. The kinds of motors that are being used success- _I(?enerafl g h d
fully with particular kinds of chemical process equipment are iden- ype of motor (cage, wound-rotor, synchronous, or dc)............
. . . Quantity............ Hp oo Rpm ............ Phase .....
tified in Table 4.1. As many as five kinds of AC motors are shown Cycles Voltage

in some instances. The choice may be influenced by economic con- Time rating (continuous, short-time, intermittent)

siderations or local experience or personal preference. In this area, Overload (if any)............ % fOr .oooon . Service factor ........ %
the process engineer is well advised to enlist help from electrical Ambient temperature............... C Temperature rise ............. C
experts. A checklist of basic data that a supplier of a motor must Class of insulation: Armature.... Field .... Rotor of w-r motor......
know is in Table 4.2. The kind of enclosure may be specified on Horizontal or vertical..................... Plugging duty ..................
the last line, operating conditions. Full- or reduced-voltage or part-winding starting (ac)..

If reduced voltage-by autotransformer or reactor.......
Locked-rotor starting current limitations..............

TABLE 4.1. Selection of Motors for Process Equipment Special CharaCteristics. .. ......ooooiovirio s

Motor Type® Induction Motors

Locked-rotor torque...... % Breakdown torque...% or for general-
Application AC. D.C. purpose cage motor: NEMA Design (A, B, C,D)...........coceevnnnn.
Agitator 1a, 1b, 2b 5a Synchronous Motors
Ball mill 1¢, 2b, 3a 5b Power factor......... Torques: Locked-rotor ...... % Pull-in .......
Blower 1a, 1b, 2b, 3a, 4 5a Pull-out ......... % Excitation ...... volts dc. Type of exciter .........
Compressor 1a, 1b, 1c, 3a, 4 5b, 7 If m-g exciter set, what are motor characteristics?...........
Conveyor 1a, 1c, 2b, 3a 5b, 7 Motor field rheostat ......... Motor field discharge resistor ..
Crusher 1a, 1c, 1d 5a, 5b .
Dough mixer 1a, 1b, 1c, 2b 5a, 5b Direct-current Motors .
Fan, centrifugal and propeller 1a, 1b, 2c, 3a, 4 5a, 7 Shunt, stabilized shunt, compound, or series woynd ................
Hammer mill 1c 5a Speed range ............... Non-reversing or reversing ..
Hoist 1d, 2a, 3b 6 Continuous or tapered-rated................coooviiiiiiiiiiiiiieee
Pulverizer 1c 5b .
Pump, centrifugal 1a, 1b, 2b, 3a, 4 5b Mechanical Features .
Pump, positive displacement 1¢, 2b, 3a 5b Protection or en_closure .................. Stator shlft .....................
Rock crusher 3a 5b, 6 Number of bearings.......... ... Type of bearings
Shaft extension: Flanged ................ Standard or special length
#Code: Press on half-coupling............cc.cooiiiiiiinnnn. Terminal box
1. Squirrel-cage, constant speed NEMA CorD flange ..........coceeninnns Round-frame or with feet
a. normal torque, normal starting current Vertical: External thrust load...... Ibs. Type of thrust bearing......
b. normal torque, low starting current Base ri_ng type Sole plates ............cccoeeeenn.
c. high torque, low starting current Accessories
d. high torque, high slip
2. Squirrel-cage variable speed Load Data
a. constant horsepower Type of load ............ RRRRRREISRECEELIEE SRS RRERRR L L R TLLEERRLLLE
b. constant torque If compressor drive, give NEMA application number ......
c. variable torque Direct-connected, geared, chain, V-belt, or flat-belt drive............
3. Wound rotor WHK? (inertia) for high inertia drives... oo Ib-fE2
a. general purpose Starting with full load, or unloaded.......................coooiiiinn.
b. crane and hoist If unloaded, by what means?..........................oo
4. Synchronous For variable-speed or multi-speed drives, is load variable torque,
5. Direct current, constant speed constant torque, or constant horsepower?..............cccoeveeveiaenn.
a. shunt wound Operating conditions....................ccccoii

b. compound wound
6. Direct current, variable speed series wound
7. Direct current, adjustable speed
(After Allis-Chalmers Mfg. Co., Motor and Generator
Reference Book, Colorado Springs, CO).
Standard NEMA ratings for induction motors:
General purpose: 1,3, 1, 14, 2, 3, 5, 74, 10, 15, 20, 25, 30, 40, 50,

(By permission, Allis Chalmers Motor and Generator Reference
Book, Bul. 51R7933, and E.S. Lincoln (Ed.), Electrical Reference Book,
Electrical Modernization Bureau, Colorado Springs, CO.).

60, 75, 100, 125, 150, 200, 250, 300, 350, 400, 450, 500. 1. high speed rotation,
Large motors: 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 2+ adjustable speed operation, ,
1000, 1250, 1500, 1750, 2000, 2250, 2500, 3000, 3500, 4000, 3. nonsparking and consequently nonhazardous operation,
4500, 5000 and up to 30,000. 4. simple controls,
5. low first cost and maintenance, and
6. flexibility with regard to inlet and outlet pressures.
4.2. STEAM TURBINES AND GAS EXPANDERS Single stage units are most commonly used as drivers, but above
500 HP or so multistage units become preferable. Inlet steam pres-
Turbines utilize the expansion of steam or a gas to deliver power to sures may be any value up to the critical and with several hundred

a rotating shaft. Salient features of such equipment are: degrees of superheat. In larger sizes turbines may be convenient
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Figure 4.1. Efficiencies of (a) single-stage and (b) multistage turbines. (Gartmann, 1970, pp. 5.8-5.9, Figs. 5.2 and 5.3.)
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sources of low pressure exhaust steam in the plant. From multi-
stage units, steam may be bled at several reduced pressures. When
the expansion is to subatmospheric conditions, the operation is
called condensing because the exhaust steam must be condensed
before removal from the equipment. Although the efficiency of
condensing turbines is less, there is an overall reduction of energy
consumption because of the wider expansion range.

Several parameters affect the efficiency of steam turbines, as
shown partially on Figure 4.1. Closer examination will need to
take into account specific mechanical details which usually are left
to the manufacturer. Geared turbines [the dashed line of Fig. 4.1
(a)] have higher efficiencies, even with reduction gear losses,
because they operate with especially high bucket speeds. For exam-
ple, for a service of 500 HP with 300 psig steam, a geared turbine
has an efficiency of 49.5% and one with a direct drive at 1800 rpm
has an efficiency of 24%.

The flow rate of steam per unit of power produced is repre-
sented by

2545
N(Hy—H,)
3412
N(Hy—H,)

1b/HP hr

m=—

Ib/kWh

with the enthalpies in Btu/lb. The efficiency is #, off Figure 4.1, for
example. The enthalpy change is that of an isentropic process. It
may be calculated with the aid of the steam tables or a Mollier dia-
gram for steam. For convenience, however, special tables have been
derived which give the theoretical steam rates for typical combinations
of inlet and outlet conditions. Table 4.3 is an abbreviated version.

Example 4.1 illustrates this kind of calculation and compares the
result with that obtained by taking the steam to behave as an ideal
gas. For nonideal gases with known PVT equations of state and
low pressure heat capacities, the method of calculation is the same
as for compressors which is described in that section of the book.

On a Mollier diagram like that with Example 4.1, it is clear
that expansion to a low pressure may lead to partial condensation
if insufficient preheat is supplied to the inlet steam. The final con-
dition after application of the efficiency correction is the pertinent
one, even though the isentropic point may be in the two-phase
region. Condensation on the blades is harmful to them and must
be avoided. Similarly, when carbon dioxide is expanded, possible
formation of solid must be guarded against.

When gases other than steam are employed as motive fluids,
the equipment is called a gas expander. The name gas turbine
usually is restricted to equipment that recovers power from hot
combustion gases. The name turboexpander is applied to machines

TABLE 4.3. Theoretical Steam Rates for Typical Steam Conditions (Ib/kWh)?

Initial Pressure, Ib/in? gage

150 250 400 600 600 850 850 900 900 1,200 1,250 1,250 1,450 1,450 1,800 2,400
Initial Temp, °F
3659 500 650 750 825 825 900 825 900 825 900 950 825 950 1000 1000
Initial Superheat, °I
0 940 2019 2612 3362 297.8 3728 2911 366.1 256.3 326.1 376.1 2320 357.0 3779 337.0
Initial Enthalpy, Btu/Ib

Exhaust
Pressure 1,195.5 1,261.8 1,334.9 1,379.6 1,421.4 1,410.6 1,453.5 1,408.4 1,451.6 1,394.7 1,438.4 1,468.1 1,382.7 1,461.2 1,480.1 1,460.4
inHg abs
2.0 10.52 9.070 7.831 7.083 6.761 6.580 6.282 6.555 6.256 6.451 6.133 5.944 6.408 5.900 5.668 5.633
25 10.88 9.343 8.037 7.251 6.916 6.723 6.415 6.696 6.388 6.584 6.256 6.061 6.536 6.014 5.773 5.733
3.0 11.20 9582 8.217 7.396 7.052 6.847 6.530 6.819 6.502 6.699 6.362 6.162 6.648 6.112 5.862 5.819
4.0 11.76  9.996 8.524 7.644 7.282 7.058 6.726 7.026 6.694 6.894 6.541 6.332 6.835 6.277 6.013 5.963
Ib/in? gage
5 21.69 16.57 13.01 11.056 1042 9.838 9.288 9.755 9.209 9.397 8.820 8.491 9.218 8351 7.874 7.713
10 2397 1790 1383 11.64 1095 10.30 9.705 10.202 9.617 9.797 9.180 8.830 9.593 8.673 8.158 7.975
20 28.63 20.44 1533 12.68 11.90 11.10 10.43 10.982 10.327 10.490 9.801 9.415 10.240 9.227 8.642 8.421
30 33.69 2295 16.73 13.63 1275 11.80 11.08 11.67 10.952 11.095 10.341 9.922 10.801 9.704 9.057 8.799
40 39.39 2552 18.08 1451 1354 1246 11.66 12304 11.52 11.646 10.831 10.380 11.309 10.134 9.427 9.136
50 46.00 28.21 1942 15.36 1430 13.07 1222 1290 12.06 12.16 11.284 10.804 11.779 10.531 9.767 9.442
60 53.90 31.07 20.76 16.18 15.05 13.66 12.74 13.47 1257 1264 1171 1120 1222 10.90 10.08 9.727
75 69.4 35.77 2281 17.40 16.16 1450 1351 14.28 13.30 13.34 1232 1177 1285 1143 10.53 10.12
80 759 3747 2351 17.80 1654 1478 13.77 1455 1355 1356 1252 1195 13.05 11.60 10.67 10.25
100 4521 26.46 19.43 18.05 15.86 14.77 1559 1450 14.42 13.27 1265 13.83 1224 11.21 10.73
125 57.88 30.59 2156 20.03 17.22 16.04 16.87 1570 1546 1417 1351 1476 13.01 11.84 11.28
150 765 3540 2383 2214 1861 17.33 18.18 16.91 16.47 15.06 14.35 15.65 13.75 12.44 11.80
160 86.8 3757 2479 23.03 19.17 17.85 1871 17.41 16.88 1541 14.69 16.00 14.05 12.68 12.00
175 4116 26.29 2443 20.04 1866 19.52 18.16 17.48 1594 1520 16.52 1449 13.03 12.29
200 48.24 29.00 26.95 21.53 20.05 20.91 1945 1848 16.84 16.05 17.39 15.23 13.62 12.77
250 69.1 3540 32.89 2478 23.08 2390 2224 2057 18.68 17.81 19.11 16.73 14.78 13.69
300 43.72 40.62 2850 26.53 27.27 2537 2279 20.62 19.66 20.89 1828 15.95 14.59
400 72.2 67.0 38.05 3543 3571 3322 27.82 2499 2382 2474 21.64 1839 16.41
425 84.2 783 41.08 38.26 38.33 35.656 29.24 26.21 2498 2578 2255 19.03 16.87
600 78.5 73.1 68.11 634 42.10 37.03 3530 3450 30.16 24.06 20.29

“From Theoretical Steam Rate Tables—Compatible with the 1967 ASME Steam Tables, ASME, 1969.
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ExampLE 4.1

Steam Requirement of a Turbine Operation
Steam is fed to a turbine at 614.7 psia and 825°F and is discharged
at 64.7 psia. (a) Find the theoretical steam rate, Ib/kWh, by using
the steam tables. (b) If the isentropic efficiency is 70%, find the out-
let temperature. (c) Find the theoretical steam rate if the behavior
is ideal, with C,/C, =1.33.

(a) The expansion is isentropic. The initial and terminal condi-
tions are identified in the following table and on the graph. The
data are read off a large Mollier diagram (Keenan et al., 1969).

Point P TF H S
1 614.7 825 1421.4 1.642
2 64.7 315 1183.0 1.642
3 64.7 445 1254.5 1.730

AH, = H)—H, = -238.4 Btu/lb

Theoretical steam rate = 3412/238.4 = 14.31 1b/kWh. This value is
checked exactly with the data of Table 4.3

(b) H3—H1 = 07(H2—H1) = —166.9 Btu/lb
H; =1421.4-166.9 = 1254.5 Btu/lb

The corresponding values of 73 and S5 are read off the Mol-
lier diagram, as tabulated.
(c) The isentropic relation for ideal gases is

AH = %RTI [(polpr )~ 1]

_1.987(1285) 025
= s [(647/614.7) 1]

= —4396 Btu/lbmol, —244 Btu/Ib.

ENTHALPY, BTU/LB

]
~
2]
SY

P
675

Lget
1421 &

1255 @

1183 ¢

o
A =4

1.64 1.73

ENTROPY , BTU/(LB)(F)

whose objective is to reduce the energy content (and temperature)
of the stream, as for cryogenic purposes.

Gas expanders are used to recover energy from high pressure
process gas streams in a plant when the lower pressure is adequate
for further processing. Power calculations are made in the same
way as those for compressors. Usually several hundred horsepower
must be involved for economic justification of an expander. In
smaller plants, pressures are simply let down with throttling valves
(Joule-Thomson) without attempt at recovery of energy.

The specification sheet of Table 4.4 has room for the process
conditions and some of the many mechanical details of steam
turbines.

4.3. COMBUSTION GAS TURBINES AND ENGINES

When a low cost fuel is available, internal combustion drivers sur-
pass all others in compactness and low cost of installation and
operation. For example, gas compression on a large scale has long
been done with integral engine compressors. Reciprocating engines
also are widely used with centrifugal compressors in low pressure
applications, but speed increasing gears are needed to up the
300-600 rpm of the engines to the 3000-10,000 rpm or so of the
compressor.

Process applications of combustion gas turbines are chiefly to
driving pumps and compressors, particularly on gas and oil

transmission lines where the low thermal efficiency is counter-
balanced by the convenience and economy of having the fuel on
hand. Offshore drilling rigs also employ gas turbines. Any hot pro-
cess gas at elevated pressure is a candidate for work recovery in a
turbine. Offgases of catalytic cracker regenerators, commonly at
45 psig and as high as 1250°F, are often charged to turbines for
partial recovery of their energy contents. Plants for the manufac-
ture of nitric acid by oxidation of ammonia at pressures of 100 psig
or so utilize expanders on the offgases from the absorption towers,
and the recovered energy is used to compress the process air to the
reactors.

Combustion gas turbine processes are diagrammed on Figure 4.2
and in Example 4.2. In the basic process, a mixture of air and fuel (or
air alone) is compressed to 5-10 atm, and then ignited and burned and
finally expanded through a turbine from which power is recovered.
The process follows essentially a Brayton cycle which is shown in
Figure 4.2 in idealized forms on TS and PV diagrams. The ideal pro-
cess consists of an isentropic compression, then heating at constant
pressure followed by an isentropic expansion and finally cooling at
the starting pressure. In practice, efficiencies of the individual steps
are high:

Compressor isentropic efficiency, 85%
Expander isentropic efficiency, 85-90%
Combustion efficiency, 98%
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TABLE 4.4. Data Sheet for General Purpose Steam Turbines, Sheet 1 of 27

GENERAL-PURPOSE STEAM TURBINE

CONTRACT NO

ITEM NO.
DATA SHEET REV NO. OATE
CUSTOMARY UNITS ov revieweo
SHEET 1 OF 2
P O.NO
Appliceble to: O Prapossi O Purchese O As —~ Built
For Unit
Site No. Required
Service Driven Equipment
Manufacturer Model Serist No.
NOTE: (5 indicates Information Completed By Purchaser D By Mamufscturer
QO OPERATING CONDITIONS [J PERFORMANCE
Operating Point Power, Speed, Operating Point/ No. Hand Vaives Stearn Rate,
BHP APM Steam Condition Open (3.4.1 4) Lba/HP - Hr.
Normas! Normal/Normal
Rated Rated/Normai
Qther Ratad/Min. Inlet, Max. Exhaust
indicate Guarantes Point By *
O STEAM CONDITIONS [ CONSTRUCTION
MAX. NORMAL MIN. Turbine Type O Horiz. O vertical
Iniet Press, PSIG No. Stages Whee! Ola., In.
Inlet Temp, OF Rotor: [JBuitup [ Solia
Exhaust Press (PSIG) (in. Hp) Blading (]2 Row [J 3 Row [0 Re Entry
Unusual Conditions (2.12.2.6) Casing Split D Axial D Radial
Duty QO continuous O Standby (@) Auto Start Casing Support [:l Centerline O Foot
Evai, Steam Cost, $/1000 Lbs ] NEMA P Base
Payout Period, Years Hrs/Yr Trip Valve D Integral D Separate
- TURBINE DATA Interstage Seals O L.abyrinth [ carbon
[ Minimum Aliowable Speed, RFM £nd Seals {J cerbon Ring, No/Box
D Maximum Continuous Speed, RPM D Labyrinth
D Trip Speed, RPM Type Radis! Bearings
J First Critical Speed, RPM Type Thrust Bearing (2.9.2)
O Turbine Construction Safe For Runaway Speed (2.11.1) Thrust Collar (2.9.8) D Replaceadle D Integral D None
J exh. Temp. °F Normal No Load | Lube Oil Viscosity (2.10.2) SUS @ 100°F SUS @ 210°F
O potentisi Max. Power, BHP Lubrication O Ring Qiled Q Prassure
D Max. Nozzle Steam Flow, Lbs/Hr O Purge Oil Mist O Pure Oil Mist
D Max. Allowable Speed, RPM O Shaft Areas Suitabie For Observing By Non-Contacting Type
O Rotation Facing Gov. End O CcCcw O CW me (2.622)
O Driven Equipment Thrust, Lbs. (2.9.3) Up CASING DESIGN INLET EXHAUST
{Verticst Turbine} Down Max. Altow. Press, PSIG .
O Mount Turbine on Baseplate Furnished by Driven Equipment Vendor Max. Allow. Temp, °F
O water Piping Furn. by O vendor O others Hydro Test Pressure, PSIG
O oii Piping Furn. by Q vendor O others MATERIALS
Migh Pressure Casing
Exhaust Casing
) SITE AND UTILITY DATA Nozzies
Loeation (2.1.13) indoor Heated O unhested Blading
O Outdoor O Roof O Without Roof Wheels
Ambient Temp. °F Min, Mex. Sheft
Unusuat Conditions O Dust O Sait Atmosphere Under Packing Application Method
O winterizetion Required Gov. Valve Trim
Elect. Ares (2.1.12) Class Group Div Inlet Strainer Mesh Size
O Non-hazardous Governor Type O Mech. O Hydr. O Oil Relay
Control Power v Ph. Hz NEMA Class Adj. Speed Range +% ~%
Aux. Motors v Ph, Hz Speed Changer O Manual OPnoum. O Eioct.
Cooling Water: Press, PSIG AP, PSI Mfr. Mode!
Flow, GPM AT, OF
Allowsblis Sound Level (2.1.11) dBA © ft. Turbine Weight, Lbs

“Also available in Sl units (APl Standard 611, January 1982)
(Reprinted courtesy of the American Petroleum Institute.)
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Figure 4.2. Combustion gas turbine arrangements and their thermodynamic diagrams. (a) Basic unit with PV and TS diagrams. (b) Unit

with an air preheater and TS diagram.

ExampLE 4.2

Performance of a Combustion Gas Turbine
Atmospheric air at 80°F (305K) is compressed to 5 atm, combined
with fuel at the rate of 1 kg/s, then expanded to 1 atm in a power

5 atm
1200 K

Fuel 1.0 kg/s

Combuster
517K

Air  51.8 kg/s

Compressor Expander

Water

turbine. Metallurgical considerations limit the temperature to
1700°F (1200 K). The heat capacities of air and combustion pro-
ducts are

C, =0.95+0.00021T (K) kl/kg,

the heat of combustion is 42,000 kJ/kg, the furnace efficiency is
0.975, the isentropic efficiency of the compressor is 0.84, and that
of the expander is 0.89. Find

a. the required air rate,

b. the power loads of the compressor and expander, and

c. the overall efficiency as a function of the temperature of the
exhaust leaving a steam generator.

Point P Ts T
1 1 305
2 5 483 517
3 5 1200
4 1 802 846
5 1 400
Compression:

k=14, ki(k=1) =35,

T, = Ty (P2 P> = 305(5)" = 483K,
483 — 305

T, =305+ 084

= 517K.

Combustion:

m,, = flow rate of air, kg/kg fuel
1200 1200

0.975(42000) = / C,dT +m, / C,dT
305 517
= 991682 +771985m,
m, =518
Expansion:

k=1233,ki(k—=1) = 4.0
Tys= T3(Ps/P)"® =1200(0.2)"% = 802°K
T, = 1200—0.89(1200—802) = 846°K

Power calculations:

517
Compressor: w, = —m; AH = —51.8/ CpdT
305
= —51.8(216.98) = —11.240kJ/s
517
Expandor: w, = 51.8/ C, dT = 52.8(412.35) = 21,772Kk]/s
J305

846
Steam generator: Q' = 528/ G, dT
JT

21772 -11380+ Q'

n, = overall efficiency = 42000

The tabulation shows efficiency with three different values of
the exhaust temperature.

T Q Nt
846 0 0.247
600 14311 0.588
500 19937 0.722
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Other inefficiencies are due to pressure drops of 2-5%, loss of
1-3% of the enthalpy in the expander, and 1% or so loss of the air
for cooling the turbine blades. The greatest loss of energy is due
to the necessarily high temperature of the exhaust gas from the
turbine, so that the overall efficiency becomes of the order of
20% or so. Some improvements are effected with air preheating
as on Figure 4.2(b) and with waste heat steam generators as in
Example 4.2. In many instances, however, boilers on 1000°F waste
gas are economically marginal. Efficiencies are improved at higher
pressure and temperature but at greater equipment cost.

Inlet temperature to the expander is controlled by the
amount of excess air. The air/fuel ratio to make 1700°F is in
the range of 50 Ib/lb. Metallurgical considerations usually limit
the temperature to this value. Special materials are available

for temperature up to 2200°F but may be too expensive for
process applications.
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5

TRANSFER OF SOLIDS

n contrast to fluids which are transferred almost
exclusively through pipelines with pumps or
blowers, a greater variety of equipment is employed
for moving solids to and from storage and between

process equipment. Most commonly, solids are carried
on or pushed along by some kind of conveyor. Solids in
granular form also are transported in pipelines as slurries
in inert liquids or as suspensions in air or other gases.

5.1. SLURRY TRANSPORT

In short process lines slurries are readily handled by centrifugal
pumps with open impellers and large clearances. When there is a
distribution of sizes, the fine particles effectively form a homoge-
neous mixture of high density in which the settling velocities of lar-
ger particles are less than in clear liquid. Turbulence in the line also
helps to keep particles in suspension. It is essential, however, to
avoid dead spaces in which solids could accumulate and also to
make provisions for periodic cleaning of the line. A coal-oil slurry
used as fuel and acid waste neutralization with lime slurry are two
examples of process applications.

Many of the studies of slurry transfer have been made in con-
nection with long distance movement of coal, limestone, ores, and
others. A few dozen such installations have been made, in length
from several miles to several hundred miles.

Coal-water slurry transport has been most thoroughly investi-
gated and implemented. One of the earliest lines was 108 miles
long, 10 in. dia, 50-60 wt % solids up to 14 mesh, at velocities of
4.5-5.25 ft/sec, with positive displacement pumps at 30-mile inter-
vals. The longest line in the United States is 273 miles, 18 in. dia
and handles 4.8-6.0 million tons/yr of coal; it is described in detail
by Jacques and Montfort (1977). Other slurry pipeline literature is
by Wasp, Thompson, and Snoek (1971), Bain and Bonnington
(1970), Ewing (1978), and Zandi (1971).

Principally, investigations have been conducted of suitable lin-
ear velocities and power requirements. Slurries of 40-50 vol %
solids can be handled satisfactorily, with particle sizes less than
24-48 mesh or so (0.7-0.3mm). At low line velocities, particles set-
tle out and impede the flow of the slurry, and at high velocities the
frictional drag likewise increases. An intermediate condition exists
at which the pressure drop per unit distance is a minimum. The
velocity at this condition is called a critical velocity of which one
correlation is

u? = 34.6C,Du,/g(s—1)/d, consistent units,

where

.1

u,. = critical flow velocity,
u; = terminal settling velocity of the particle, given by
Figure 5.1,
C, = volume fraction of solids,
D = pipe diameter,
d = particle diameter,
s =ratio of densities of solid and liquid,
g = acceleration of gravity, 32.2ft/sec’, or consistent units.

The numerical coefficient is due to Hayden and Stelson (1971).
Another criterion for selection of a flow rate is based on con-
siderations of the extent of sedimentation of particles of various
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sizes under flow conditions. This relation is developed by Wasp
et al. (1971),

< _ exp (=2.55u,/kun\/Y), (5.2)

Co
where

C = concentration of a particular size at a level 92% of the
vertical diameter,
Cy = concentration at the center of the pipe, assumed to be
the same as the average in the pipe,
/= Fanning friction factor for pipe flow

AP L i

=025
p D2

(5.3)

At high Reynolds numbers, for example, Blasius’ equation is

f=0.0791/Ny®, Nge>10 (5.4
k in Eq. (5.2) is a constant whose value is given in the referenced
paper as 0.35, but the value 0.85 is shown in a computer output
in a paper by Wasp, Thompson, and Snoek (1971, Fig. 9). With
the latter value, Eq. (5.2) becomes

C/Cy = exp (—3.00u, /u\/1). (5.5
The latter paper also states that satisfactory flow conditions prevail
when C/Cy>0.7 for the largest particle size. On this basis, the
minimum line velocity becomes

3u,

u= —————— =841y, )
\/fln(CO/C) /\/f

(5.6)

where u, is the settling velocity of the largest particle present.

As Example 5.1 shows, the velocities predicted by Eqgs. (5.1)
and (5.6) do not agree closely. Possibly an argument in favor of
Eq. (5.6) is that it is proposed by the organization that designed
the successful 18 in., 273 mi Black Mesa coal slurry line.

Pressure drop in flow of aqueous suspensions sometimes has
been approximated by multiplying the pressure drop of clear liquid
at the same velocity by the specific gravity of the slurry. This is not
borne out by experiment, however, and the multiplier has been
correlated by other relations of which Eq. (5.7) is typical:

13
gD(s—l)} . 57

AP, /AP; =1+4+69C,
/ ‘ {142 Cp
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Figure 5.1. Settling velocities of spheres as a function of the ratio
of densities of the two phases. Stokes law applies at diameters
below approximately 0.01 cm. (Based on a chart of Lapple et al.,
1984, p. 5.67). (Walas, 1988).

This equation is a modification by Hayden and Stelson (1971) of a
series of earlier ones. The meanings of the symbols are
C, = volume fraction occupied by the solids in the slurry,
d = particle diameter,
D = pipe diameter,
s =ratio of specific gravities of solid and liquid.

The drag coefficient is
Cp =1.333gd(s—1)/u?. (5.8)

For mixtures, a number of rules has been proposed for evaluating
the drag coefficient, of which a weighted average seems to be
favored,

vV Cp = ZW,'\/ Cpi, (5.9
where the w; are the weight fractions of particles with diameters d;.
For particles of one size, Eqgs. (5.7) and (5.8) are combined:

AP,/AP, =1+ 100C,[(u,D/u?)\/g(s— 1)]d]"?,

. ; (5.10)
consistent units.

ExampLE 5.1

Conditions of a Coal Slurry Pipeline
Data of a pulverized coal slurry are

C, =04,

D =0.333ft,

£ =0.0045 (Blasius’ eq. at N,, = 10°),

Mesh size 24 48 100 Mixture
d(mm) 0.707 0.297 0.125 0.321
Weight 0.1 0.8 0.1 1
fraction

u, (ft/sec) 0.164 0.050 0.010 0.0574

The terminal velocities are read off Figure 5.1, and the values of
the mixture are weight averages.
The following results are found with the indicated equations:

Item Eq. 24 48 100 Mixture
U 5.1 7.94 5.45 3.02
U 5.6 20.6 6.27 1.25
Ve 5.8 136 289 938 262
APs/AP, 5.1 1.539
APs/AP, 5.3 1.296
8.41uy,
u=—"-— =125u, (5.6)
/0.0045 !
. 4 322(15_ 1) dmm _ 0-070461171171
=3 12 3048 w2 8
1.3
AP, _, 0.69 1 32.2(0.5)0.321
AP~ 0.4% 00574\ 304.8(3.39)° (5.11)
=1.5391,
1.3
AP, 0.0045(0.333)32.2(0.5)
> =1+0.272(0.4
AP, ( ){ (0.0574)%(3.39) (.13)

=1.296.

With coal of sp gr=1.5, a slurry of 40 vol % has a sp gr=1.2.
Accordingly the rule, AP;/AP; =sp gr, is not confirmed accu-
rately by these results.

The pressure drop relation at the critical velocity given by Eq. (5.1)
is found by substitution into Eq. (5.7) with the result

AP/AP, = 1+%[(1/u,)\/mll“’. (5.11)
With Eq. (5.10) the result is

AP /AP, =1+1/C%. (5.12)
With the velocity from Eq. (5.6), Eq. (5.7) becomes

AP,/AP, =1+0.272C,[fgD(s— 1) /u?\/Cp]"? (5.13)



and, for one-sized particles,

AP/AP, = 1+0.394C,[(fD/u,)\/g(s —1)/d]">. (5.14)
These several pressure drop relations hardly appear consistent, and
the numerical results of Example 5.1 based on them are only
roughly in agreement.

Darby (1996) wrote a review article updating the methods for
determining settling rates of particles in non-Newtonian fluids.

From statements in the literature, it appears that existing slurry
lines were designed on the basis of some direct pilot plant studies.

Nonsettling slurries are formed with fine particles, plastics, or
fibers. Although their essentially homogeneous nature would
appear to make their flow behavior simpler than that of settling
slurries, they often possess non-Newtonian characteristics which
complicate their flow patterns. In Newtonian flow, the shear stress
is proportional to the shear strain,

stress = u(strain),

but in other cases the relation between these two quantities is more
complex. Several classes of non-Newtonian behavior are recog-
nized for suspensions. Pseudoplastic or power-law behavior is
represented by

stress{ts} = {ts} = k(strain)", n<1,

where k is called the consistency index. Plastic or Bingham beha-
vior is represented by

stress = ky + n(strain),

where 7 is called the plastic viscosity. Data for some suspensions
are given in Figure 5.2.

The constants of such equations must be found experimentally
over a range of conditions for each particular case, and related to
the friction factor with which pressure drops and power require-
ments can be evaluated. The topic of nonsettling slurries is treated
by Bain and Bonnington (1970) and Clift (1980). Friction factors
of power-law systems are treated by Dodge and Metzner (1959)
and of fiber suspensions by Bobkowicz and Gauvin (1967).
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5.2. PNEUMATIC CONVEYING

Granular solids of free-flowing natures may be conveyed through
ducts in any direction with high velocity air streams. In the normal
plant, such lines may be several hundred feet long, but dusty mate-
rials such as fly ash and cement have been moved over a mile in this
way. Materials that are being air-veyed include chemicals, plastic
pellets, grains, and powders of all kinds. The transfer of catalysts
between regenerator and reactor under fluidized conditions is a
common operation. Stoess (1983) has a list of recommendations
for about 150 different materials, of which Table 5.1 is a selection.
Basic equipment arrangements are represented in Figure 5.3. Pneu-
matic conveying systems are not suitable for every application.
The performance of pneumatic conveyors is sensitive to several
characteristics of the solids, of which the most pertinent ones are

. bulk density, as poured and as aerated,

. true density,

. coefficient of sliding friction (= tangent of the angle of repose),
. particle size distribution,

. particle roughness and shape,

. moisture content and hygroscopicity, and

. characteristics such as friability, abrasiveness, flammability, etc.

N AU A W=

The capacity of pneumatic-conveying systems depends on several
factors besides the characteristics of the solids, such as the dia-
meter of the conveyor line, the length of the line, and the energy
of the conveying air. In fact, some materials (e.g., sulfur) build
up an electrostatic charge and may cause explosion risks.

In comparison with mechanical conveyors, pneumatic types
must be designed with greater care. They demand more power input
per unit weight transferred, but their cost may be less for complicated
paths, when exposure to the atmosphere is undesirable and when
operator safety is a problem. Although in the final analysis the design
and operation of pneumatic conveyors demands the attention of
experienced engineers, a preliminary design can be prepared on the
basis of general knowledge, data in manufacturers’ catalogs or web
sites, and rules of thumb that appear in the literature. Articles by Solt
(1980, 2002), Kimbel (1998), as well as Dhodapkar and Jacob (2002)
are devoted to preventive troubleshooting.
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Figure 5.2. Non-Newtonian behavior of suspensions: (a) viscosity as a function of shear rate, 0.4 wt % polyacrylamide in water at room
temperature; (b) shear stress as a function of shear rate for suspensions of TiO; at the indicated vol % in a 47.1 wt % sucrose solution whose

viscosity is 0.017 Pa sec. (Denn, 1980). (Walas, 1988).
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TABLE 5.1. Flow Rates and Power Requirements of Vacuum and Low Pressure Pneumatic Conveying Systems?

Vacuum System (8-9 psia)

Low Pressure System (6-12 psig)

Conveying Distance

Conveying Distance

100 ft 150 ft 250 ft 400 ft 100 ft 250 ft 400 ft
Wt per Velocity| Pressure Velocity
Material cu Sat. hp/T Sat. hp/T Sat. hp/T Sat. hp/T ft/sec Factor Sat. hp/T Sat. hp/T Sat. hp/T (ft/sec)
Alum 50 36 45 39 50 43 57 47 63 110 4.0 1.6 27 20 34 22 38 65
Alumina 60 24 40 28 47 34 57 40 64 105 5.0 1.1 24 16 34 19 39 60
Carbonate, calcium 25-30 31 42 30 50 39 55 42 6.0 110 35 14 25 18 33 20 36 65
Cellulose acetate 22 32 47 35 51 38 57 41 6.0 100 3.0 1.4 28 17 34 19 36 55
Clay, air floated 30 33 45 35 50 39 55 42 6.0 105 4.0 1.5 27 18 33 19 36 50
Clay, water washed 40-50 35 50 38 56 42 65 45 7.2 115 45 1.6 30 19 39 21 44 60
Clay, spray dried 60 34 47 36 52 40 62 44 71 110 4.3 1.5 28 18 37 20 43 55
Coffee beans 42 1.2 20 16 30 21 35 24 42 75 5.0 06 12 09 21 11 25 45
Corn, shelled 45 19 25 21 29 24 36 28 43 105 5.0 09 15 11 22 13 26 55
Flour, wheat 40 15 3.0 1.7 33 20 37 25 44 90 25 07 18 09 22 11 27 35
Grits, corn 33 1.7 25 22 30 29 40 35 48 100 35 08 15 13 24 16 29 70
Lime, pebble 56 28 38 3.0 40 34 47 39 54 105 5.0 1.3 23 16 28 18 33 70
Lime, hydrated 30 21 33 24 39 28 47 34 60 90 4.0 06 18 08 22 09 26 40
Malt 28 1.8 25 20 28 23 34 28 42 100 5.0 08 15 11 20 13 25 55
Oats 25 23 30 26 35 30 44 34 52 100 5.0 1.0 18 14 26 1.6 31 55
Phosphate, 65 31 42 36 50 39 55 42 6.0 110 45 14 25 18 33 19 36 75
trisodium
Polyethylene 30 1.2 20 16 30 21 35 24 42 80 5.0 055 1.2 09 21 11 25 70
pellets

Rubber pellets 40 29 42 35 50 40 60 45 7.2 110

Salt cake 90 40 65 42 68 46 75 5.0 85 120 5.0 29 39 35 45 40 5.1 83
Soda ash, light 35 31 42 36 50 39 55 42 6.0 110 5.0 14 25 18 33 19 36 65
Soft feeds 20-40 30 42 34 45 37 50 42 55 110 3.8 1.3 25 17 31 19 37 70
Starch, pulverized 40 1.7 3.0 20 34 26 40 34 50 90 3.0 08 1.7 11 24 15 3.0 55
Sugar, granulated 50 30 37 32 40 34 52 39 6.0 110 5.0 14 22 16 31 1.7 36 60
Wheat 48 1.9 25 21 29 24 36 28 43 105 5.0 09 15 11 21 13 26 55
Wood flour 12-20 25 35 28 40 34 49 44 65 100

cu. ft. air

?HP/ton = (pressure factor)(hp/T)(sat.). The units of Sat. = (m)/('bs°“d"a"5fe"e“) =

min. min.

(Stoess, 1983). (Walas, 1988).

Some basic design features are the avoidance of sharp bends, a
minimum of line fittings, provision for cleanout, and electrical ground-
ing. In many cases equipment suppliers may wish to do pilot plant work
before making final recommendations. Figure 5.4 shows a typical pilot
plant arrangement. Many details of design and operation are given in
books by Stoess (1983) and Kraus (1980) and in articles by Gerchow
(1980), and Perkins and Wood (1974). More recent information on
the design, operation, and troubleshooting of pneumatic conveying sys-
tems are found in Mills (1999, 2001, 2002), Kimbel (1998), Dhodapar
and Jacob (2002), and Solt (2002). presented five nomographs for pre-
liminary design of pneumatic conveying systems. Maynard (2006)
developed a nine-step method for the design of a cost-effective dilute
phase transport system. The steps in this method are:

1. Define the material characteristics like particle size, friability,
hardness and stickiness.

2. Determine the system requirements including the minimum,
average and maximum conveying rate.

3. Calculate the mass flow rate.

4. Calculate the pipeline diameter based upon the desired mini-
mum gas velocity.

5. Calculate the required system pressure drop.

6. It may be necessary to recalculate the gas velocity at the solids
feed point.

7. Select a suitable gas mover.

. Select a solids feeder.

. Select a suitable gas-solids separator.

o oo

and those of hp/T are horsepower/(tons/hr of solid transferred).
Ib. solid transferred

A sample solution of the method is presented.

Mills (2006) and Dhodapkar, Bates, and Wypych (2006) make
numerous recommendations for the design and operation of pneu-
matic conveying systems.

EQUIPMENT

The basic equipment consists of a solids feeding device, the transfer
line proper, a receiver, a solid-air separator, and either a blower at
the inlet or a vacuum pump at the receiver. There are four types
of pneumatic systems: pressure, vacuum, combination, and flui-
dized systems. In the pressure system, material enters the air stream
by a rotary air-lock feeder and the velocity of the air stream sus-
pends the bulk material until it reaches its destination. In vacuum
systems, the material is moved by an air stream under a pressure less
than atmospheric. The material is drawn into the system without the
need of a rotary valve. In the combination system, a fan is used to
suck the solids from the source to a separator. Air then passes
to the suction side of a blower and material is then fed by a
rotary valve into the positive pressure air stream that comes from
the blower discharge. In fluidizing systems, air passes through a
membrane that forms the bottom of the conveyor. The material to
be fluidized comes from a hopper so that the discharge from the
hopper is over the membrane. The air then fluidizes the material.
At the terminal end of all these systems is a receiving vessel where
the material is separated from the air by means of a cyclone separa-
tor and/or a filter. Vacuum systems are favored for shorter distances
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Figure 5.3. Basic equipment arrangements of pneumatic conveying systems. (a) Vacuum system with several sources and one destination,
multiple pickup; (b) pressure system with rotary valve feeder, one source and several destinations, multiple discharge; (c) pressure system
with Venturi feed for friable materials; (d) pull-push system in which the fan both picks up the solids and delivers them. [After Gerchow,

1975, p. 88, Raymus, 1999]. (Walas, 1988).

and when conveying from several sources to one destination.
Appropriate switching valves make it possible to service several
sources and destinations with either a vacuum or pressure system.
Normally the vacuum system is favored for single destinations and
the pressure for several destinations or over long distances. Figure 5.3
(b) shows a rotary valve feeder and Figure 5.3(c) a Venturi feeder
which has a particularly gentle action suitable for friable materials.
Figure 5.3(d) utilizes a fan to suck the solids from a source and to
deliver them under positive pressure. Friable materials also may be
handled effectively by the equipment of Figure 5.5 in which alternate
pulses of granular material and air are transported.

The advantages of a pneumatic conveying system are that there
are few mechanical parts, there is a clean controlled environment,

and the ductwork or piping can be modified to fit the space available
such that vertical and horizontal distances can be easy to achieve.
The disadvantage is that the solids must be removed from the air or
carrier gas stream, so pollution control equipment may be needed
(Woods, 1995).

Dhodapkar, Bates, and Wypych (2006) summarized various
feeders for pneumatic conveying systems according to conveyor
system types, operating pressure, materials handled, and conveying
mode. For more information on solids separation in gas-solid sys-
tems, see Chapter 20.

Typical auxiliary equipment is shown on Figure 5.6. The most
used blower in pneumatic conveying is the rotary positive displace-
ment type; it can achieve vacua 6-8 psi below atmospheric or
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Figure 5.4. Sketch of pilot plant arrangement for testing pneu-
matic conveying under positive pressure. (Kraus, 1980). (Walas,
1988).

positive pressures up to 15 psig at efficiencies of about 65%. Axial
positive displacement blowers also are used, as well as centrifugals
for large capacities. Rotary feeders of many proprietary designs
are available; Stoess (1983) and Kraus (1980) illustrate several
types. Receivers may be equipped with fabric filters to prevent
escape of fine particles; a dacron fabric suitable for up to 275°F
is popular. The receivers may consist of a cyclone separator and
a hopper with a filter downstream of this equipment to minimize

Material

To Receiving Hopper
Air to
Pressuize Vessel

Control | (_ﬂr_
Panel Supply|

On/off Pulse
to Air Knife

Figure 5.5. Concept of dense-phase transfer of friable materials, by
intermittent injection of material and air pulses, air pressures nor-
mally 10-30 psig and up to 90 psig. (Sturtevant). (Walas, 1988).

dusting. A two-stage design is shown in Figure 5.6(d). Typical
dimensions are cited by Stoess (1983), for example:

line diameter (in.) 3 5 8
primary diameter (ft) 3.5 4.5 6.75
secondary diameter (ft)  2.75 3.5 5.0

Piping usually is standard steel, Schedule 40 for 3-8 in. IPS and
Schedule 30 for 8-12 in. IPS. In order to minimize pressure loss
and abrasion, bends are made long radius, usually with radii equal
to 12 times the nominal pipe size, with a maximum of 8 ft. Special
reinforcing may be needed for abrasive conditions.

OPERATING CONDITIONS

Pneumatic conveying systems may be operated in either dilute or
dense phase. In dilute-phase conveying systems, the particles are
fully suspended in the gas stream at less than 15 Ib solids per Ib
of gas at low pressure, often less than 15 psig. Dense-phase convey-
ing occurs when more than 15 1b solids per Ib gas are moved at
greater than 15 psig. Maynard (2006) discussed the relative advan-
tages of the latter system over the former.

Vacuum systems usually operate with at most a 6 psi differ-
ential; at lower pressures the carrying power suffers. Basic equip-
ment arrangements of pneumatic conveying systems are found in
Figure 5.3. With rotary air lock feeders, positive pressure systems
are limited to about 12 psig. Other feeding arrangements may be
made for long distance transfer with 90-125 psig air. The dense
phase pulse system of Figure 5.4 may operate at 10-30 psig.

Linear velocities, carrying capacity as cuft of free air per 1b of
solid (Sat.) and power input as HP/tons per hour (tph) are listed in
Table 5.1 as a general guide for a number of substances. These
data are for 4-, 5-, and 6-in. lines; for 8-in. lines, both Sat. and
HP/tph are reduced by 15%, and for 10-in. by 25%. Roughly, air
velocities in low positive pressure systems are 2000 ft/min for light
materials, 30004000 ft/min for medium densities such as those of
grains, and 5000 ft/ min and above for dense materials such as fly
ash and cement; all of these velocities are of free air, at atmo-
spheric pressure.

Another set of rules for air velocity as a function of line length
and bulk density is attributed to Gerchow (1980) and is

Line ft/min

length

(ft) 55 Ib/cuft 55-85 85-115
200 4000 5000 6000
500 5000 6000 7000

1000 6000 7000 8000

Conveying capacity expressed as vol % of solids in the stream
usually is well under 5 vol %. From Table 5.1, for example, it is
about 1.5% for alumina and 6.0% for polyethylene pellets, figured
at atmospheric pressure; at 12 psig these percentages will be roughly
doubled, and at subatmospheric pressures they will be lower.

Dhodapkar, Bates, and Klinzing (2006) listed five misconcep-
tions concerning pneumatic conveying. They are:

1. Pickup velocity and saltation velocity are not fundamental
properties of the material being conveyed.

2. Pneumatic conveying lines can be routed throughout a plant
much like utility lines.

. Increasing air flow will increase conveyor capacity.

. Dense-phase conveying is achieved with high conveying pressure.

. Injecting air at intervals in a conveying line will result in a better
dense-phase operating system.

N AW

For details of their recommendations, see the reference cited.
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Figure 5.6. Components of pneumatic conveying systems. (a) Rotary positive displacement blower for pressure or vacuum. (b) A rotary
airlock feeder for fine materials. (c) A four-compartment receiver-filter. (Fuller). (d) A two-stage cyclone receiver. (e) The Fuller-Kinyon
pump for cement and other fine powders. Powder is fed into the aeration chamber with a screw and is fluidized with compressed air.

(Fuller). (Walas, 1988).
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POWER CONSUMPTION AND PRESSURE DROP

The power consumption is made up of the work of compression of
the air and the frictional losses due to the flows of air and solid
through the line. The work of compression of air at a flow rate m,
and Cp/C, = 1.4 is given by

Wwe = 3.5(53.3)(T + 460)m, [(P,/ Py 255 — 1] (ft 1bf /sec)
(5.15)

with the flow rate in 1b/sec.

Frictional losses are evaluated separately for the air and the
solid. To each of these, contributions are made by the line itself, the
elbows and other fittings, as well as the receiving equipment. It is con-
servative to assume that the linear velocities of the air and solid are
the same. Since the air flow normally is at a high Reynolds number,
the friction factor may be taken constant at f, = 0.015. Accordingly
the frictional power loss of the air is given by

wi = APym,/p, = (12 )2g)[1 +2n,+4n;+(0.015/D)(L+ Y L,)m,
(ft 1bf/sec).
(5.16)

The unity in the bracket accounts for the entrance loss, . is the
number of cyclones, nyis the number of filters, L is the line length,
and L; is the equivalent length of an elbow or fitting. For long
radius bends one rule is that the equivalent length is 1.6 times the
actual length of the bend. Another rule is that the long bend radius
is 12 times the nominal size of the pipe. Accordingly,

L: = 1.6(zR;/2) = 2.5R; = 2.5D/ ft, with D/in inches. (5.17)
The value of g is 32.2 ft Ib m/(Ibf sec?).

The work being done on the solid at the rate of my1b/sec is
made up of the kinetic gain at the entrance (w;), the lift (w3)
through an elevation Az, friction in the line (wy), and friction in
the elbow (ws). Accordingly,

P2
wy = —my(ft 1bf /sec).

2% (5.18)
The lift work is
w3 = Azggmlé = Azmj(ft 1bf /sec). (5.19)

The coefficient of sliding friction f; of the solid equals the tangent of
the angle of repose. For most substances this angle is 30-45° and the
value of f; is 0.58-1.00. The sliding friction in the line is

wy = fiLmj(ft 1bf /sec), (5.20)
where L is the line length.

Friction in the curved elbows is enhanced because of centrifu-
gal force so that

ws = ja;—; (zjfTR) m; = 0.0488 fulm(ft Ibf /sec). (5.21)
The total frictional power is

Wy =Wy +wy+ w3 +ws+Wws, (5.22)
and the total power consumption is

wo )b on /i), (5.23)

= 5505(1.8m))

where 7 is the blower efficiency. Pressure drop in the line is
obtained from the frictional power, the total flow rate, and the
density of the mixture:

Wy

AP = —— i . .24
The specific air rate, or saturation (Sat.), is
saturation (Sat.) = 0.7854(60)D* (5.25)

(cuft of air/min)/(1b of solid/min)],

where the velocity of the air is evaluated at atmospheric pressure.

Example 5.2 illustrates the calculations described here for
power and pressure drop, and compares the result with the guide-
lines of Table 5.1.

5.3. MECHANICAL CONVEYORS AND ELEVATORS

Granular solids are transported mechanically by being pushed
along, dragged along, or carried. Movement may be horizontal or
vertical or both. In the process plant distances may be under a hun-
dred feet or several hundred feet. Distances of several miles may be
covered by belts servicing construction sites or mines or power
plants. Capacities range up to several hundred tons/hr. The principal
kinds of mechanical conveyors are illustrated in Figures 5.7-5.12
and will be described. Many construction features of these machines
are arbitrary. Thus manufacturers’ catalogs or internet web pages
are the ultimate sources of information about suitability for particu-
lar services, sizes, capacities, power requirements and auxiliaries.
Much of the equipment has been made in essentially the present
form for about 100 years by a number of manufacturers so that a
body of standard practice has developed.

PROPERTIES OF MATERIALS HANDLED

The physical properties of granular materials that bear particularly
on their conveying characteristics include size distribution, true and
bulk densities, and angle of repose or coefficient of sliding friction,
but other less precisely measured or described properties are also of
concern. A list of pertinent characteristics of granular materials
appears in Table 5.2. The elaborate classification given there is
applied to about 500 materials in the FMC Corporation Catalog
100 (1983, pp. B.27-B.35) but is too extensive for reproduction here.
For each material the table also identifies the most suitable design of
screw conveyor of this company’s manufacture and a factor for deter-
mining the power requirement. An abbreviated table of about 150
substances appears in the Chemical Engineers Handbook (6th ed.
1984, p. 7.5 and 7th ed. pp. 21-6, 1999). Hudson (1954, pp. 6-9)
describes the characteristics of about 100 substances in relation to
their behavior in conveyors. Table 5.3 lists bulk densities, angles of
repose at rest, and allowable angles of inclination which are angles
of repose when a conveyor is in motion; references to more extensive
listings of such data are given in this table.

The angle of repose is a measure of the incline at which con-
veyors such as screws or belts can carry the material. The tangent
of the angle of repose is the coefficient of sliding friction. This prop-
erty is a factor in the power needed to transfer the material by push-
ing or dragging as in pneumatic, screw, flight, and Redler equipment.

Special provisions need to be made for materials that tend to
form bridges; Figure 5.13(a) is an example of a method of breaking
up bridges in a storage bin so as to ensure smooth flow out. Materi-
als that tend to pack need to be fluffed up as they are pushed along
by a screw; adjustable paddles as in Figure 5.7(d) may be sufficient.
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ExampLE 5.2

Size and Power Requirement of a Pneumatic Transfer Line
A pneumatic transfer line has 300 ft of straight pipe, two long
radius elbows, and a lift of 50 ft. A two-stage cyclone is at the
receiving end. Solid with a density of 125 Ib/cuft is transferred at
the rate of 10 tons/hr and the free air is at 5000 ft/min. Inlet condi-
tion is 27 psia and 100°F. Investigate the relation between line dia-
meter and power requirement.

On a first pass, the effect of pressure loss on the density of the
air will be neglected.

Mass flow rate of solid:

my = 20,000/3600 = 5.561b/sec.
Mass flow rate of air:

m, = % Z(0.075)D* = 4.91D% Ib/sce.

Density of air:

p, = 0.075 (%) = 0.138 Ib/cuft.

Density of mixture:

(my+my)
my/p,+mg/p,
(my, +5.56)
m;/0.138 +5.56/125

Pm =

Linear velocity of air at inlet:

= 3000 (147

o (5 ) = 45.37 fps.

Assume air and solid velocities equal. Elbow radius=12D.
Elbow equivalent length,

L, =1.6(x/2)(12D) = 30.2D
Power for compression from 14.7 psia and 560 R to 27 psia,

k/(k—1) =3.5,

Wwe =3.5RTy[(P,/P)" " —1]m,
=3.5(53.3)(560)[(27/14.7)"*7 — 1]4.91D°
=97305D ftIbf /sec.

Frictional contribution of air

2
wi ;‘—g [54 (0.015/D)(300 +2(30.2) D]m;,

[(45.4)7/64.4][5.9 + (4.5/D)](4.91D%)
=157.1D*(5.9+4.5/D)

For the solid, take the coefficient of sliding friction to be
fs=1. Power loss is made up of four contributions. Assume no
slip velocity;

Wy =Wy + W3+ Wws+Wws
= [1?/2g + AZ +f,L +2(0.0488)f,u/'|m;
= 5.56[45.4%/64.4 + 50 + 300 + 2(0.0488)45.4]
= 3242.5 ft 1bf /sec.

Total friction power:
wy = 3242.5+157.1D*(5.9+4.5/D).

Pressure drop:

AP = i) si
= Ta4(m), +m)) " P

Fan power at n =0.5:

_ ‘1/'c+‘¢j/' _ }V(,+‘1Tf
= 550(05)(10) ~ 2750 F/tPh.

. 5000(z/4)D* 5 .
saturation = ——————— = 11.78D*SCFM/(1b/min).
20,000/60 /(Ib/min)
IPS (in.) D (ft) m, Pm w, w;
3 0.2557 0.3210 2.4808 6362 3484
4 0.3356 0.5530 1.5087 10,959 3584
5 0.4206 0.8686 1.0142 17,214 3704
6 0.5054 1.2542 0.7461 24,855 3837
IPS (in.) AP (psi) HP/TPH SCFM/Ib/min
3 10.2 3.568 0.77
4 6.1 5.29 1.33
5 4.1 7.60 2.08
6 2.9 10.44 3.00

From Table 5.1, data for pebble lime are

Sat = 1.7 SCFM(1b/min)
power = 3.0 HP/TPH

and for soda ash:

Sat = 1.9 SCFM(1b/min)
power = 3.4HP/TPH.

The calculated values for a 4 in. line are closest to the recommen-
dations of the table.

SCREW CONVEYORS

These were invented by Archimedes and assumed essentially their
present commercial form a hundred years or so ago. Although the
equipment is simple in concept and relatively inexpensive, a body of

experience has accumulated whereby the loading, speed, diameter,
and length can be tailored to the characteristics of the materials to
be handled. Table 5.4(b), for example, recognizes four classes of
materials, ranging from light, freeflowing, and nonabrasive materials
such as grains, to those that are abrasive and have poor flowability
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TABLE 5.2. Codes for Characteristics of Granular Materials?

Code
Major Class Material Characteristics Included Designation
Actual
Density Bulk Density, Loose Ibs/ft®
Size No. 200 Sieve (.0029”) And Under Azoo
Very Fine No. 100 Sieve (.0059") And Under Aioo
No. 40 Sieve (.016”) And Under Ao
Fine No. 6 Sieve (.132”) And Under Bo
Granular 1/2” And Under Ci2
Granular 3" And Under D3
(") Lumpy Over 3" To Be Special
X = Actual Maximum Size Dy
Irregular Stringy, Fibrous, Cylindrical, Slabs, etc. F
Flowability Very Free Flowing-Flow Function > 10 1
Free Flowing-Flow Function >4 But<10 2
Average Flowability—Flow Function > 2 But<4 3
Sluggish-Flow Function <2 4
Abrasiveness Mildly Abrasive - Index 1-17 5
Moderately Abrasive - Index 18-67 6
Extremely Abrasive - Index 68-416 7
Miscellaneous Builds Up and Hardens F
Properties Generates Static Electricity G
Or Hazards Decomposes-Deteriorates in Storage H
Flammability J
Becomes Plastic or Tends to Soften K
Very Dusty L
Aerates and Becomes Fluid M
Explosiveness N
Stickiness-Adhesion o
Contaminable, Affecting Use P
Degradable, Affecting Use Q
Gives Off Harmful or Toxic Gas or Fumes R
Highly Corrosive S
Mildly Corrosive T
Hygroscopic U
Interlocks, Mats or Agglomerates \%
Oils Present w
Packs Under Pressure X
Very Light and Fluffy-May Be Windswept Y
Elevated Temperature z

“Example: A fine 100 mesh material with an average density of 50 Ib/cuft that has
average flowability and is moderately abrasive would have a code designation
50A,0036; if it were dusty and mildly corrosive, it would be 50A1o0 36LT.

(FM Corp., 1983). (Wales, 1988).

such as bauxite, cinders, and sand. Only a portion of the available
data are reproduced in this table.

Lengths of screw conveyors usually are limited to less than
about 150 ft; when the conveying distance is greater than this, a belt
or some other kind of machine should be chosen. The limitation of
length is due to structural strength of the shaft and coupling. It is
expressed in terms of the maximum torque that is allowable. Data
for torque and power of screw conveyors are given in Table 5.4
and are applied to selection of a conveyor in Example 5.3.

Several designs of screws are shown in Figure 5.7. The basic
design is one in which the pitch equals the diameter. Closer spacing
is needed for carrying up steep inclines, and in fact very fine pitch
screws operating at the relatively high speeds of 350 rpm are used
to convey vertically. The capacity of a standard pitch screw drops
off sharply with the inclination, for example:

Angle (degrees) <8 20 30 45
Percent of capacity 100 55 30 0

TABLE 5.3. Bulk Densities, Angles of Repose, and Allowable
Angles of Inclination

Average Angle of Recommended
Weight Repose Maximum
Material (Ib/cuft) (degrees) Inclination
Alum, fine 45-50 30-45
Alumina 50-65 22 10-12
Aluminum sulfate 54 32 17
Ammonium chloride 45-52
Ammonium nitrate 45
Ammonium sulfate 45-58
Asbestos shred 20-25
Ashes, coal, dry, § in. max 35-40 40 20-25
Ashes, coal, wet, § in. max 45-50 50 23-27
Ashes, fly 40-45 42 20-25
Asphalt, J in. max 45
Baking powder 40-55 18
Barium carbonate 72
Bauxite, ground 68 35 20
Bentonite, 100 mesh max 50-60
Bicarbonate of soda 40-50
Borax, } in 55-60
Borax, fine 45-55 20-22
Boric acid, fine 55
Calcium acetate 125
Carbon, activated, dry, fine 8-20
Carbon black, pelleted 20-25
Casein 36
Cement, Portland 94 39 20-23
Cement, Portland, aerated 60-75
Cement clinker 75-95 30-40 18-20
Charcoal 18-25 35 20-25
Chips, paper mill 20-25
Clay, calcined 80-100
Clay, dry, fine 100-120 35 20-22
Clay, dry, lumpy 60-75 35 18-20
Coal, anthracite, } in. max 60 35 18
Coal, bituminous, 50 mesh max 50-54 45 24
Coal, bituminous, % in. max 43-50 40 22
Coal, lignite 40-45 38 22
Coke breeze, } in. max 25-35 30-45 20-22
Copper sulfate 75-85 31 17
Cottonseed, dry, delinted 35 29 16
Cottonseed, dry, not delinted 18-25 35 19
Cottonseed meal 35-40 35 22
Cryolite dust 75-90
Diatomaceous earth 11-14
Dicalcium phosphate 40-50
Disodium phosphate 25-31
Earth, as excavated, dry 70-80 35 20
Earth, wet, containing clay 100-110 45 23
Epsom salts 40-50
Feldspar, % in. screenings 70-85 38 18
Ferrous sulfate 60-75
Fleur, wheat 3540
Fullers earth, dry 30-35 23
Fullers earth, oily 60-65
Grain, distillery, spen, dry 30
Graphite, flake 40
Grass seed 10-12
Gravel, bank run 90-100 38 20
Gravel, dry, sharp 90-100 15-17
Gravel, pebbles 90-100 30 12
Gypsum dust, aerated 60-70 42 23
Gypsum, } in. screenings 70-80 40 21
Iron oxide pigment 25 40 25
Kaolin talc, 100 mesh 42-56 45 23
Lactose 32
Lead arsenate 72
Lead oxides 60-150
Lime, } in. max 60-65 43 23
Lime, hydrated, } in. max 40 40 21
Lime, hydrated, pulverized 32-40 42 22
Limestone, crushed 85-90 38 18
Limestone dust 80-85 20
Lithopone 45-50
Magnesium chloride 33
Magnesium sulfate 70
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(b) ghglra)cteristics of Some Materials (A Selection From the Original
able

Milk, dry powder 36
Phosphate, triple super, fertilizer 50-55 45 30
Phosphate rock, pulverized 60 40 25 A
Prox.
Polystyrene peads 40 eight [Capacity| {Type of | Horse-!
Potassium nitrate 76 Materials er Classifi- | Conveyor | power
Rubber, pelletized 50-55 35 22 ubie cation to Use ‘Pct,or!
Salt, common, coarse 40-55 Foot F
Salt, dry, fine 70-80 25 11
Salt cake, dry, coarse 85 36 21
" dry, zed  eoss T Afaameal..........ooiiaeiiieinn 17 n | aABC | 4
Salt cake, dry, pulverized 60-85 ﬁ}{:-laf:‘lm’:;ly RN 1 so0-60 11 G,HJ 1.5
Saltpeter 80 Alum, pulverized. .. . ..|] 45-50 II AB,C .8
Sand, bank, damp 100-130 45 20-22 SAIUMING. . ..ivevrvrnnsonnn P 60 III K 2.0
Sand, bank, dry 90-110 35 16-18 Aluminum, hydrate . ...o.oeeenereene 120 | 1m | ABcC | .
Sawdust 10-13 36 22 Ammonium sulphate. . . . 52 U B .
Shale, crushed 85-90 39 22 Asbestos, shredded O gg:ﬁg I:(IIX G.g.J ég
Soap chips 15-25 30 18 ®Ashes, dry...... .. :
Soap powder 20-25 Asphalt, crushed. . 45 pod A,B,C 5
Soda ash briquetts 50 22 7 Bakelite, powdered 80-40 ﬁ :.g.g l-é
Soda ash, heavy 55-65 32 19 Daking powder..... " ! ABE ] 4
Soda ash, light 20-35 37 22 AR sreeeee o
Sodium bicarbonate a1 42 23 1Bauxite, crushed. ... ................. 75-88 I E 1.8
ow o i o Gl 1% | 1| ass| s
Starch 25-50 24 12 Bentonite........ .0 L 11110 RUDUN! I 31 1x D’ 10
Sugar, granulated 50-55
Sugar, powdered 50-60 :’Bones, crushed. ..................... nx D 2.0
Trisodium phosphate, pulverized 50 40 25 +Bones, granulated or ground T ux B 13
Wood chips 10-30 Bonechar.......... Cereeenanes 0 X D 1.7
Zinc oxide, heavy 30-35 27 *Bone meal 85-60 X D 1.7
Zinc oxide, light 10-15 Borax, powdered, . .. .11 uiuieeieee.s] B3 1 ABC 7
Boric acid powder. .. 80-40 11 A,B,C .8
Other tables of these properties appear in these publications: Bran........ooooinnn e et 16 I A,B,C 4
1. Conveyor Equipment Manufacturers Association, 1966, pp. 25-33. —
2. Stephens-Adamson Mfg. Co 1954, pp. 634-636.
3. FMC Corporation 1983, pp. B.27-B.35.
4. Perry’s 6th ed., 1984, p. 7.5, and 7th ed., 1999.
(c) Factor S in the Formula for Power P
Diameter Type of Hanger Bearing
o T
SEALMASTER Babbitt, Bronze Self-
C‘izxﬁ{:r' Ball or Oil-Impreg- Lubricating ’i‘xft)rr?
i Beuaring nated Wood Bronze
4 12 21 33 50
6 18 33 54 80
9 32 54 96 130
}g 38 66 114 160
izi a 55 96 17 250
TABLE 5.4. Sizing Data for Screw Conveyors 13 7 198 2et e
ig 106 186 336 480
H 140 240 414 600
(a) Diameter (rpm and cuft/hr) 20 loe EHY 80 o0
24 230 390 690 950
. Capacities, Cubic . Capacities, Cubie
. A lr Maximum | Feet Per Hour Maximum | Feet Per Hour
Dl:(m' Ilt'iu- RS%eeﬁ lAvbil/hximu‘;n OAnt lgm at Mlximu‘r’n OAnt
_ { Lump P.M. commend-| e .M. ecommend-} e imi
v(e:;gr Size ad Speed. |RPM. RP M. (d) Limits of Horsepower and Torque
1Inc
Inches Loading of Materiale In Trough || Loading of Materiala in Troush
lass I—456% lass 11 % Diameter Diameter Maximum Maximum
6 lﬁ 165 376 2.27 120 180 1.5 of o Horsepower Torque
gl 8 | g g ow | | 8 pmm | i | eon, | S
14 | 234 130 1000 308 85 1790 211 nehes Inches 100 R.P.M. Inch Pounds
16 3 120 6600 46.6 80 2510 81.4
18 3 115 600 66.1 % 3400 45.4 4 1 1.5 950
20 | 834 105 99765 96.0 70 4340 62.1 6,9,10 1% 5.0 3200
9,10,12 10.0 6300
12,14 2%, 15.0 9500
12,14,16,18 31 25.0 16000
.y > " " 8% 40.0 25000
Capacities, Cubie . Capacities, Cubi
K A [w Maximum F‘:elt Per Hour R Maximum | Fg:t Per H(:Iurlc
D'&m‘ Max. Sgeed At Maximum| At Sg)eed At Maximum| At
Con- | Lump) R.P.M. Recommend-| One R.P.M. Recommend-] One
vevor| Size, ed Speed |R.P.M R.P.M.
‘| Inel
Inches Loading of Materials in Trough || Loading of Materials in Trough
1II X—80% Full Cl II1—169% Full . . .
Allowable loadings as a percentage of the vertical cross section depend
3 A 60 90 1.6 60 16 75 . . . .
9 | 134 50 280 5.6 50 140 2.8 on the kind of material being processed as shown in Table 5.4.
12 2 &0 665 13.8 50 836 6.7
el & ) @IE 88
16 B 5.
18 | 3 40 1850 464 40 910 227 FLEXIBLE SCREW CONVEYORS
20 3% 40 2485 62.1 40 1240 81.1

?Example 5.3 utilizes these data.
(Stephens-Adamson Mfg. Co., 1954, p. 69).
(Walas, 1988).

These conveyors are used with most materials especially those that
tend to pack, cake, smear, fluidize, etc. Boger (2008) published an
article that focused on conveying these difficult-to-handle materials
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ExampLE 5.3

Sizing a Screw Conveyor
Dense soda ash with bulk density 60 1b/cuft is to be conveyed a dis-
tance of 100 ft and elevated 12 ft. The material is class 1I-X with a
factor F=0.7. The bearings are self-lubricated bronze and the
drive is V-belt with n=0.93. The size, speed, and power will be
selected for a rate of 15 tons/hr.

0 = 15(2000)/60 = 500cuft /hr.

According to Table 5.4(a) the capacity for conveying of Class II-X
material can be accommodated by a 12 in. conveyor operating at

® = (500/665)(50) = 37.6 rpm, say40rpm

From Table 5.4(c) the bearing factor for a 12 in. diameter con-
veyor is
s=171.

G = 1.25(G from — Adamson Co., 1954, p. 69)

Accordingly,

P = [171(40) +0.7(500)(60)]100 +0.51(12)(30,000) /10°
=2.97HP

motor HP = GP / = 1.25(2.97)/0.93 = 3.99
torque = 63,000(2.97) /40 = 4678 in. 1b.

From Table 5.4(d) the limits for a 12 in. conveyor are 10.0 HP
and 6300 in Ib so that the selection is adequate for the required
service.

A conveyor 137 ft long would have a shaft power of 4.00 HP
and a torque of 6300 in 1b, which is the limit with a 2 in. coupling;
a sturdier construction would be needed at greater lengths.

For comparison, data of Table 5.5 show that a 14 in. troughed
belt has an allowable speed of 267 fpm at allowable inclination of
198 (from Table 5.3), and the capacity is

2.67(0.6)(38.4) = 61.5 tons/hr,

[38.4 is from Table 5.5 for a 20° inclination]

far more than that of the screw conveyor.

Shear Pin

(d)

(e)

Figure 5.7. A screw conveyor assembly and some of the many kinds of screws in use. (a) Screw conveyor assembly with feed hopper and
discharge chute. (b) Standard shape with pitch equal to the diameter, the paddles retard the forward movement and promote mixing.
(c) Short pitch suited to transfer of material up inclines of as much as 20°. (d) Cut flight screws combine a moderate mixing action with
forward movement, used for light, fine, granular or flaky materials. (e) Ribbon flights are suited to sticky, gummy or viscous substances.
(f) Flowsheet of a flexible screw conveyor application. (g) Typical designs of flexible screws. (Walas, 1988).
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Figure 5.7. —(continued)

in flexible tubes. These conveyors are simple in construction and
have low space requirements in comparison to rigid screw con-
veyors. They transport materials reliably through flexible tubes pas-
sing through holes in walls, floors, ceilings, over and around
obstructions, thereby eliminating the need for conveyor routing like
rigid conveyors (Figure 5.7f). Flexible screw conveyors have only
one moving part, a rugged flexible screw driven by an electric motor
(Figure 5.7g). Flexicon design (Boger, 2008) is such that the screw
automatically lefts itself within the tube, providing clearance
between the tube wall and the wall. The material is conveyed with-
out damage.

In order to specify a flexible screw conveyor, the material phy-
sical properties, flow properties, temperature, moisture content,
any inherent hazards as well as the source and destination of the
material, distance traveled conveying rate, cleanout requirements
and plant layout are required. Boger comments on the importance
of simulating plant conditions on a full-size unit in a test facility.

BELT CONVEYORS

These are high capacity, relatively low power units for primarily
horizontal travel and small inclines. The maximum allowable incli-
nation usually is 5-15° less than the angle of repose; it is shown
as “recommended maximum inclination” in Table 5.3 for some
substances, and is the effective angle of repose under moving
conditions.

The majority of conveyor belts are constructed of fabric, rub-
ber, and wire beads similarly to automobile tires, but they are
made also of wire screen or even sheet metal for high temperature
services. A related design is the apron conveyor with overlapping
pans of various shapes and sizes (Fig. 5.8), used primarily for short
travel at elevated temperatures. With pivoted deep pans they are
also effective elevators.

Flat belts are used chiefly for moving large objects and cartons.
For bulk materials, belts are troughed at angles of 20-45°. Loading
of a belt may be accomplished by shovelling or directly from over-
head storage or by one of the methods shown on Figure 5.9.
Discharge is by throwing over the end of the run or at intermediate
points with plows.

Power is required to run the empty conveyor and to carry the
load horizontally and vertically. Table 5.5 gives data and equations,

9

and they are applied in Example 5.4. Squirrel-cage ac induction
motors are commonly used as drives. Two- and four-speed motors
are available. Mechanical efficiencies of speed reducing couplings
between motor and conveyor range from 95 to 50%. Details of
idlers, belt trippers, cleaners, tension maintaining devices, struc-
tures, etc. must be consulted in manufacturers’ catalogs or on
manufacturers’ websites. The selection of belt for strength and resis-
tance to abrasion, temperature, and the weather also is a topic for
specialists.

BUCKET ELEVATORS AND CARRIERS

Bucket elevators and carriers are endless chains to which are
attached buckets for transporting granular materials along vertical,
inclined, or horizontal paths. Figure 5.10 shows two basic types:
spaced buckets that are far apart and continuous which overlap.
Spaced buckets self-load by digging the material out of the boot
and are operated at speeds of 200-300 fpm; they are discharged cen-
trifugally. Continuous buckets operate at lower speeds and are used
for friable materials and those that would be difficult to pick up in
the boot; they are fed directly from a loading chute and are dis-
charged by gravity. Bucket carriers are essentially forms of pan con-
veyors; they may be used instead of belt conveyors for shorter
distances and when they can be made of materials that are particu-
larly suited to a process. Capacity and power data for bucket
machines are given in Table 5.6. Capacities and speed ranges as well
as other operating parameters for various types of bucket elevators
are tabulated for easy reference (Chemical Engineering 2005). Flight
and apron conveyors are illustrated in Figure 5.11.

CONTINUOUS FLOW CONVEYOR ELEVATORS

One design of a drag-type of machine is the Redler shown in
Figure 5.8. There are various designs for the flights as illustrated
in Figure 5.8. One type of drag conveyor, the Hapman conveyor
shown in Figure 5.12d, consists of circular disks mounted on a
chain inside a pipe. As the conveyor is operated, the disks entrap
material from the inlet to the outlet of the conveyor. The clearance
between the disk and the inside of the pipe is small. It is a totally
enclosed, high capacity system and is often used to transport fine
chemicals and pharmaceuticals, minimizing degradation and
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TABLE 5.5. Belt Conveyor Data?

(a) gapacity (tons/hr) at 100 ft/min, 100 Ib/cuft, and Indicated Slope

ngle
45° Troughed Belt
Belt
Width o
dacw | 0° | 107 | 20° | 30°
14 27.99 33.00 38.40 43.80
16 38.70 45.60 52.50 60.00
18 51.00 60.00] 69.00 78.60
20 65.10 76.20 8790 1000
24 98.10 | 1148 1320 149.7
30 160.8 187.5 2148 243.6
36 2385 277.8 318.0 360.3
42 3318 385.8 4413 4995
48 440.1 5115 584.4 661.2
54 563.1 654.6 7479 8457
60 7020 8154 931.2 |1053.0
66 856.5 9942 | 11349 |12828
72 10260 {11901 | 13584 {15354
Flat Belt
Belt
width
tnches) | 5° [ 10° | 20°] 30°
14 2.85 6.69 1401 2142
16 3.87 9.18] 1905] 29.16
(b) (©) 18 5.07 11.88 2490 3810
20 639 | 1506) 31.50) 48.24
24 9.57 2247 47.10| 7206
30 13511 3645| 76.32] 1168
36 22.86 53.731 1126 | 1723
42 31.65 74371 1559 1 2385
== 48 39.84 90.15] 196.2 | 3000
.
& 54 5349 | 1257 2634 | 4032
60 66.60 | 1565 | 3279 | 5019
e 8 |8l12 | 1905 | 3396 {6t11
*e%e% 72 {9699 | 2380 | 4779 | 7311
(d)
“Example 5.4 utilizes these data. Power = Pgrizontal + Pyertical + Pempty (HP), where
- Prorizontal = (0.4+ L/300)(W/100), Pyertical =0.001 HW, and Perpyy, obtained from part (c),
7 Y with H=lift (ft), L= horizontal travel (ft), and W=tons/hr.
74% %;13(\\\\ ,”),::3<\‘ /,;:‘ (a) From Conveyor Equipment Manufacturers Association, 1979; (b) from
@)‘l J( a\ ‘j‘[ I’"’ \)\[ ’(x Stephens-Adamson Mfg. Co., 1954; (c) (Hudson, 1954).
i Ay Vi N Vi [\
== = = I

(b) Maximum Recommended Belt Speeds for Nondusting Service

Belt Speed in Feet per Minute
Belt
Width, | Tump Crushed Wood
Inches [ ‘Stone | Gravel 1‘('.""1[’ Ore and 5“::“(1 Sand Chips
or Ore +0R Stone T ’ Grain
12 250 300 250 350 350 350 400
18 300 350 300 400 400 400 500
(e) 24 350 400 350 450 450 450 600
30 400 450 400 500 500 500 700
Figure 5.8. Flight conveyors in which the material is scraped 36 450 500 450 550 550 550 800
; . e . 42 500 550 500 550 600 600 800
along, and apron conveyors in which the material is carried along
N ; p ; ; 48 550 600 550 550 650 600 800
in a closed path of interconnected pans. (a) Flight conveyor, in i 220 200 200 220 700 200 200
which the material is scraped along a trough with flights attached 60 550 600 650 550 700 600 800
to a continuous chalr}. (b) Scraper-type 'of ﬂlghtA ‘(c) Roller. flights. 6 550 500 700 550 700 500 200
(d) Apron conveyor, in which the material is carried along in mov- 72 550 600 700 550 700 600 800

ing, overlapping pans. (¢) Shallow and deep types of overlapping -
pans. (Walas, 1988). (continued)



TABLE 5.5—(continued)

(c) Power to Drive Empty Conveyor

Horsepower for Each 100 Ft. per Min. of Belt Speed

18

16
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contamination. This conveyor functions because the friction
against the flight is greater than that against the wall. It is versatile
in being able to transfer material in any direction. Unlike the Hap-
man conveyor, most cross sections of other conveyors are square
or rectangular from 3 to 30 in on a side, and operate at speeds of
30-250 ft/min, depending on the material handled and the con-
struction. Some data for a Redler drag-type conveyor are shown
in Table 5.7. Figure 5.12 is a picture of the Hapman Conveyor.
Most dry granular materials such as wood chips, sugar, salt, and
soda ash are handled very well in this kind of conveyor. More
difficult to handle are very fine materials such as cement or those
that tend to pack such as hot grains or abrasive materials such
as sand or crushed stone. Power requirement is dependent on the
coefficient of sliding friction. Factors for power calculations of a
few substances are shown in Table 5.7.

The closed-belt (zipper) conveyor of Figure 5.12 is a carrier
that is not limited by fineness or packing properties or abrasive-
ness. Of course, it goes in any direction. It is made in a nominal
4-in. size, with a capacity rating by the manufacturer of 0.07
cuft/ft of travel. The power requirement compares favorably with
that of open belt conveyors, so that it is appreciably less than that
of other types. The formula is

HP =0.001[(L;/30+5)u+ (L,/16+2L3)T], (5.26)
where
u = ft/min,
T = tons/hr,

L, = total belt length (ft),
L, =length of loaded horizontal section (ft),
L3 =length of loaded vertical section (ft).

Speeds of 200 ft/min or more are attainable. Example 5.5
shows that the power requirement is much less than that of the
Redler conveyor.

Closing Comments. Most kinds of conveyors and elevators are
obtainable from several manufacturers, each of whom builds
equipment to individual standards of sturdiness, materials of con-
struction, mechanical details, performance, and price. These differ-
ences may be decisive in individual cases. Accordingly, a selection
usually must be made from a manufacturer’s catalog, and ulti-
mately with the advice of the manufacturer.

Figure 5.9. Some arrangements of belt conveyors (Stephens-Adamson Mfg. Co., 1954) and types of idlers (FMC Corp, 1983). (a) Horizon-
tal conveyor with discharge at an intermediate point as well as at the end. (b) Inclined conveyor, satisfactory up to 208 with some materials.
(c) Inclined or retarding conveyor for lowering materials gently down slopes. (d) A flat belt idler, rubber cushion type. (¢) Troughed belt
idler for high loadings; usually available in 20°, 35°, and 45° side inclinations. (Walas, 1988).
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Figure 5.9. —(continued)

5.4. CHUTES

A chute is a simple pipe or trough that is sized properly and at a
slope angle that ensures that material fed to it is transferred prop-
erly. Chutes may be used as an alternative to mechanical con-
veyors to transport material over short distances. Mechanical
conveyors are expensive and are maintenance intensive. Martinelli
(2006) recommended the following:

Don’t drop material from high heights since the impact may cause
it to compact and not slide if it is not steep or smooth enough.
Don’t guess at chute angles because not all materials are the same
because flow properties are a function of moisture content, particle
size, temperature, etc.

Do perform laboratory tests to determine chute flow properties
and chute angles.

(c)

DRIVE END

(e)

Don’t allow the material to cascade uncontrolled from chutes as
this may cause flooding, dusting, and wear.

Don’t allow product buildup in the chute since the material may
hang up, build up and ultimately choke the chute.

Do use a circular chute design for wet, sticky or cohesive materials
to minimize buildup.

Don’t use a flat-surface configuration with wet, sticky, or cohesive
materials because they tend to buildup in corners and affect the
throughput.

Do design for material’s impact pressure and velocity to keep the
material moving.

Do control material velocity because at a velocity near zero will
not slide and will cause material buildup.

Do use a spiral let-down chute to minimize attrition.

ExamPLE 5.4

Sizing a Belt Conveyor
Soda ash of bulk density 60 Ib/cuft is to be transported in a troughed
belt conveyor at 400 tons/hr a horizontal distance of 1200 ft up an
incline of 5°. The running angle of repose of this material is 19°.
The conveyor will be sized with the data of Table 5.5.

Consider a 24 in. belt. From Table 5.5(a) the required speed is

u = (400,/132)100 = 303 ft/min.

Since the recommended maximum speed in Table 5.5(b) is 350 fpm,
this size is acceptable:

conveyor length = 1200/ cos 5° = 1205 ft,
rise = 1200 tan 5° = 105 ft.

With the formulas and graph (c) of Table 5.5, the power requirement
becomes
Power = Prorizontal + Prertical + Pempty
= (0.4 +1200/300)(400,/100)
+0.001(105)(400) +303(3.1)/100
= 69.0 HP.

Perhaps 10 to 20% more should be added to compensate for losses
in the drive gear and motor.
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Figure 5.10. Bucket elevators and conveyors. (a) Spaced bucket elevator. (b) Bucket conveyor for vertical and horizontal travel. (c) Dis-
charge of pivoted buckets on horizontal path. (d) Spaced buckets receive part of their load directly and part by scooping the bottom.
(e) Continuous buckets are filled as they pass through the loading leg with a feed spout above the tail wheel. (f) Centrifugal discharge
of spaced buckets. (g) Discharge mode of continuous buckets. (Walas, 1988).

TABLE 5.6. Capacities and Power Requirements of Bucket TABLE 5.6. —(continued)
Elevator Conveyors

(c) Centrifugal Discharge of Continuous Belt and Bucket

(a) Gravity Discharge Elevators Used Primarily For Coal®° Elevators®
Capacity, tons/br. - - Bucket | Size, Max. lumps Capacity, tons/hr.

Size of |t 100 ft./min. Hp.t with material at 50 b./cu. . spacing, | length | (tPect: | A | 105 | 351b. [ 501b. | 10015,
bl:zci& Per 10-1t. vertical [ Per 100-It. horizontal in.  |by width lumps | lumps |material | material | inaterial
in. | Bucket spacing, in. lift run 13 6X 4 225 2/’ 2% 5 7 14
AEHE I AR R A

T8 ] 24 | 36 | 18 ] 24 | 36 [ 18 | 24 ] 36 8 |12x7| 28| 1 | | 3 2 85
16 X 15] 461 35 23 §10.59]04410.30 53214.24] 3.04 18 14 X7 298 1% 4 36 52 103
20 X lg ;(8) g; %‘; gg (5);) ,3; 9.32 4971 3.54 18 16 X 8 298 14 4y 53 114 152
24X 1 . . 4 .34 5.74] 4.04 a o
0x20| 104 © | 52 |130). ] e6| 920|485 s B
24x 2| 125] .. 63 [reo] . ..| .80)1092]....]574 o S od o
302015 - | 79 200 . }too{1370]| ... ]708 Horsepower =0.002 (tons/hrlift in feet).
3620 1911 .. 1 95 J242{ . l121]1630 8 40 (Link Belt Co.)

(b) Capacitiei and Maximum Size of Lumps of Centrifugal Discharge
Elevators™ °©
5.5. SOLIDS FEEDERS

Size, Max. lumps Capacity, tons/hr.

EE:;‘;C;’ blei:'%é{lh ff‘;exflﬂ; a0 07 ST T 5005 T 10000 Several types are illustrated in Figure 5.13. Rates are controlled by
in, [ R Jumps | lumps [materiat | material | material adjusting gates or rotation speeds or translation speeds. All of these
3 6X 4 325 14 2% 5 7 % methods require free flow from a storage bin which may be inhibited
:g '3 X 2 %gg ‘9/ g ]2 g 3; by bridging or arching. The device of Figure 5.13(a) provides motion
18 |2 § 71 28 1% 4% 27 33 77 to break up such tendencies. . _
18 14X7 268 Ig 4 32 46 92 For the most part the devices shown provide only rough
19 16 %8 262 ! A% 44 63 127 feed rate control. More precise control is achieved by continuous
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TABLE 5.7. Speed and Horseapower of Drag-Type Conveyors
of Redler Design

(a) Typical Speeds (ft/min)®

Material 1000 2000 3000

Handled Conv. 1000 Elev. Conv. Conv.

Coal 125 125 80 150

Coke 40 40 40 40

Flyash 30 30 30 30

Grain (Whole) 125 125 80 250 Drive Sprocket
(Processed) 125 100 80 150

Salt 125 100 80 150

Wood (Chips) 100 80 80 150

(Sawdust) 100 100 80 150

Cleaning Finger
and Stripper

“HP = 0.001 (FL + GH +K) (tons/hr), where H = rise (ft), L = horizontal run (ft),
F, G, and K are factors from Table (b); factor E is not used in this formula.
bSeries 1000, 2000, and 3000 differ in the shapes and sturdiness of the flights.

(Stephens-Adamson Mfg. Co., 1954). Push Out Plate

Discharge Point

(b) Factors F, G, and K for Use in the Power Equation for Three Sizes
of Units

Weight 3" Units 11 Units 19" Units )
Material Cubio | X Solid Column
oot, i
ot E|lrlellelFle E{F|e of Material
Beans, dry navy 54 100] 1.5F 2.9|4.4] J1.2] 2.3]3.1 1.1] 2.0[2.6
Bicarbonate of soda, dry, pulver-
ized 85 0] 3.0 6.918.11 |2.4] 5.2]5.4 2.2] 4.6[4.3
Bran 26 0] 4.1 8.3348‘ 3.0] 5.912.8 2.6] 5.0{2.4
Cellulose acetate dry, coarse
granular 10 807 8.0115.9}4.4] 15.3]10.03.1 4.4] 8.5]2.6
Cement, dry Portland 60-90 0] 2.9] 7.416.0§ {2.3] 5.4}4.1 2.1] 4.8(3.4 (a)
Clay, dry lumpy 40-100 | 80§ 3.1] 5.94.6} |2.4] 4.5{3.3 2.11 4.0]2.8
Clay, pulverized N 25-80 0] 6.0[17.7|6.8] J4.3|11.9}4.¢| 3.8} 9.93.7
Coal, minus }{'’ slack dry with 1'ge|
proportion fines 40-50 40| 2.4] 4.6[4.4] 11.9] 3.5)3.1 1.7} 3.1[2.6
Coal, minus )"’ slack moderately
wet 45-53 401 3.3] 6.115.4] 2.6| 4.73.8] 2.3] 4.2]3.1
Coal, minus ¥’/ slack very wet 50-60 20] 2.5] 5.415.71 12.0} 4.1[4.0 1.8] 3.6[3.2
Coal, minus 114’ slack dry or
damp 40-50 40 2.0] 3.713.1 1.8] 3.3]2.6 .
Coal, sized wet or dry 40-50 | 80| 2.2] 4.13.8) [1.7] 3.1j2.8f 5| 2isei4 Steel Casing
Coconut, shredded 25 20} 3.0} 6.113.2] §2.2| 4.312.4 1.9] 3.7)2.1
Cofiee, ground 28 20| 2.4] 4.8[3.2] ]1.8] 3.5]2.4 1.5] 3.0[2.1
g;)rnﬂal;les 30130 8 gg ;?gg 2. 6 5.3149 2.1} 4.31.7
“lour, wheat . .113.5] J2.4] 5.0[2.¢] 2.11 4.3]2.3
Fuller's earth, dry granular a2 | so 3.1 6l9f73| 23] 5l0ko) Biif 4.4fii0 Empty Return Run
Lime, burned or ** quick >’ lump
or“JJebee" 50 200} 2.7| 5.0[7.0] |2.2] 3.9}4.8 2.0] 3.5[3.8
Lime, dry burned small lumps
and dust 50 120] 3.5] 6.96.5] |2.8| 5.514.4 2.5] 4.9]3.6 Steel Track
Lime, fine with tendenocy to pack | 40-60 [300| 4.4] 8.8]7.5| 3.4 6.6|5.1 3.0} 5.8H.1
Lime, hydrated 10-25 0[11.1435.5[7.0 7.322.5’4.8 .0[18.1]3.8
Salt, dry granulated 80 80| 1.9 3.8/5.7} 11.6] 3.1/4.0| 1.5 2.8[3.2
Salt rock 75 hoo| 1.9} 3.516.5} |16 2.9&.4 .5} 276f3.6 Material in
Sand, silica coarse dry 90-100 160l 2.1 4.2/|7.0] |1.8] 3.4/ .8 1.7] 3.2]3.8 .
Sand very fine, dry 90-100 J120f 2.4 5.2|7.3| |2-0] 4.1}a:9] | 9] 3.8fs.0 Carrying Run
Sawdust, dry 10-30 o 6.2[14.514.1} |4.1] 9.4]3.0| 3.4] 7.6[2.5
Soda ash, light 25-35 201 4.5]11.4]6.5] |3.3] 7.84.4 2.8] 6.6[3.6
Soybean meal 40 20| 2.2} 4.814.6] 11.7] 3.5}3. 3| 1.5} 3.1{12.8
Starch, lump 30 801 2.1] 3.9]3.8] {1.6{ 2.9[2.8] 1.4] 2.5]2.4
Starch, pulverized 2545 O 5.4415.916.0} 13.9]10.7H.1 3.4] 8.913.4
Sugar, dry granulated 50 160] 2.7] 5.8]9.1} |2.2] 4.4]6.1 2.0] 3.94.8
Sugar, brown 40-50 40] 4.4 8.5|7.5] |3.4] 6.4]5.1 3.0] 5.64.1 (b)
Wheat, dry fairly clean 48 40] 1.7] 3.315.2} |1.3f 2.5]3.6] 1.2 2.213.0
Wood chips, dry 15-30 40| 3.5] 6.6§2.8§ 2.4 4.52.2' 2.%3.71.9

Knob Operater Take-up Self-feeding

Inspection Door

/ .
Tail Wheel \_ stripper

(c)

(d)

Figure 5.11. Drag-type enclosed conveyor-elevator (Redler Design) for transfer in any direction. (Stephens-Adamson Mfg. Co., 1954). (a)
Head and discharge end of elevator. (b) Carrying and return runs. (¢) Loading end. (d) Some shapes of flights; some are made close-fitting
and edged with rubber or plastics to serve as cleanouts. (Walas, 1988).
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Figure 5.12. Closed belt (zipper) for conveying in any direction. (Stephens-Adamson Mfg. Co., 1954). (a) Arrangement of pulley, feed hop-
per and open and closed belt regions. (b) The tubular belt conveyor for horizontal and vertical transport; a section of the zippered closed
belt is shown. (c) Showing how the zipper closes (on downward movement of the belt in this sketch) or opens (on upward movement of the
belt). (d) Hapman Tubular drag conveyor disk and chain assembly. (Permission of Hapman, 2007).
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Figure 5.13. Types of feeders for granular solids; also suitable are conveyors such as closed belt, Redler, and bucket types. (a) Bin discharge
feeder. (b) Rotary plate feeder with adjustable collar and speed. (c) Flow controlled by an adjustable gate. (d) Rotary drum feeder, regu-
lated by gate and speed. (¢) Rotary vane feeder, can be equipped with air lock for fine powders. (f) Vane or pocket feeder. (g) Screw feeder.
(h) Apron conveyor feeder. (i) Belt conveyor feeder. (j) Undercut gate feeder. (k) Reciprocating plate feeder. (1) Vibrating feeder, can trans-
fer uphill, downhill, or on the level. (m) “Air-slide” feeder for powders that can be aerated. (n) Weighing belt feeder; unbalance of the
weigh beam causes the material flow rate onto the belt to change in the direction of restoring balance. (Walas, 1988).
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Figure 5.13. —(continued)

ExAMPLE 5.5
Comparison of Redler and Zippered Belt Conveyors
Soda ash of bulk density 30 Ib/cuft is to be moved 120 ft horizon-
tally and 30 ft vertically at the rate of 350 cuft/hr. Compare power
requirements of Redler and Zippered belt conveyors for this
service.
A 3-in Redler is adequate:
_ 350
60(/4)(3/12)*
which is within the range of Table 5.7(a),
tons/hr = 350(30)/2000 = 5.25
Take constants from Table 5.7(b) for a Redler.

5.25
1000

=118.8 fpm,

HP = 222 [11.4(120) + 6.5(30) +20] = 8.31.

For a closed belt,

350
=22 _ _g33f
"= 0.07(60) b,

0.07 capacity rating by manufacturer which is well under the 200
fpm that could be used,

L, =300,L, =120, L; = 30.
Use Eq. (5.26):

HP = 0.001{(300/30 + 50)83.3+ [120/16 +2(30)]5.25} = 1.29

The zippered belt conveyor requires less energy to move the same
amount of material.

weighing. This equipment employs measurements of belt speed and
the weight impressed on one or several of the belt idlers to compute
and control the weight rate of feed; precision better than 0.5% is
achievable. For some batch processes, the feeder discharges into an
overhead weighing hopper for accurate measurement of the charge.
Similar systems are used to batch feed liquids when integrating flow
meters are not sufficiently accurate.

REFERENCES

T.H. Allegri, Materials Handling Principles and Practice, Van Nostrand
Reinhold, New York, 1984.

A.G. Bain and S.T. Bonnington, The Hydraulic Transport of Solids by Pipe-
line, Pergamon, New York, 1970.

M.V. Bhatic and P.N. Cheremisinoff, Solid and Liquid Conveying Systems,
Technomic, Lancaster, PA, 1982.

A.J. Bobkowicz and W.G. Gauvin, The effects of turbulence in the flow char-
acteristics of model fiber suspensions, Chem. Eng. Sci., 22, 229-247 (1967).

D. Boger, Move difficult bulk materials with flexible screw conveyors,
Chem. Eng., 115, 36-40 (April 2008).

R. Clift, Conveyors, hydraulic, Encycl. Chem. Process Des., 11, 262-278
(1980).
H. Colijn, Mechanical Conveyors for Bulk Solids, Elsevier, New York, 1985.
Conveyor Equipment Manufacturers Association, Belt Conveyors for Bulk
Materials, Van Nostrand Reinhold, New York, 1996, 1979, pp. 25-33.
R. Darby, Determining settling rates of particles, Chem. Eng., 109-112
(December 1996).

M.M. Denn, Process Fluid Mechanics, PTR Prentice Hall, Englewood
Cliffs, NJ, 1980.

S. Dhodapkar, L. Bates and P. Wypych, Guidelines for Solids Storage,
Feeding and Conveying, Chem. Eng., 26-33 (January 2006).

S. Dhodapkar, L. Bates and G. Klinzing, Don’t Fall for Common Miscon-
ceptions, Chem. Eng., 113, 31-35 (August 2006).

S. Dhodapkar and K. Jacob, Smart ways to troubleshoot pneumatic con-
veyors, Chem. Eng., 95-98 (March 2002).

D.W. Dodge and A.B. Metzner, Turbulent flow of non-newtonian systems,
AIChE J., 5, 189 (1959).



82 TRANSFER OF SOLIDS

G.H. Ewing, Pipeline transmission in Marks" Mechanical Engineers’ Handbook,
McGraw-Hill, New York, 1978, pp. 11.134-11.135.

Facts at Your Fingertips, Chem. Eng., 55 (March 2005).

FMC Corp. Material Handling Equipment Division, Catalog 100, pp. B.27—
B.35, Homer City, PA, 1983.

Fuller Co., Bethlehem, PA.

F.J. Gerchow, Conveyors, pneumatic, in Encycl. Chem. Process. Des. 11,
278-319, (1980); Chem. Eng., (17 February 1975; 31 March 1975).

Hapman, Hapman Tubular Conveyors, Kalamazoo, MI., 2007.

H.V. Hawkins, Pneumatic conveyors, in Marks’ Mechanical Engineers
Handbook, McGraw-Hill, New York, 1978, pp. 10.50-10.63.

W.G. Hudson, Conveyors and Related Equipment, Wiley, New York, 1954.

E. Jacques and J.G. Montfort, Coal transportation by slurry pipeline, in:
Considine (Ed.), Energy Technology Handbook, McGraw-Hill, New
York, 1977, pp. 1.178-1.187.

K.W. Kimbel, Trouble free pneumatic conveying, Chem. Eng., 105, 78-82
(April 1998).

M. Kraus, Pneumatic Conveying of Bulk Materials, McGraw-Hill, New
York, 1980.

R.A. Kulwiec (Ed.), Material Handling Handbook, Wiley, New York, 1985.

C.E. Lapple et al., in Perry’s Chemical Engineers Handbook, 6th ed.,
McGraw-Hill, New York, 1984, p. 5.67.

J. Marinelli, The Do’s and Don’ts of Chute Design, Chem. Eng., 113, 63-64
(November 2006).

E. Maynard, Design of Pneumatic Conveying Systems, Chem. Eng. Prog.,
23-33 (May 2006).

D. Mills, Safety aspects of pneumatic conveying, Chem. Eng., 106, 84-91
(April 1999).

D. Mills, Optimizing pneumatic conveying systems; air movers, Chem. Eng.,
108, 83-88 (February 2001).

D. Mills, Material flow rates in pneumatic conveying, Chem. Eng., 109,
74-78 (April 2002).

D. Mills, Pneumatic Conveying—Before Stepping the Line, Look Into Air
Extraction, Chem. Eng., 40-47 (2006).

D.E. Perkins and J.E. Wood, Design and select pneumatic conveying sys-
tems, Hydrocarbon Processing, 75-78 (March 1974).

Perry’s Chemical Engineers’ Handbook, 6th ed., McGraw-Hill, New York,
1984.

G.J. Raymus, Pneumatic conveyors, in Perry’s Chemical Engineers Hand-
book, McGraw-Hill, New York, 6th ed., McGraw-Hill, New York,
1984, pp. 7.17-7.25; 7th ed., 1999, pp. 21.19-21.27.

J. Rentz and C. Churchman, Streamline predictions for pneumatic con-
veyors, Chem. Eng. Progr., 94, 47-54 (1998).

P.E. Solt, Conveying, pneumatic troubleshooting, Encycl. Chem. Process.
Des., 11, 214-226 (1980).

P.E. Solt, Solve the five most common pneumatic conveying problems,
Chem. Eng. Progr., 52-55 (January 2002).

Stephens-Adamson Mfg. Co., General Catalog 66, pp. 634-636, Aurora,
IL, 1954 and updated sections.

H.A. Stoess, Pneumatic Conveying, Wiley, New York, 1983.

Sturtevant, Inc., Hanover, MA.

E.J. Wasp, T.C. Aude, R.H. Seiter and T.L. Thompson, in I. Zandi, Advances
in Solid-Liquid Flow in Pipes and its Application, Pergamon, New York,
1971. pp. 199-210.

E.J. Wasp, J.P. Kenny and R.L. Gandhi, Solid-Liquid Flow in Slurry
Pipeline Transportation, Trtans. Tech. Publ., 1977, Gulf, Houston, 1979.

E.L. Wasp, T.L. Thompson and P.E. Snoek, The era of slurry pipelines,
Chem. Technol., 552-562 (September 1971).

O.A. Williams, Pneumatic and Hydraulic Conveying of Solids, Dekker, New
York, 1983.

D.R. Woods, Process Design and Engineering Practice, PTR Prentice Hall,
Englewood Cliffs, NJ, 1995.

1. Zandi (Ed.), Advances in Solid-Liquid Flow in Pipes and its Applications,
Pergamon, New York, 1971.



Copyrighted Materials

Copyright © 2012 Elsevier Retrieved from www.knovel.com

6

FLOW OF FLUIDS

he transfer of fluids through piping and equipment
is accompanied by friction and may result in
changes in pressure, velocity, and elevation.
These effects require input of energy to maintain
flow at desired rates. In this chapter, the concepts and

theory of fluid mechanics bearing on these topics will
be reviewed briefly and practical and empirical methods
of sizing lines and auxiliary equipment will be
emphasized.

6.1. PROPERTIES AND UNITS

The basis of flow relations is Newton’s relation between force,
mass, and acceleration, which is:

F=(mfg.)a.

When F and m are in 1b units, the numerical value of the coefficient is
g.=32.1741b ft/Ibf sec?. In some other units,

6.1)

kg m/sec? _1 gcm/sec’

kgm/sec’
N dyn '

kg,

Since the common engineering units for both mass and force are
11b, it is essential to retain g. in all force-mass relations. The
interconversions may be illustrated with the example of viscosity

whose basic definition is force/(velocity)(distance). Accordingly
the viscosity in various units relative to that in SI units is

INs/m* = Wl%kgf s/m?=10g/(cm)(s)

=10P=0.06721b/(ft)(sec)
= 006726 o /12 = 0.002089 Ibfsec /2.

=9.806

gczl

T 32174

In data books, viscosity is given either in force or mass units. The
particular merit of SI units (kg, m, s, N) is that g.=1 and much
confusion can be avoided by consistent use of that system. Some
numbers of frequent use in fluid flow problems are

Viscosity: I1cPoise=0.001 N's/m” =0.41341b/(ft)(hr).

Density: 1 gm/cm® =1000kg/m® =62.431b/ft".

Specific weight: 62.43 Ibf /cuft = 1000 kg, /m’.

Pressure: 1atm=0.10125 MPa =0.10125(10°)N/m?* = 1.0125 bar.

Data of densities of liquids are empirical in nature, but the
effects of temperature, pressure, and composition can be estimated;
suitable methods are described by Reid et al. (Properties of Gases
and Liquids, McGraw Hill, New York, 1977), the API Refining
Data Book (American Petroleum Institute, Washington, DC,
1983), the AIChE Data Prediction Manual (1984—date) and Perry’s
Chemical Engineers’ Handbook, 8th ed. (2008, pp. 2-96 to 2-125
and 2-503). The densities of gases are represented by equations
of state of which the simplest is that of ideal gases; from this the
density is given by:

p=1/V =MP/RT,mass/volume (6.2)
where M is the molecular weight. For air, for example, with P in
atm and 7 in °R,

_ 9P
P=073T

Ib/cuft. (6.3)
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For nonideal gases a general relation is

p=MP/zRT, (6.4)

where the compressibility factor z is correlated empirically in terms
of reduced properties 7/T, and P/P, and the acentric factor. This
subject is treated for example by Reid et al. (1977, p. 26), Walas
(1985, pp. 17, 70), and Perry’s Chemical Engineers’ Handbook,
8th ed. (2008, pp. 2-292 to 2-503). Many PVT equations of state
are available. That of Redlich and Kwong may be written in the
form

V=b+RT/(P+a/VTV?), (6.5)

which is suitable for solution by direct iteration as used in
Example 6.1.

Flow rates are expressible as linear velocities or in volumetric,
mass, or weight units. Symbols for and relations between the sev-
eral modes are summarized in Table 6.1.

The several variables on which fluid flow depends may be
gathered into a smaller number of dimensionless groups, of which
the Reynolds number and friction factor are of particular impor-
tance. They are defined and written in the common kinds of units
also in Table 6.1. Other dimensionless groups occur less frequently
and will be mentioned as they occur in this chapter; a long list is
given in Perry’s Chemical Engineers’ Handbook (pp. 6-49).

ExAMPLE 6.1
Density of a Nonideal Gas from Its Equation of State
The Redlich-Kwong equation of carbon dioxide is

(P+63.72(10%)/v/TV?)(V - 29.664) = 82.05T

with P in atm, V' in mL/g mol and 7 in K. The density will be
found at P=20 and 7' =400. Rearrange the equation to

V =29.664 + (82.05)(400) /(20 + 63.72(10°) /v/40012).

Substitute the ideal gas volume on the right, V'=1641; then
find 7 on the left; substitute that value on the right, and continue.
The successive values of V are

V' =1641, 1579, 1572.1, 1571.3, 1571.2, ... mL/gmol
and converge at 1571.2. Therefore, the density is

p=1/V=1/1571.2, or 0.6365 gmol/L or 28.00 g/L.
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TABLE 6.1. Flow Quantities, Reynolds Number, and Friction

Factor
Typical Units
Flow Symbol and
Quantity quivalent Common SI
Linear u ft/sec m/sec
Volumetric Q=uA=xD?ul/4 cuft/sec m®/sec
Mass m=pQ=pAu Ib/sec kg/sec
Weight w =yQ=vyAu Ibf/sec N/sec
Mass/area G=pu Ib/(sqft)(sec) kg/m?sec
Weight/area G,=vyu Ibf/(sqft)(sec)  N/m’sec

Reynolds Number (with A =nD?/4)

Dup _Du _ DG _4Q0p _ 4m

Re=—"=7 u Dy wDu

(@)
U v

Friction Factor

F=AP (L u* ):ZQCDAP/Lpu2:1.6364/ [ln(°-1359+@)]2

p ' \D2g, D "Re
(Round’sequation)
2
AP _ L W ,_ 8LQ* . 8Lm* . LG
P "D 29, F= gcm? D8 F= gcn?p? D5 r= 2g.Dp? f ®

Laminar Flow

Re <2300 f=64/Re (2a)
AP/L=32uu/D?

Gravitation Constant

ge=1kg m/N sec?
=1gcm/dyn sec?
=9.806 kg m/kgf sec?
=32.1741bm ft/Ibf sec?
=1slug ft/Ibf sec?
=1Ibm ft/poundal sec?

6.2. ENERGY BALANCE OF A FLOWING FLUID

The energy terms associated with the flow of a fluid are

. Elevation potential (g/g.)z,

. Kinetic energy, u*/2g.,

. Internal energy, U,

Work done in crossing the boundary, PV,
Work transfer across the boundary, Wi,

. Heat transfer across the boundary, Q.

Figure 6.1 represents the two limiting kinds of regions over which
energy balances are of interest: one with uniform conditions through-
out (completely mixed), or one in plug flow in which gradients are

present. With single inlet and outlet streams of a uniform region,
the change in internal energy within the boundary is
dmU)=mdU + Udm=mdU + U(dm, —dmy)
=dQ—dW,+[H, + 1} /2g. + (g/g.)z1]dm, (6.6)
— [Hy+15/2g. + (g/gc)22)dms.
One kind of application of this equation is to the filling and emptying
of vessels, of which Example 6.2 is an instance.

Under steady state conditions, d(mU) =0 and dm, =dm, = dm,
so that Eq. (6.6) becomes

AH + A /28 + (g/g.)Az=(Q - W) /m, 6.7)
or

AU+A(PY)+ A’ 28+ (g/g)Az=(Q = W,) /m, (6.8)
or

AU+A(P/p)+Au’ /2. + (g/g.) Az = (Q — W) /m. (6.9)

For the plug flow condition of Figure 6.1(b), the balance is
made in terms of the differential changes across a differential
length dL of the vessel, which is

dH+ (1/g )udu+ (g/g.)dz=dQ — dW,, (6.10)
where all terms are per unit mass.

Friction is introduced into the energy balance by noting that it
is a mechanical process, dW, whose effect is the same as that of an
equivalent amount of heat transfer dQy. Moreover, the total effec-
tive heat transfer results in a change in entropy of the flowing
liquid given by

TdS=dQ+dw;. 6.11)
When the thermodynamic equivalent
dH=V dP+TdS=dP/p+TdS (6.12)

d(mu) [H, + uZ/2g, + (g/g )z Jdm,

[H, +u?/2g, + (9/g)z,}dm, |

(a) dQ dw,

l—— dL ——
— - dH ”gd” +Laziw
by ‘
Unit Cross Section

(b} daQ aw,

Figure 6.1. Energy balances on fluids in completely mixed and
plug flow vessels. (a) Energy balance on a bounded space with uni-
form conditions throughout, with differential flow quantities dn,
and dm,. (b) Differential energy balance on a fluid in plug flow
in a tube of unit cross section.
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ExAmPLE 6.2

Unsteady Flow of an Ideal Gas through a Vessel
An ideal gas at 350 K is pumped into a 1000 L vessel at the rate of
6 g mol/min and leaves it at the rate of 4 g mol/min. Initially the
vessel is at 310 K and 1 atm. Changes in velocity and elevation
are negligible. The contents of the vessel are uniform. There is no
work transfer.

Thermodynamic data:

U=C,T=5T,
H=C,T=1T.

Heat transfer:
dQ=h(300-T)do
=15(300—T) d6.
The temperature will be found as a function of time 6 with both
h=15and h=0.
dny =6 do,
dl’lz =4 d0,
dn=dn, —dn,=2 do,
ny=PyV/RTy=1000/(0.08205)(310) =39.32 gmol,

n=ngy+20,
V=10007¢
—_— T,=310 >
T, =350 P =1 T,=7
o
n =6 n, =

Energy balance

d(nU)=ndU + U dn=nC, dT + C,T(2d6)
=H, dny — H, dn, +[lQ—dWS
= C,(6T, —4T)d6+h(300 — T) d6.

This rearranges into

J’f’ do :J'“ dT
om0 +20 310 (1/C,)[6C, T, +300h — (4C, + 2C, + h) T
Ty
J d—T, h=15,
1103840 — 10.6T
Ty
J __dr .
1102940 —7.6T

The integrals are rearranged to find 7,

5.3
1 -
i 362.26—52.26(m>, h=15,
)=

3.8
1
386.84 —-76.84 (m) , h-0.

Some numerical values are:

T P
h=15 h=0 h=15 h=0
310 310 1 1
0.2 312.7 312.9 1.02 1.02
0.5 316.5 317.0
1 322.1 323.2
5 346.5 354.4
10 356.4 370.8 1.73 1.80
® 362.26 386.84 o ®

The pressures are calculated from

_ aRT _ (39.32426)(0.08205)T

F 14 1000

Note: This example is not intended to represent a real, practical
process. It is included to illustrate an energy balance on a flowing
fluid.

and Eq. (6.11) are substituted into Eq. (6.10), the net result is

VdP+(1/g. )udu+(g/g.)dz= — (dW,+dWy), (6.13)
which is known as the mechanical energy balance. With the expres-
sion for friction of Eq. (6.18) cited in the next section, the mechan-
ical energy balance becomes

2

V AP+ (1 /g )udu+(g/g.)d=+ zg%dL: —dw.  (6.13)

For an incompressible fluid, integration may be performed term by
term with the result

AP/p+ AP )28+ (g/g.)Az= —(W,+ W)). (6.14)

The apparent number of variables in Eq. (6.13) is reduced by the
substitution u=V /A for unit flow rate of mass, where A4 is the
cross-sectional area, so that

VdP+(1/g. A2V dV +(g/g.)dz= —(dW, +dWy). (6.15)
Integration of these energy balances for compressible fluids under
several conditions is covered in Section 6.7.

The frictional work loss W, depends on the geometry of the
system and the flow conditions and is an empirical function that
will be explained later. When it is known, Eq. (6.13) may be used
to find a net work effect W for otherwise specified conditions.

The first three terms on the left of Eq. (6.14) may be grouped
into a single stored energy term as

AE=AP/p+Au*)2g. + (g/g.)Az, (6.16)
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and the simpler form of the energy balance becomes

AE+W;= - W, 6.17)

The units of every term in these energy balances are alternately:

ftlb;/Ib with g.=32.174 and g in ft/sec’ (32.174 at sea level).
Nm/kg=1J/kg with g. =1 and g in m/sec’ (1.000 at sea level).
kg; m/kg with g, =9.806 and g in m/sec’ (9.806 at sea level).

Example 6.3 is an exercise in conversion of units of the energy
balances.

The sign convention is that work input is a negative quantity
and consequently results in an increase of the terms on the left of
Eq. (6.17). Similarly, work is produced by the flowing fluid only
if the stored energy AE is reduced.

6.3. LIQUIDS

Velocities in pipelines are limited in practice because of:

1. the occurrence of erosion.

2. economic balance between cost of piping and equipment and
the cost of power loss because of friction which increases shar-
ply with velocity.

Although erosion is not serious in some cases at velocities as high
as 10-15 ft/sec. conservative practice in the absence of specific
knowledge limits velocities to 5-6 ft/sec.

Economic optimum design of piping will be touched on later,
but the rules of Table 6.2 of typical linear velocities and pressure
drops provide a rough guide for many situations.

The correlations of friction in lines that will be presented are
for new and clean pipes. Usually a factor of safety of 20-40% is
advisable because pitting or deposits may develop over the years.
There are no recommended fouling factors for friction as there
are for heat transfer, but instances are known of pressure drops
to double in water lines over a period of 10 years or so.

In lines of circular cross section, the pressure drop is repre-
sented by

2
ap=fpk X

2o (6.18)

For other shapes and annular spaces, D is replaced by the hydrau-
lic diameter

D, =4(cross section) /wetted perimeter.

For an annular space, D, =D, — D;.
In laminar flow the friction is given by the theoretical Poi-
seuille equation

f=64/N,, Ng. <2100, approximately. 6.19)

At higher Reynolds numbers, the friction factor is affected by the
roughness of the surface, measured as the ratio £/ D of projections
on the surface to the diameter of the pipe. Values of ¢ are as fol-
lows; glass and plastic pipe essentially have e=0.

e (ft) e (mm)
Riveted steel 0.003-0.03 0.9-9.0
Concrete 0.001-0.01 0.3-3.0
Wood stave 0.0006-0.003 0.18-0.9
Cast iron 0.00085 0.25
Galvanized iron 0.0005 0.15
Asphalted cast iron 0.0004 0.12
Commercial steel or 0.00015 0.046

wrought iron

Drawn tubing 0.000005 0.0015

The equation of Colebrook [J. Inst. Civ. Eng. London, 11, pp. 133—
156 (1938-1939)] is based on experimental data of Nikuradze [Ver.
Dtsch. Ing. Forschungsh. 356 (1932)].

9.38

NRe\/f

i

Other equations equivalent to this one but explicit in f have been
devised. A literature review and comparison with more recent
experimental data are made by Olujic [Chem. Eng., 91-94, (14
Dec. 1981)]. Two of the simpler but adequate equations are

L _114-03869 In <% + > Npe>2100.  (6.20)

-2
0.135¢ , 6.5
=1.6364 | In | =225 4 22 21
s 636[n( 3 +NR6)} 6.21)
[Round, Can. J. Chem. Eng. 58, 122 (1980)],
145\
"=4-0.8686 In |—£— —2.1802 In [ —=— -
Y { an n<3.7D+NRL,)”
6.22)

EXAMPLE 6.3
Units of the Energy Balance
In a certain process the changes in stored energy and the friction are
AE = —135ftlbf/lb
wy = 13ft1bf/Ib.

The net work will be found in several kinds of units:

wy= —(AE +w,) =122 ft1bf /Ib,

ftlbf 4.448N 2.2041b m

R R T T T

_ Nm 3
= 36467 236467

Nm kgf m kgf
= 364.6NM =37.19 .
W ke 9806N P g

At sea level, numerically 1bf =1b and kgf =kg.
Accordingly,

_ oo ftibf b kef m okef m

YT, Tof ke 3280t 0 kg

as before.




TABLE 6.2. Typical Velocities and Pressure Drops in

Pipelines
Liquids (psi/100 ft)
Liquids within
50°F of Light Oils Viscous
Bubble Point  and Water Oils
Pump suction 0.15 0.25 0.25
Pump discharge 2.0 2.0 2.0
(or 5-7 fps) (or 5-7 fps) (or 3-4 fps)
Gravity flow to or from 0.05 0.05 0.05
tankage, maximum
Thermosyphon reboiler 0.2
inlet and outlet
Gases (psi/100 ft)
0-300 ft 300-600 ft
Pressure (psig) Equivalent Length Equivalent Length
-13.7 (28 in. Vac) 0.06 0.03
-12.2 (25 in. Vac) 0.10 0.05
—7.5 (15 in. Vac) 0.15 0.08
0 0.25 0.13
50 0.35 0.18
100 0.50 0.25
150 0.60 0.30
200 0.70 0.35
500 2.00 1.00
Steam psi/100 ft Maximum ft/min
Under 50 psig 0.4 10,000
Over 50 psig 1.0 7000

Steam Condensate

To traps, 0.2 psi/100 ft. From bucket traps, size on the basis of 2-3
times normal flow, according to pressure drop available. From
continuous drainers, size on basis of design flow for 2.0 psi/100 ft

Control Valves

Require a pressure drop of at least 10 psi for good control, but
values as low as 5 psi may be used with some loss in control quality

Particular Equipment Lines (ft/sec)

Reboiler, downcomer (liquid) 3-7
Reboiler, riser (liquid and vapor) 35-45
Overhead condenser 25-100
Two-phase flow 35-75
Compressor, suction 75-200
Compressor, discharge 100-250
Inlet, steam turbine 120-320
Inlet, gas turbine 150-350
Relief valve, discharge 0.5 v,
Relief valve, entry point at silencer v

4y, is sonic velocity.

[Schacham, Ind. Eng. Chem. Fundam. 19(5), 228 (1980)].
These three equations agree with each other within 1% or so.
The Colebrook equation predicts values 1-3% higher than some
more recent measurements of Murin (1948), cited by Olujic (Che-
mical Engineering, 91-93, Dec. 14, 1981).
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Another simple, useful equation was developed by Wood
[Civil Eng., pp. 60-61, Dec 1966] and given by Streeter [Fluid
Mechanics, 5™ ed., McGraw-Hill, p. 292, 1971]

f=a+b(Ng.)™",

Nge > 2100 (6.23)

where a= 0.094(8/020-225 +0.53(¢/D)
b=88(e/D)**

c=1.62(¢/D)"*

Under some conditions it is necessary to employ Eq. (6.18) in
differential form. In terms of mass flow rate,

) 2
ap="7 g - 89 4
g.m*pD3 gen?D?

(6.24)

Example 6.4 is an example of a case in which the density and
viscosity vary along the length of the line, and consequently the
Reynolds number and the friction factor also vary.

FITTINGS AND VALVES

Friction due to fittings, valves and other disturbances of flow in
pipelines is accounted for by the concepts of either their equivalent
lengths of pipe or multiples of the velocity head, i.e., the minor loss
coefficient, which is used here.
AP=[f(L/D)+ Y.K|pu*/2g.. (6.25)
Values of coefficients K; from the Hydraulic Institute are given in
Table 6.3. Another well-documented table of K; is in the Perry’s
Chemical Engineers’ Handbook, 8th ed. (2008), pp. 6-18, Table 6-4.
The K;’s vary with Reynolds number. That dependence was
developed by Hooper [Chem. Eng., 96-100, (24 Aug. 1981)] in the
equation
K=K1/NR6+K2(1+1/D), (626)
where D is in inches and values of K; and K, are in Table 6.4.
Hooper states that the results are applicable to both laminar and

turbulent regions and for a wide range of pipe diameters. Example
6.5 compares the two systems of pipe fittings resistances.

ORIFICES

In pipelines, orifices are used primarily for measuring flow rates
but sometimes as mixing devices. The volumetric flow rate through
a thin plate orifice is

2AP/p\?
Q=CdAO<—1_ ﬂ/f ) : 627)

Ag = cross sectional area of the orifice,
B=d/D, ratio of the diameters of orifice and pipe.

For corner taps the coefficient is given by

Cy~ 0.5959 +0.03124>' —0.184°

6.28
+(0.00295>)(10°/Rep )" " ©29)
(International Organization for Standards Report DIS 5167, Gen-
eva, 1976). Similar equations are given for other kinds of orifice
taps and for nozzles and Venturi meters.
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EXxAMPLE 6.4

Pressure Drop in Nonisothermal Liquid Flow
Oil is pumped at the rate of 6000 1b/hr through a reactor made of
commercial steel pipe 1.278 in. ID and 2000 ft long. The inlet con-
dition is 400°F and 750 psia. The temperature of the outlet is 930°F
and the pressure is to be found. The temperature varies with the dis-
tance, L ft, along the reactor according to the equation

T =1500—1100exp (—0.0003287L) (°F)
The viscosity and density vary with temperature according to the
equations

7445.3
T +459.6

p»=0.936-0.00036T, g/mL.

y:exp( —6.1076), cP,

Round’s equation is used for the friction factor:

_ 4 _ _ 4(6000) _ 29,641
Re™ 2Dp ~ n(1278/12242u  u
0.00015(12)
/D= ——""2=) —0.00141
e/ 378 0.00141,

‘e 1.6364
[1n[0.135(0.00141) + 6.5/ Ngo]”

The differential pressure is given by

8(6000/3600)>

= ——fdL
32.27262.4p(1.278/12)° (144)

L L
P=750—J de:BO—J IdL.
0 L 0

The pressure profile is found by integration with the trapezoidal
rule over 200 ft increments. The results from a computer pro-
gram are given below. The outlet pressure is 700 psi.

For comparison, taking an average temperature of 665°F,

u=1.670, p=0.697
Nre = 17,700, £ =0.00291,

Poy =702.5.
L T e, 100 f P
0 400.0 2.3 4.85 750.0
200 470.0 4.4 3.99 743.6
400 535.5 7.5 3.49 737.9
600 596.9 11.6 3.16 732.8
800 654.4 16.7 2.95 727.9
1000 708.2 22.7 2.80 723.2
1200 758.5 29.5 2.69 718.5
1400 805.7 37.1 2.61 713.9
1600 849.9 45.2 2.55 709.3
1800 891.3 53.8 2.51 704.7
2000 930.0 62.7 2.47 700.1

POWER REQUIREMENTS

A convenient formula in common engineering units for power con-
sumption in the transfer of liquids is:

(volumetric flow rate)(pressure difference)
(equipment efficiency)

P:

_ (gals/min)(lb/sqin.)
"~ 1714(fractional pump eff)(fractional driver eff) horsepower.

(6.29)

Efficiency data of drivers are in Chapter 4 and of pumps in
Chapter 7. For example, with 500 gpm, a pressure difference of
75 psi, pump efficiency of 0.7, and driver efficiency of 0.9, the
power requirement is 32.9 HP or 24.5 kw.

6.4. PIPELINE NETWORKS

A system for distribution of fluids such as cooling water in a pro-
cess plant consists of many interconnecting pipes in series, parallel,
or branches. For purposes of analysis, a point at which several
lines meet is called a node and each is assigned a number as on
the figure of Example 6.6. A flow rate from node i to node j is

designated as Q;; the same subscript notation is used for other
characteristics of the line such as f, L, D, and Ng..

Three principles are applicable to establishing flow rates, pres-
sures, and dimensions throughout the network:

1. Each node i is characterized by a unique pressure P;.

2. A material balance is preserved at each node: total flow in
equals total flow out, or net flow equals zero.

3. The friction equation P;—P; = (8p/g<.ﬂ2)ﬁ,-L,»,-Q?/./Df/. applies to
the line connecting node i with ;.

In the usual network problem, the terminal pressures, line
lengths, and line diameters are specified and the flow rates
throughout are required. The solution can be generalized, how-
ever, to determine other unknown quantities equal in number
to the number of independent friction equations that describe
the network. The procedure is illustrated with the network of
Example 6.6.

The three lines in parallel between nodes 2 and 5 have the
same pressure drop P, — Ps. In series lines such as 37 and 76 the
flow rate is the same and a single equation represents friction in
the series:

Py — Ps=kQ%(fs1Ls7/ D3 +fr6L16/ D3)- (6.30)
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TABLE 6.3. Velocity Head Factors of Pipe Fittings?
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ah = Ku*=2g, ft of fluid.
(Hydraulic Institute, Cleveland, OH, 1957).
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TABLE 6.4. Velocity Head Factors of Pipe Fittings?

Fitting Type Ky K.
Standard (R/D=1), screwed 800 0.40
Standard (R/D=1), flanged/welded 800 0.25
Long-radius (R/D=1.5), all types 800 0.20
90° 1 Weld (90° angle) 1,000 1.15
Mitered 2 Weld (45° angles) 800 0.35
elbows 3 Weld (30° angles) 800 0.30
(RID=1.5) |4 Weld (22 1/2° angles) 800 0.27
Elbows 5 Weld (18° angles) 800 0.25
Standard (R/D=1), all types 500 0.20
45° Long-radius (R/D=1.5), all types 500 0.15
Mitered, 1 weld, 45° angle 500 0.25
Mitered, 2 weld, 22 1/2° angles 500 0.15
Standard (R/D=1), screwed 1,000 0.60
180° Standard (R/D=1), flanged/welded 1,000 0.35
Long radius (R/D=1.5), all types 1,000 0.30
Used Standard, screwed 500 0.70
as Long-radius, screwed 800 0.40
elbow Standard, flanged or welded 800 0.80
Tees Stub-in-type branch 1,000 1.00
Run- Screwed 200 0.10
through | Flanged or welded 150 0.50
tee Stub-in-type branch 100 0.00
Gate, Full line size, f=1.0 300 0.10
ball, Reduced trim, f=0.9 500 0.15
plug Reduced trim, f=0.8 1,000 0.25
Globe, standard 1,500 4.00
Globe, angle or Y-type 1,000 2.00
Valves | Diaphragm, dam type 1,000 2.00
Butterfly 800 0.25
Check Lift 2,000 10.00
Swing 1,500 1.50
Tilting-disk 1,000 0.50

Note: Use R/D=1.5 values for R/D =5 pipe bends, 45° to 180°. Use
appropriate tee values for flow through crosses.

?Inlet, flush, K =160/Nge +0.5. Inlet, intruding, K =160/Nge =1.0.
Exit, K=1.0. K=K;/Nge + K2(1+1/D), with D in inches. [Hooper,
Chem. Eng., 96-100 (24 Aug. 1981)].

The number of flow rates involved is the same as the number
of lines in the network, which is 9, plus the number of supply and
destination lines, which is 5, for a total of 14. The number of mate-
rial balances equals the number of nodes plus one for the overall
balance, making a total of 7.

The solution of the problem requires 14 — 7 =7 more relations
to be established. These are any set of 7 friction equations that
involve the pressures at all the nodes. The material balances and
pressure drop equations for this example are tabulated.

From Egs. (4)—(10) of Example 6.6, any combination of seven
quantities Q;; and/or L; and/or D; can be found. Assuming that
the Q; are to be found, estimates of all seven are made to start,
and the corresponding Reynolds numbers and friction factors are
found from Egs. (2) and (3). Improved values of the Q;; then are
found from Egs. (4)-(10) with the aid of the Newton-Raphson
method for simultaneous nonlinear equations.

Some simplification is permissible for water distribution sys-
tems in metallic pipes. Then the Hazen-Williams formula is ade-
quate, namely

Ah=AP/p=4.727L(Q/130)"%%/D*8704 6.31)
with linear dimensions in ft and Q in cu ft/sec. The iterative solu-
tion method for flowrate distribution of Hardy Cross is popular.
Examples of that procedure are presented in many books on fluid
mechanics, for example, those of Bober and Kenyon (Fluid
Mechanics, Wiley, New York, 1980) and Streeter and Wylie (Fluid
Mechanics, McGraw-Hill, New York, 1979).

With particularly simple networks, some rearrangement of
equations sometimes can be made to simplify the solution. Exam-
ple 6.7 is of such a case.

EXAMPLE 6.5
Comparison of X K; Methods in a Line with Several Sets of
Fittings Resistances
The flow considered is in a 12-inch steel line at a Reynolds number
of 6000. The values of fittings resistances are:

Table 6.4
Table 6.3
K K, K K
Line — — — —
6 LR ells 1.5 500 0.15 1.5
4 tees, branched 2.0 150 0.15 2.3
2 gate valves, open 0.1 300 0.10 0.3
1 globe valve 85.4 1500 4.00 4.6
9.00 8.7

The agreement is close.

AP _[f
Table 6.4, ——— =*-(1738)=61.3,
Gef2z) D
AP L, vp
Table 65, m—fD +2K,
_ 0.03531(1000) 10002443,
AP

Table 6.6, =353+8.64=43.9.

(pu?/2¢.)

The value K=0.05 for gate valve from Table 6.4 appears below:
Chemical Engineering Handbook, for example, gives 0.17, more
nearly in line with that from Table 6.5. The equivalent length
method of Table 6.3 gives high pressure drops; although conveni-
ent, it is not widely used.
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EXAMPLE 6.6
A Network of Pipelines in Series, Parallel, and Branches: the
Sketch, Material Balances, and Pressure Drop Equations

Pressure drops in key lines:

Pressure drop: Apo =P =P - kflzLuQﬂ/D; =0, @
s L ) s AP23=P2—P3—kf23L23Q§3/D§3=0» (5)
AP;=(8p/g.m)f;LyQy;/ Dy =kf Ly 05/ Dy () 0 (1
Aprs=P,— Ps— kfzs ( 25) /(D35) (©)
=kfys L3 (05" /(D5)° @)
=kfys Ly (055)*/ (DY), ®)
Apss =Py — Ps—kfasLys Qis/Dis =0, ©
AP56=P5—Po—kfssstQgﬁ/D;,ZO (10)
Node Material Balance at Node:
1 Qo1 — Q12— Q=0 an
2 Q- Q-0 -0 -a¥ =0 (12)
3 Qo3+ Q3 — Q36 =0 (13)
Reynolds number: 4 Q14— Qs — Q=0 14)
5 045 + Oé? + Og—’) + Og;) - 050 - 056 =0 (1 5)
(NRe)i/' = 4Qi/'/)/7ZD[f.“~ (2) 6 036 + 056 - O(;o =0 (1 6)
Overall Qo1+ Qo3 — Qa0 — Q50— Q50 =0 17)
Friction factor:
f=1.6364/[In (¢/ Dy +6.5/(Nre),)]- )
ExamPLE 6.7 59,1420,
Flow of Oil in a Branched Pipeline _ ) 47,3130,,
The pipeline handles an oil with sp gr = 0.92 and kinematic viscos- ) 78,5560;,
ity of 5 centistokes (cS) at a total rate of 12,000 cu ft/hr. All three 31,5420y,
pumps have the same output pressure. At point 5 the elevation is )
100 ft and the pressure is 2 atm gage. Elevations at the other points £=0.00015 ft,
are zero. Line dimensions are tabulated following. The flow rates
in each of the lines and the total power requirement will be found. = ;fl;%zs —0.0251/L Q2 / D’ ft, 3)
T
Line L (ft) D (ft)
14 1000 0.4 hyv = hy> = hys, “
24 2000 0.5 5 5 i S
34 1500 0.3 NLOy L0y f3L30; )
45 4000 0.75 D D D
nL (o] £Y
1Ly (D, 1
= — == =1.2352( = 6
0.=0, L,sz (D) (f) ©
)
= =0.3977( = , 7
0;=0; L( D, 7 0 (N
-0, = _ 1/2 1/2
Q1+ 0o+ 05 =0, =12,000/3600=3.333 cfs M 0 1+1.2352<L¥> +0.3977<f—?> —0,=3333, ®)
S Ve
Nee = 40 _ 40 _ 23,6570 f= 1.6364
zDV "~ xD(5/92,900) D [In (2.03(1075)/D + 6.5/ N,

(continued)
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EXAMPLE 6.7—(continued)
For line 45,

(Nre)y = 31542(3.333) = 105, 140,

f1=0.01881,
2
(p)as = 0.02517(0.01881)(451000)(3.333) —88.65 ft.
’ (0.75)
Procedure:
1. Asa first trial assume f; =f>=/3, and find Q; =1.266 from Eq. (8).
2. Find @, and Q; from Egs. (6) and (7).

3. With these values of the Q;, find improved values of the f; and
hence improved values of 0, and Qs from Egs. (6) and (7).

. Check how closely Q) + 0, + Q3 —3.333=0.

. If check is not close enough, adjust the value of Q; and repeat
the calculations.

[V N

The two trials shown following prove to be adequate.

Q, Q, Qs Q, 10/3 - Q, f,
1.2660 1.6757 0.4739 3.3156 0.0023 0.02069
1.2707 1.5554 0.5073 3.3334 0.0001 0.02068

Summary:
Line Nge f Q h¢
14 75,152 0.02068 1.2707 82.08
24 60,121 0.02106 1.5554 82.08
34 99,821 0.02053 0.5073 82.08
45 105,140 0.01881 3.3333 88.65
0.02517(0.02068)(1000)(1.2707)>
h/14 =l‘lj24 = hf34 = ( )( 3 )( ) =82.08 ft.
(0.4)
Velocity head at discharge:
2 2
Us 1 04
= =0.88 ft.
28 28 <(ﬂ/4)Dz>
Total head at pumps:
2(2117)
=————— +100+0.88+82.08 + 88.65
= 002(624) T HIOe eSS
=345.36 ft.
Power
= yQ4hp

(62.4)(10/3)345.36
=66, 088 ft1b/sec
HP, 89.6 kW.

6.5. OPTIMUM PIPE DIAMETER

In a chemical plant the capital investment in process piping is in
the range of 25-40% of the total plant investment, and the power
consumption for pumping, which depends on the line size, is a sub-
stantial fraction of the total cost of utilities. Accordingly, economic
optimization of pipe size is a necessary aspect of plant design. As
the diameter of a line increases, its cost goes up but is accompanied
by decreases in consumption of utilities and costs of pumps and
drivers because of reduced friction. Somewhere there is an opti-
mum balance between operating cost and annual capital cost.
For small capacities and short lines, near optimum line sizes may
be obtained on the basis of typical velocities or pressure drops such as
those of Table 6.2. When large capacities are involved and lines are long
and expensive materials of construction are needed, the selection of line
diameters may need to be subjected to complete economic analysis. Still
another kind of factor may need to be taken into account with highly
viscous materials: the possibility that heating the fluid may pay off by
reducing the viscosity and consequently the power requirement.

Adequate information must be available for installed costs of
piping and pumping equipment. Although suppliers quotations are
desirable, published correlations may be adequate. Some data and
references to other published sources are given in Chapter 20. A sim-
plification in locating the optimum usually is permissible by ignoring
the costs of pumps and drivers since they are essentially insensitive to
pipe diameter near the optimum value. This fact is clear in Example
6.8 for instance and in the examples worked out by Happel and Jor-
dan (Chemical Process Economics, Dekker, New York, 1975).

Two shortcut rules have been derived by Peters et al. [Plant
Design and Economics for Chemical Engineers, McGraw-Hill,
New York, 2003, p. 404], for laminar (Eq. 6.34) and turbulent flow
conditions (Eq. 6.32):

048 01320025 [1.63x 10 °K(1 +J)Hy}0'158

D=
¢ C I+ F)(XO)(E)(Kp)

(6.32a)
for D>0.0254m

EXAMPLE 6.8

Economic Optimum Pipe Size for Pumping Hot Oil with a

Motor or Turbine Drive
A centrifugal pump and its spare handle 1000 gpm of an oil at 500°F.
Its specific gravity is 0.81 and its viscosity is 3.0 cP. The length of
the line is 600 ft and its equivalent length with valves and other
fittings is 900 ft. There are 12 gate valves, two check valves, and one
control valve.

Suction pressure at the pumps is atmospheric; the pump head
exclusive of line friction is 120 psi. Pump efficiency is 71%. Material
of construction of line and pumps is 316 SS. Operation is 8000 hr/yr.
Characteristics of the alternate pump drives are:

a. Turbines are 3600 rpm, exhaust pressure is 0.75 bar, inlet pressure
is 20 bar, turbine efficiency is 45%. Value of the high pressure
steam is $5.25/1000 Ibs; that of the exhaust is $0.75/1000 1bs.

b. Motors have efficiency of 90%, cost of electricity is $0.065/kWh.

Cost data are:

1. Installed cost of pipe is 7.5D $/ft and that of valves is 600 D°7 $

each, where D is the nominal pipe size in inches.
2. Purchase costs of pumps, motors and drives are taken from

Manual of Economic Analysis of Chemical Processes, Institut
Francais du Petrole (McGraw-Hill, New York, 1976).

3. All prices are as of mid-1975. Escalation to the end of 1984
requires a factor of 1.8. However, the location of the optimum
will be approximately independent of the escalation if it is
assumed that equipment and utility prices escalate approxi-
mately uniformly; so the analysis is made in terms of the 1975
prices. Annual capital cost is 50% of the installed price/year.

The summary shows that a 6-in. line is optimum with motor
drive, and an 8-in. line with turbine drive. Both optima are insensitive
to line sizes in the range of 6-10 in.



0 =1000/(7.48)(60) =2.2282 cfs, 227.2 m> /hr,
_40p _ 4(2.2282)(0.81)(62.4) _ 71,128

Re

" zDu~ x(0.000672)(3)D D
0.135(0.00015)  6.5p T
= 1.6364] 1 =22 ]
f=16364In D 71,128
Pump head:
o 1200144)  87L0?
7= 0.81(624) " gn2D’
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Power cost:
0.065(8000) (kw), $/yr,

Steam cost:
4.5(8000)(1000 1b/hr), $/yr.

Installed pump cost factors for alloy, temperature, etc (data in the
“manual”)

=2[2.5(1.8)(1.3)(0.71)] =8.2.

. Summary:
=341.88 +124.98 f/D" ft.
IPS 4 6 8 10
Motor power: D (ft) 0.3355 05054  0.6651  0.8350
100 f 1.89 1.87 1.89 1.93
p = Qp, _ 2.2282(50.54) hp (ft) 898 413 360 348
", 7 550(0.71(0.90)) 7 Pump efficiency 0.71 0.71 0.71 0.71
motor (kW) 214.6 98.7 86.0 83.2
=0.3204%,, HP Steam, 1000 Ib/hr 5.97 2.66 2.32 2.25
) Pump cost, 2 installed 50,000 28,000 28,000 28,000
Turbine power: Motor cost, 2 installed 36,000 16,000 14,000 14,000
Turbine cost, 2 installed 56,000 32,000 28,000 28,000
2.2282(50.54) Pipe cost 18,000 27,000 36,000 45,000
‘= Ssoq071y = 028834, HP. Valve cost 23750 31546 38584 45107
Equip cost, motor drive 127,750 93,646 107,584 123,107
St Equip cost, turbine drive 147,750 109,546 121,584 137,107
cam Power cost ($/yr) 111,592 51,324 44,720 43,264
=10.14 ke /HP(from the “manual” Steam cost ($/yr) 208,440 95,760 83,520 80,834
g/HP( ) Annual cost, motor drive 175,467 98,097 98,512 104,817
=10.14(0.2883)(2.204)/, /1000 = 0.006443/,, 1000 1b/hr. Annual cost, turbine drive 282,315 150,533 144,312 149,387
s 0.171 summarize the data and techniques that are used for analyzing
D= Q47 0144 0027 [1.53x107°K(1 +J)Hyj - friction in such lines.
[n(1+F)(X)(E)(Kp)]™ (6.32b)
for D<0.0254 m VISCOSITY BEHAVIOR
and for laminar flow (i.e., Ng, < 2, 100) The distinction in question between different fluids is in their vis-
439 % 104K (1 + J) H.1-182 cosity behavior, or relation betyveen shear stress 7 (force per unit
D= Q0'364ﬂ2~2°[ (1+J) 0 ]]82 area) and the rate of deformation expressed as a lateral velocity
[(1+F)(X)(E)(KF)] (6.33a) gradient, y =du/dx. The concept is represented on Figure 6.2(a):
one of the planes is subjected to a shear stress and is translated par-
for D <0.0254 m allel to a fixed plane at a constant velocity but a velocity gradient
D= 0040 020 [439% 107K (1 +J)H,]""* is developed between the planes. The relation between the vari-
=0 He [(1 +F) (X)(E) (KF)]O-lsz (6.33b) ables may be written
for D <0.0254 m

where D is pipe diameter (m), Q is volumetric flow rate (m°/s), p is
fluid density (kg/m®) and p, is fluid viscosity (Pa-s) and
K =3$/kWh, typically $0.05/kWh
J = Fractional frictional loss through fittings, typically 0.35.
H, = Operational hours/year, 8,760 for a full year
E = Fractional efficiency of motor and pump, typically 0.5.

6.6. NON-NEWTONIAN LIQUIDS

Not all classes of fluids conform to the frictional behavior described
in Section 6.3. This section will describe the commonly recognized
types of liquids, from the point of view of flow behavior, and will

t=F/A=pu(du/dx)=py, (6.34)
where, by definition, p is the viscosity. In the simplest case, the vis-
cosity is constant, and the fluid is called Newtonian. In the other
cases, more complex relations between r and y involving more than
one constant are needed, and dependence on time also may pre-
sent. Classifications of non-Newtonian fluids are made according
to the relation between 7 and y by formula or shape of plot, or
according to the mechanism of the resistance of the fluid to
deformation.

The concept of an apparent viscosity

Ha=1/7 (6.35)

is useful. In the Newtonian case it is constant, but in general it can
be a function of 7, y, and time 6.
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Figure 6.2. Relations between shear stress, deformation rate, and viscosity of several classes of fluids. (a) Distribution of velocities of a
fluid between two layers of areas A which are moving relatively to each other at a distance x under influence of a force F. In the simplest
case, F /A =u(du/dx) with u constant. (b) Linear plot of shear stress against deformation. (c) Logarithmic plot of shear stress against defor-
mation rate. (d) Viscosity as a function of shear stress. (e) Time-dependent viscosity behavior of a rheopectic fluid (thixotropic behavior is
shown by the dashed line). (f) Hysteresis loops of time-dependent fluids (arrows show the chronology of imposed shear stress).

Non-Newtonian behavior occurs in solutions or melts of poly-
mers and in suspensions of solids in liquids. Some 7 — y plots are
shown in Figure 6.2, and the main classes are described following.

1. Pseudoplastic liquids have a  —y plot that is concave down-
ward. The simplest mathematical representation of such relations
is a power law

r=Kj" n<1 (6.36)

with n< 1. This equation has two constants; others with many
more than two constants also have been proposed. The apparent
viscosity is

pa=1/y =K/7'™". (6.37)
Since # is less than unity, the apparent viscosity decreases with the

deformation rate. Examples of such materials are some polymeric
solutions or melts such as rubbers, cellulose acetate and napalm;



suspensions such as paints, mayonnaise, paper pulp, or detergent
slurries; and dilute suspensions of inert solids. Pseudoplastic
properties of wallpaper paste account for good spreading and
adhesion, and those of printing inks prevent their running at
low speeds yet allow them to spread easily in high speed
machines.

2. Dilatant liquids have rheological behavior essentially
opposite those of pseudoplastics insofar as viscosity behavior is
concerned. The z—y plots are concave upward and the power
law applies

t=Ky",n>1, (6.38)

but with »n greater than unity; other mathematical relations also
have been proposed. The apparent viscosity, u, = Ky"~', increases
with deformation rate. Examples of dilatant materials are pigment-
vehicle suspensions such as paints and printing inks of high con-
centrations; starch, potassium silicate, and gum arabic in water;
quicksand or beach sand in water. Dilatant properties of wet
cement aggregates permit tamping operations in which small
impulses produce more complete settling. Vinyl resin plastisols
exhibit pseudoplastic behavior at low deformation rates and dila-
tant behavior at higher ones.

3. Bingham plastics require a finite amount of shear stress
before deformation begins, then the deformation rate is linear.
Mathematically,

T=10+ pg(du/dx) =7+ pgy, (6.39)

where up is called the coefficient of plastic viscosity. Examples
of materials that approximate Bingham behavior are drilling
muds; suspensions of chalk, grains, and thoria; and sewage
sludge. Bingham characteristics allow toothpaste to stay on the
brush.

4. Generalized Bingham or yield-power law fluids are repre-
sented by the equation

=10+ Kj". (6.40)

Yield-dilatant (n > 1) materials are rare but several cases of yield-
pseudoplastics exist. For instance, data from the literature of a
20% clay in water suspension are represented by the numbers 7o =
7.3 dyn/em?, K=1.296 dyn(sec)”/cm’ and n=0.483 (Govier and
Aziz, 1972, p. 40). Solutions of 0.5-5.0% carboxypolymethylene
also exhibit this kind of behavior, but at lower concentrations the
yield stress is zero.

5. Rheopectic fluids have apparent viscosities that increase
with time, particularly at high rates of shear as shown on Figure 6.3.
Figure 6.2(f) indicates typical hysteresis effects for such mate-
rials. Some examples are suspensions of gypsum in water, ben-
tonite sols, vanadium pentoxide sols, and the polyester of
Figure 6.3.

6. Thixotropic fluids have a time-dependent rheological
behavior in which the shear stress diminishes with time at a con-
stant deformation rate, and exhibits hysteresis [Fig. 6.2(f)].
Among the substances that behave this way are some paints,
ketchup, gelatine solutions, mayonnaise, margarine, mustard,
honey, and shaving cream. Nondrip paints, for example, are
thick in the can but thin on the brush. The time-effect in the case
of the thixotropic crude of Figure 6.4(a) diminishes at high rates
of deformation. For the same crude, Figure 6.4(b) represents the
variation of pressure gradient in a pipeline with time and axial
position; the gradient varies fivefold over a distance of about
2 miles after 200 min. A relatively simple relation involving five
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Figure 6.3. Time-dependent rheological behavior of a rheopectic
fluid, a 2000 molecular weight polyester. [After Steg and Katz, J.
Appl. Polym. Sci. 9, 3177 (1965)].

constants to represent thixotropic behavior is cited by Govier
and Aziz (1972, p. 43):

T= (o +cA)7 » (6.41)

di)dO=a— (a+by)i. (6.42)

The constants, uy, a, b, and ¢ and the structural parameter A are
obtained from rheological measurements in a straightforward
manner.

7. Viscoelastic fluids have the ability of partially recovering
their original states after stress is removed. Essentially all molten
polymers are viscoelastic as are solutions of long chain molecules
such as polyethylene oxide, polyacrylamides, sodium carboxy-
methylcellulose, and others. More homely examples are egg-
whites, dough, jello, and puddings, as well as bitumen and
napalm. This property enables eggwhites to entrap air, molten
polymers to form threads, and such fluids to climb up rotating
shafts whereas purely viscous materials are depressed by the
centrifugal force.

Two concepts of deformability that normally are applied only
to solids, but appear to have examples of gradation between solids
and liquids, are those of shear modulus E, which is

E =shear stress/deformation, (6.43)

and relaxation time 6*, which is defined in the relation between the
residual stress and the time after release of an imposed shear stress,
namely,

T=19exp(—0/0"). (6.44)
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Figure 6.4. Shear and pipeline flow data of a thixotropic
Pembina crude oil at 44.5°F. (a) Rheograms relating shear stress
and rate of shear at several constant durations of shear. [Ritter
and Govier, Can. J. Chem. Eng. 48, 505 (1970)]. (b) Decay of
pressure gradient of the fluid flowing from a condition of rest at
15,000 barrels/day in a 12 in. line. [Ritter and Batycky, SPE Journal
7, 369 (1967)).

A range of values of the shear modulus (in kgf/cm?) is

Gelatine
0.5% solution 4x1071°
10% solution (jelly) 5x 1072
Raw rubber 1.7%x102
Lead 4.8x10*
Wood (oak) 8x 10*
Steel 8x10°
and that of relaxation time (sec) is
Water 3x10°
Castor oil 2%x1073
Copal varnish 2x10
Colophony (at 55°C) 5x10
Gelatine, 0.5% solution 8x 102
Colophony (at 12°C) 4x108
Ideal solids oo

Examples thus appear to exist of gradations between the
properties of normally recognized true liquids (water) and true
solids.

Elastic properties usually have a negligible effect on resistance
to flow in straight pipes, but examples have been noted that the
resistances of fittings may be as much as 10 times as great for vis-
coelastic liquids as for Newtonian ones.

PIPELINE DESIGN

The sizing of pipelines for non-Newtonian liquids may be based on
scaleup of tests made under the conditions at which the proposed
line is to operate, without prior determination and correlation of
rheological properties. A body of theory and some correlations
are available for design with four mathematical models:

7, =Ky", power law, (6.45)

Ty =T, +UpY, Bingham plastic, (6.46)

7, =7, +Ky", Generalized Bingham or (6.47)
yield-power law,

7,=K (8V/D)" Generalized power law

(Metzner-Reed)(AIChE J. 1. 434, 1955).
(6.48)

In the last model, the parameters may be somewhat dependent on
the shear stress and deformation rate, and should be determined at
magnitudes of those quantities near those to be applied in the
plant.

The shear stress z,, at the wall is independent of the model and
is derived from pressure drop measurements as

7,=DAP/4L. (from 7, DL =APzD?/4) (6.49)

Friction Factor. In rheological literature the friction factor is
defined as

DAP

IS a v o0
Ty

=—" . 6.51

pV2/28. ©>D

This value is one-fourth of the friction factor used in Section 6.3.
For the sake of consistency with the literature, the definition of
Eq. (6.50) will be used with non-Newtonian fluids in the present
section.

Table 6.5 lists theoretical equations for friction factors in
laminar flows. In terms of the generalized power law, Eq. (6.48),

. &, _K@V/D)"
/= pV?/2g, - pV?/2g,

_ 16

DV g K8

(6.52)

By analogy with the Newtonian relation, /= 6/Re, the denominator
of Eq. (6.52) is designated as a modified Reynolds number,

Reyr =D" V> p/g K'8" 7", (6.53)



The subscript MR designates Metzner-Reed, who introduced this
form.

Scale Up. The design of pipelines and other equipment for
handling non-Newtonian fluids may be based on model equations
with parameters obtained on the basis of measurements with vis-
cometers or with pipelines of substantial diameter. The shapes of
plots of z,, against y or 8/D may reveal the appropriate model.
Examples 6.9 and 6.10 are such analyses.

In critical cases of substantial economic importance, it may be
advisable to perform flow tests — Q against AP — in lines of mod-
erate size and to scale up the results to plant size, without necessa-
rily trying to fit one of the accepted models. Among the effects that
may not be accounted for by such models are time dependence,
pipe roughness, pipe fitting resistance, wall slippage, and viscoelas-
tic behavior. Although some effort has been devoted to them, none
of these particular effects has been well correlated. Viscoelasticity
has been found to have little effect on friction in straight lines
but does have a substantial effect on the resistance of pipe fittings.
Pipe roughness often is accounted for by assuming that the relative
effects of different roughness ratios ¢/D are represented by the
Colebrook equation (Eq. 6.20) for Newtonian fluids. Wall slippage
due to trace amounts of some polymers in solution is an active field
of research (Hoyt, 1972) and is not well predictable.

Scaleup of non-Newtonian fluids is facilitated by careful test
work. Testing using rheometers should test the time dependence of
shear stress and shear rate and should cover as wide a range of shear
stresses and shear rates as practical. Pipeline testing should be done
using the largest pipes practical and with a wide range of pipe sizes.
And, for pipeline testing, the time dependence must be investigated
and the range of velocities should be as large as practical.

The scant literature on pipeline scaleup is reviewed by Heywood
(1980). Some investigators have assumed a relation of the form

7, =DAP/AL=kV“/D"
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and determined the three constants K, a, and b from measurements
on several diameters of pipe. The exponent a on the velocity appears
to be independent of the diameter if the roughness ratio /D is held
constant. The exponent b on the diameter has been found to range
from 0.2 to 0.25. How much better this kind of analysis is than
assuming that a=b, as in Eq. (6.48), has not been established. If it
can be assumed that the effect of differences in &/D is small for the
data of Examples 6.9 and 6.10, the measurements should plot as
separate lines for each diameter, but such a distinction is not
obvious on those plots in the laminar region, although it definitely
is in the turbulent region of the limestone slurry data.

Observations of the performance of existing large lines, as in
the case of Figure 6.4, clearly yields information of value in ana-
lyzing the effects of some changes in operating conditions or for
the design of new lines for the same system.

Laminar Flow. Theoretically derived equations for volumetric
flow rate and friction factor are included for several models in
Table 6.5. Each model employs a specially defined Reynolds num-
ber, and the Bingham models also involve the Hedstrom number,

He=1ppD? /i3, (6.54)
These dimensionless groups also appear in empirical correlations of
the turbulent flow region. Although even in the approximate
Eq. (9) of Table 6.5, group He appears to affect the friction factor,
empirical correlations such as Figure 6.5(b) and the data analysis of
Example 6.10 indicate that the friction factor is determined by the
Reynolds number alone, in every case by an equation of the form,
f=16/Re, but with Re defined differently for each model. Table 6.5
collects several relations for laminar flows of fluids.

Transitional Flow. Reynolds numbers and friction factors at
which the flow changes from laminar to turbulent are indicated
by the breaks in the plots of Figures 6.4(a) and (b). For Bingham
models, data are shown directly on Figure 6.6. For power-law

EXAMPLE 6.9

Analysis of Data Obtained in a Capillary Tube Viscometer
Data were obtained on a paper pulp with specific gravity 1.3, and
are given as the first four columns of the table. Shear stress z,, and
deformation rate y are derived by the equations applying to this
kind of viscometer (Skelland, 1967, p. 31; Van Wazer et al.,
1963, p. 197):

7,=DAP/4L,
. _3n'+1 8V
r= 4n (D)
, dln(z,)

"= din(8V/D)
The plot of log 7,, against log (8V/D) shows some scatter but is
approximated by a straight line with equation
7,,=1.329(8V/D)"*".
Since

7 =(2.53/2.08)(8V/D),

the relation between shear stress and deformation is given by the
equation

7, =1.2037 %31
D (cm) L(cm) m(g/sec) P(Pa) 8V/D(1/sec) =, (Pa)
0.15 14 0.20 3200 46.4 8.567
0.15 14 0.02 1200 46.4 3.21
0.30 28 0.46 1950 133.5 5.22
0.30 28 0.10 860 29.0 2.30
0.40 28 1.20 1410 146.9 5.04
10 T T T T R T T T T T T
9F 1
8 4
7r 4
6 i
L o
z° |
41 i
3t 2 :
2 | 1 L ! F R S L 1 1 i
20 50 100 200 500

8V/D
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ExampLE 6.10

Parameters of the Bingham Model from Measurements of

Pressure Drops in a Line
Data of pressure drop in the flow of a 60% limestone slurry of den-
sity 1.607 g/ml were taken by Thomas [Ind. Eng. Chem. 55, 18-29
(1963)]. They were converted into data of wall shear stress z,, =
DAP/AL against the shear rate 8//D and are plotted on the figure
for three line sizes.

The Buckingham equation for Bingham flow in the laminar
region is

8V_t | _4(n), 1(n)
D g 3\, 3\z,
~ L4
—”B(Tu' 370)

The second expression is obtained by neglecting the fourth-power
term. The Bingham viscosity up is the slope of the plot in the lami-
nar region and is found from the terminal points as

up=(73—50)/(347—0)=0.067 dyn sec/cm?.
From the reduced Buckingham equation,

70=0.757, (at8V/D=0)
=37.5.

Accordingly, the Bingham model is represented by
7,=37.5+0.067(8V/D), dyn/cm?

with time in seconds.

300 T T T

Transitions from laminar to turbulent flow may be identified
oft the plots:

D=2.03 cm, 8V/D=465 V =120cm/sec
4.04 215, 109
7.75(critical not reached)

The transition points also can be estimated from Hanks’ correlation
[AIChE J. 9, 45, 306 (1963)] which involves these expressions:

Xe=(70/Tw),s
_n 2
He=D"top/uy,

x./(1=x.) =He/16,800,

Rep.=(1- gx(. + %xﬁ)He/Sx(..
The critical linear velocity finally is evaluated from the critical
Reynolds number of the last equation with the following results;

D (cm) 10~*He X Regc ’A
2.06 5.7 0.479 5635 114(120)
4.04 22.0 0.635 8945 93(109)
7.75 81.0 0.750 14,272 77

The numbers in parentheses correspond to the break points on the
figure and agree roughly with the calculated values.

The solution of this problem is based on that of Wasp et al.
(1977).

s dynes/cm2
N
o
(@)

W

[=3
o

WALL SHEAR STRESS T

L

T 2.06 cn dia
A 4,04 cm dia
n 7.75 cm dia

(=]

0 200 400
SHEAR RATE 8V/D, sec

800 o, 800

liquids an equation for the critical Reynolds number is due to Mishra
and Triparthi [Trans. IChE 51, T141 (1973)],

_1400(2n+ 1)(5n+3)

Re, 5
(3n+1)

(6.55)

The Bingham data of Figure 6.6 are represented by the equations
of Hanks [AIChE J. 9, 306 (1963)],

(6.56)

_HE/, 4 1 4
(Rep), = {5 (1- 3w+ 32).

Xc _ He
(1-x.)° 16,800

(6.57)

They are employed in Example 6.10.

Turbulent Flow. Correlations have been achieved for all four
models, Eqs. (6.44)-(6.47). For power-law flow the correlation of
Dodge and Metzner (1959) is shown in Figure 6.5(a) and is repre-
sented by the equation

4.0 - 0.40
= —loglo[Re”f(1 /2>] -—-
(n')

€L
\//7 (n,)0.75

(6.58)



TABLE 6.5. Laminar Flow: Volumetric Flow Rate, Friction
Factor, Reynolds Number, and Hedstrom

Number
Newtonian
f=16/Re,Re=DVplu M
Power Law [Eq. (6.45)]
_ 7t_D3 an Tw 1/n
2= <3n+1>(K) @
f=16/Re’ 3
,_pVD( 4n /DY
Re'="% (1 +3n> (sv) @)
Bingham Plastic [Eq. (6.46)]
TEDa’I'W 4 19 1( 70 N
= —— 1 - = ~ —
0=, "3, "3 <TW ®)
ReB = DV/, UB (6)
He=1,D? p/u% @

1 f He He*

Res ~ 16~ 6ReZ * 3FRe (solve for f) 8)
96Re} , ,
~ W—FBHB [neglecting (to/rw)*inEq: (5)] )

Generalized Bingham (Yield-Power Law) [Eq. (6.47)]
_nD® _4n _(z\" () _ Ty
Q= 32 3n+1(K> (I Tw,
T /TW 2n (7 T (10)
x {1 [1+—(—y)<1+n—y>}
2n+1 n+1\z, Tw,
16 2He
f= 1-
Re’( fFi’e’2>

1 2He 2n 2He 2He
X4qT— 1+ 1+n-
{ (2n-1) fRe"? { (n+1) fF?e’2< fRe’Zﬂ}

an
[Re’ by Eg. (4) and He by Eq. (7)]
N I
\\ ’rf=16/Ren.
3 -
g \ Sua g }
< 0.01 = Sl et o |
: ~ = = =11 2.0 ]
5] e = ~<]
e v — i DN
2 - S
w NRERREN — RIS
2 BN NN
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These authors and others have demonstrated that these results can
represent liquids with a variety of behavior over limited ranges by
evaluating K’ and »’ in the range of shear stress z,, = DAP/4L that
will prevail in the required situation.

Bingham flow is represented by Figure 6.5(b) in terms of
Reynolds and Hedstrom numbers.

Theoretical relations for generalized Bingham flow [Eq. (6.47)]
have been devised by Torrance [S. Afr. Mech. Eng. 13, 89 (1963)].
They are:

(269 _ 197 1 -
—_( 2.95)+ = In (1 - x)

1
i

n
+ 197 1 (Repp1 -2y + 908 (5, _3) (6%
n n
with the Reynolds number
Rer=D"V*"p/8" 'K (6.60)
and where
X=10/7y. (6.61)

In some ranges of operation, materials may be represented
approximately equally well by several models, as in Example 6.11
where the power-law and Bingham models are applied.

6.7. GASES

The differential energy balances of Egs. (6.10) and (6.15) with the
friction term of Eq. (6.18) can be integrated for compressible fluid
flow under certain restrictions. Three cases of particular impor-
tance are of isentropic or isothermal or adiabatic flows. Equations
will be developed for them for ideal gases, and the procedure for
nonideal gases also will be indicated.

ISENTROPIC FLOW

In short lines, nozzles, and orifices, friction and heat transfer may be
neglected, which makes the flow essentially isentropic. Work trans-
fer also is negligible in such equipment. The resulting theory is a
basis of design of nozzles that will generate high velocity gases for
power production with turbines. With the assumptions indicated,

100 =
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Figure 6.5. Friction factors in laminar and turbulent flows of power-law and Bingham liquids. (a) For pseudoplastic liquids represented by
7, =K'(8V/D)", with K’ and n’ constant or dependent on 7,:1/\/f = [4.0/(n")* P Jlog,o[Re, /"] — 0.40/(n')'?. [Dodge and Metzner,
AICHhE J. 5, 189 (1959)]. (b) For Bingham plastics, Reg = DVplug, He =10D*plys. [Hanks and Dadia, AIChE J. 17, 554 (1971)].
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LEGEND
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CRITICAL REYNOLDS NUMBER (Nye,)

10" 10° 10° 107
HEOSTROM NUMBER (Nye)

Figure 6.6. Critical Reynolds number for transition from laminar
to turbulent flow of Bingham fluids.The data also are represented
by Egs. (6.56) and (6.57): (O) cement rock slurry; (A) river mud
slurries; ((J) clay slurry; ([d) sewage sludge; (A) ThO, slurries;
(M) lime slurry. [Hanks and Pratt, SPE Journal, 342-346 (Dec. 1967)).

Eq. (6.10) becomes simply

dH +(1/g.)u du=0, (6.62)
which integrates into
1
H,-H + e (U —12) = 0. (6.63)

One of these velocities may be eliminated with the mass balance,

1 =uAy) Va=u A1V, (6.64)
so that

=18 = (m Vo Ay [L = (A V1) A, V). (6.65)
For ideal gases substitutions may be made from

Hy,—H, =C)(T,-T)) (6.66)

and

To/ Ty = (P, P =k = (1, V)~ (6.67)

After these substitutions are made into Eq. (6.63), the results may
be solved for the mass rate of flow as

) 1/2
20.P, 1/2 x P, 2/k (P (k+1)/k
v k=1 |\P; P,
= . (6.68)
1/2
. 4 2 P, 2/k
A] P]

At specified mass flow rate and inlet conditions P; and Vi, Eq.
(6.68) predicts a relation between the area ratio 4,/A4; and the
pressure ratio P,/P; when isentropic flow prevails. It turns out
that, as the pressure falls, the cross section at first narrows, reaches
a minimum at which the velocity becomes sonic; then the cross sec-
tion increases and the velocity becomes supersonic. In a duct of
constant cross section, the velocity remains sonic at and below a
critical pressure ratio given by

k/(k+1)
|
NERE
The sonic velocity is given by
u;=1/8.(0P/0p),~\/8-kRT/M,, (6.70)

where the last result applies to ideal gases and M, is the molecular
weight.

ISOTHERMAL FLOW IN UNIFORM DUCTS

When elevation head and work transfer are neglected, the mechan-
ical energy balance equation (6.13) with the friction term of Eq.
(6.18) become

Vap+ (g udit 1 dr.=o
g 3¢ 0L =0

6.71)

ExampLE 6.11

Pressure Drop in Power-Law and Bingham Flow
A limestone slurry of density 1.693 g/mL is pumped through a 4-in.
(152 mm) line at the rate of 4 ft/sec (1.22 m/sec). The pressure drop
(psi/mile) will be calculated. The slurry behavior is represented by

a. The power-law with n=0.165 and K=34.3 dyn sec’'®/cm?
(3.43 Pa sec 19,

b. Bingham model with 7o =53 dyn/cm? (5.3 Pa) and ppz=22 cP
(0.022 Pa sec).

Power law:

Re'=D"V*""p/8" 'K
=(0.152)"1%(1.22)"%%/3.43
=2957

/ =0.0058[Fig.6.6(a)]

AP_ 4fpV* _ 4(0.0058)(1693)(1.22)*
L~ 2¢D 2(0.152)
=192.3N/(m?)(m)[g, = kgm/sec’ /N],
-192.3(14.7/101,250) 1610 = 45.0 psi/mile.

Binghamml:
_DVp _ 0.152(1.22)(1693) _
Rej = o= S0 = 14,270,
He =1,D%p/u% = 5.3(0.152)*(1693)/(0.022)*
=428,000,

critical Rey = 12,000 (Fig. 6.5),
£=0.007 [Fig.6.6(b)].

AP_ 0.007

T = 0.0058 45.0 =54.3 psi/mile.




Make the substitutions

u=Gp=GV (6.72)
and the ideal gas relation
V=P, V,/PanddV/V = —dP/P 6.73)
so that Eq. (6.71) becomes
pPdr _ G (P, fG
-~ In(—= : L=0. 74
Pl Vl 8 n<P2)+2gth (67 )

This is integrated term-by-term between the inlet and outlet
conditions,

]2)1_ Iff + g—j In <%> +f;§jf) =0 (6.75)
and may be rearranged into
P=P L’?GZ g—g +1n (%)} (6.76)
In terms of a density, p,,, at the average pressure in the line,
P,=P, - /GL . 6.77)
2g.Dp,,

The average density may be found with the aid of an approximate
evaluation of P, based on the inlet density; a second trial is never
justified. Equations (6.76) and (6.77) and the approximation of
Eq. (6.76) obtained by neglecting the logarithmic term are com-
pared in Example 6.12. The restriction to ideal gases is removed
in Section 6.7.

ADIABATIC FLOW

The starting point for development of the integrated adiabatic flow
energy balance is Eq. (6.71), and again ideal gas behavior will be
assumed. The equation of condition of a static adiabatic process,
PV*=const, is not applicable to the flow process; the appropriate
one is obtained as follows. Begin with

2 2
dH = —d(”—) =Gy (6.78)
2g. &g
B _ Rk ..k
= GpdT =20 dT = 2 d(PV), (6.79)
from which
_(k=1\ G
d(PV)_( - ) ~vav, (6.80)
and the integral is
- _(k=1\G ()2
PV =P, V, ( = )2&’(1/ v2). 6.81)
Also
VdP=d(PV)—-(PV) d7V (6.82)
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Substitutions into Eq. (6.71) result in

2 2
d(PV)—PVd7V LGy L9

dL=0.
& 2¢.D

(6.83)

Further substitutions from Egs. (6.80) and (6.81) and multiplying
through by 2kg./G*V* result in

dv dv |k

av. _12keePVy gy | Y ey Y LK
2 { +(k-1)V; V3+(k 1)V+DdL_0.

Vv [eZ
(6.84)

Integrating from V; to V, and L=0 to L gives

(k+1) nﬁ+l{w+(k—l)ﬂz} (L 1>+kf—1‘=0

Vv, 2 & V2 v2) ' D
(6.85)
or
fL 1 (2kg.P\V, Vi : k+1 Vi ’
Lo L8 | 1= (2L L, ().
D% | g THD n) |k "\
(6.86)
In terms of the inlet Mach number,
M, =u,/\/g.kRT /M, =GV,//g. kRT | M,, (6.87)

the result becomes

L1 (e 2\ - (nY
-\ |17

When everything else is specified, Eqgs. (6.86) or (6.88) may be
solved for the exit specific volume V. Then P, may be found from
Eq. (6.81) or in the rearrangement
()
4

from which the outlet temperature likewise may be found.

Although the key equations are transcendental, they are readily
solvable with computer programs and root-solving hand calculators.
Several charts to ease the solutions before the age of calculators
have been devised: M.B. Powley, Can. J. Chem. Eng., 241-245
(Dec. 1958); C.E. Lapple, reproduced in Perry’s Chemical Engineers’
Handbook, McGraw-Hill, New York, 1973, p. 5.27; O. Levenspiel,
reproduced in Perry’s Chemical Engineers’ Handbook, 7th ed., pp. 6-24;
Hougen, Watson, and Ragatz, Thermodynamics, Wiley, New York,
1959, pp. 710-711.

In all compressible fluid pressure drop calculations it is
usually justifiable to evaluate the friction factor at the inlet condi-
tions and to assume it constant. The variation because of the effect
of temperature change on the viscosity and hence on the Reynolds
number, at the usual high Reynolds numbers, is rarely appreciable.

2
k+1 "
+ ln<V2>. (6.88)

ﬂ=£=1+<QM12)

PV, T, 2k ’ (6.89)

NONIDEAL GASES
Without the assumption of gas ideality, Eq. (6.71) is

2 2
P G dv , fG
Vv g V 2g¢gD

dL=0. (6.90)

In the isothermal case, any appropriate PVT equation of state may
be used to eliminate either P or V from this equation and thus
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ExampLE 6.12

Adiabatic and Isothermal Flow of a Gas in a Pipeline
Steam at the rate of 7000 kg/hr with an inlet pressure of 23.2 bar
abs and temperature of 220°C flows in a line that is 77.7 mm dia
and 305 m long. Viscosity is 28.5(107%)N sec/m* and specific heat
ratio is k=1.31. For the pipe, ¢/ D =0.0006. The pressure drop will
be found in (a) isothermal flow; (b) adiabatic flow. Also, (c) the
line diameter for sonic flow will be found.

7, =0.0862 m3/kg,
G =7000/(3600) (x,/4)(0.0777)> =410.07 kg,/m’sec,

_ DG _ 0.0777(410.07)

Rey T585(10-5)
po o 28.5(107°)

=1.12(10%),

£=1.6364/[In (0.135)(0.0006) +6.5/1.2(10°)]* = 0.0187.

Inlet sonic velocity:

Uy = \/2.kRT1 /M, = /1(1.31)(8314)493.2/18.02 = 546 m /sec
M, =uy Juy = GV, Juy =410.07(0.0862) /546 = 0.0647.

As a preliminary calculation, the pressure drop will be found
by neglecting any changes in density:

_ fGPL _ 0.0187(410.07)°(305) S )
= 2a.Dp = 2(1)(0.0777)(1/0.0862) ~ 2107 N/m’,

~.Py=232-532=17.88bar.
(a) Isothermal flow. Use Eq. (6.76):

2
2PNG _,

c

(23.2)(10°)(0.0862)(410.07)* = 6.726(10'7),

1/2

P =
2 2D P,

c

P%— 2h VlzG (f—L +In &>

5
= 105\/ 538.24 - 6.726 (0.0187(305) /2(0.0777) + In %)
2

=17.13(10°) N/m?,
and
AP=23.2-17.13=5.07 bar.
When the logarithmic term is neglected,
P,=17.07(10°) N/m>.

(b) Adiabatic flow. Use Eq. (6.88):

SL_ 1 (e 2\ (Y |y ke (0
D =% k 1+M12 1 7 + 2% In ) (€))

0.0187(305)_L(031 2 )

00777 2.62 t 00647

2 2
(Y], 2,
|1 (V2) +2.621n(V2)’

T
—_ — _1
73.4=182.47 {1 < )

2

2
Vi
+0.88171In <V2> ,

Vi
S.—=0.7715.
V)

Equation (6.89) for the pressure:

PVa_Ty _[, (k=1 S]] (1)
P,Vl_Tl_{H- 2 Mi |t Vi

0.31(0.0647)*
2.62

=0.9997,

=1+ [1-(1.2962)*]

P, =0.9997P, (g) =0.9997(23.2)(10°)(0.7715)
2

=17.89(10°)N/m?,

AP =232-17.89=531bar.

(¢) Line diameter for sonic flow. The critical pressure ratio is

e/ (k=1)
Py 2 .
P, <k+ 1) W ’

_ 7000/3600 _ 2.4757
C= A T D @

_ GV, 2.4757(0.0862) _ 3.909(107%)

M = -
', 546D2 D2

Equation (6.89) becomes

0.5439(V,/ V1) =1+ 0.1183M?[1 = (V2 / V1)), 3)

JL/D=0.0187(305)/D =5.7035/D

— rhs of Eq.(6.88). @
Procedure
1. Assume D.
2. Find M, [Eq. (2)].
3. Find V>/V, from Eq. (6.89) [Eq. (3)].
4. Find rhs of Eq. (6.88) [Eq. (1)].
5. Find D = 5.7035/[rhs of Eq. (6.88)] [Eq. (4)].
6. Continue until steps 1 and 5 agree.
Some trials are:
Eq. (6.89)  Eq. (6.88)
D M, V.i/V, rhs D
0.06 0.1086 0.5457 44.482 0.1282
0.07 0.0798 0.5449 83.344 0.06843
0.0697 0.08046 0.5449 81.908 0.06963
~D=0.0697 m.




permit integration. Since most of the useful equations of state are
pressure-explicit, it is simpler to eliminate P. Take the example of
one of the simplest of the nonideal equations, that of van der Waals

RT a
P _a 91
V-b V¥ ©9)
of which the differential is
RT 2a
dP= |- + == |dV. (6.92)
< (V-0 V3>
Substituting into Eq. (6.90),
RT | 2a G \av _fG , _
< (V—b)z + 3 + g() % + 2gCDdL_0' (6.93)

Although integration is possible in closed form, it may be more con-
venient to perform the integration numerically. With more accurate
and necessarily more complicated equations of state, numerical inte-
gration will be mandatory. Example 6.13 employs the van der
Waals equation of steam, although this is not a particularly suitable
one; the results show a substantial difference between the ideal and
the nonideal pressure drops. At the inlet condition, the compressibil-
ity factor of steam is z = PV/RT = (.88, a substantial deviation from
ideality.

6.8. LIQUID-GAS FLOW IN PIPELINES

The hydrodynamics of liquid-gas flow in pipelines is complex and
the literature is voluminous, as indicated by the 83-page coverage
by N.P. Cheremisinoff and R. Gupta, Handbook of Fluids in
Motion, Butterworth, pp. 369-452, Chapters 14-16, 1983. The most
useful predictive methods have been summarized and presented in
Perry’s Chemical Engineers’ Handbook, 8th ed., pp. 6-26-6-30.
The coverage here parallels that in Perry’s. In flow of mixtures of
the two phases in pipelines, the liquid tends to wet the wall and
the gas to concentrate in the center of the channel, but various
degrees of dispersion of each phase in the other may exist, depend-
ing on operating conditions, particularly the individual flow rates.
The main patterns of flow that have been recognized are indicated
on Figures 6.7(a) and (b). The ranges of conditions over which indi-
vidual patterns exist are represented on maps like those of Figures
6.7(c) and (d), through horizontal pipelines. A flow regime map
for cocurrent upward liquid-gas flow in vertical pipelines is given in
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Perry’s Chemical Engineers’ Handbook, 8th ed., pp. 6-28, Fig. 6-29.
Since the concept of a particular flow pattern is subjective and all
the pertinent variables apparently have not yet been correlated,
boundaries between regions are fuzzy, as in (d).

It is to be expected that the kind of phase distribution will
affect such phenomena as heat transfer and friction in pipelines.
For the most part, however, these operations have not been corre-
lated yet with flow patterns, and the majority of calculations of
two-phase flow are made without reference to them. A partial
exception is annular flow which tends to exist at high gas flow rates
and has been studied in some detail from the point of view of fric-
tion and heat transfer.

The usual procedure for evaluating two-phase pressure drop is
to combine pressure drops of individual phases in some way. To
this end, multipliers ¢, are defined by

(AP/L)two—phase :¢IZ(AP/L)!

In the following table, subscript L refers to the liquid phase, G to
the gas phase, and L, to the total flow but with properties of the
liquid phase; x is the weight fraction of the vapor phase.

(6.94)

Subscript Re AP/L ¢?
G DGx/ug foG2x%/2g.Dps  (AP/L)/(AP/L)g
L DG(1-x)/u,  £.G*(1-x)*/2g:Dp, (AP/L)/(AP/L),
Lo DG/p, fLOGZ/zchpL (AP/L)/(AP/L) 4

In view of the many other uncertainties of two phase flow correla-
tions, the friction factors are adequately represented by

(6.95)

f= 64/Re, Re <2000, Poiseuille equation,
- (6.96)

O.32/Re°‘25, Re > 2000, Blasius equation.

HOMOGENEOUS MODEL

The simplest way to compute line friction in two-phase flow is to
adopt some kinds of mean properties of the mixtures and to
employ the single phase friction equation. The main problem is
the assignment of a two-phase viscosity. Of the number of defini-
tions that have been proposed, that of McAdams et al. [Trans.
ASME 64, 193-200 (1942)] is popular:

l/ﬂtwo—phase:x/luG"'(] _X)//‘L- (697)

ExAmMPLE 6.13

Isothermal Flow of a Nonideal Gas
The case of Example 6.12 will be solved with a van der Waals
equation of steam. From the CRC Handbook of Chemistry and
Physics (CRC Press, Boca Raton, FL, 1979),

a = 5.464 atm(m?kg mol)? = 1703.7 Pa(m’/kg)>,

b = 0.03049 m*/kg mol = 0.001692 m’/kg,

RT = 8314(493.2)/18.02 = 2.276(10°) Nm/kg.

Equation (6.93) becomes

+(410.07)? d7V

JVZ —2.276(10°)  3407.4
(V =0.00169)> V3

0.0187(410.07)*(305) _
2(0.0777) v

0.0862

—0.0369  5.52(107)
(¥ =0.00169)> &

+0.0272 d7V+1:0

Vs
o=
0.0862

The integration is performed with Simpson’s rule with 20
intervals. Values of V5 are assumed until one is found that makes
¢ =0. Then the pressure is found from the v dW equation:

2.276(10°) 17037

Py =
2T (1,-0.00169) V2

Two trials and a linear interpolation are shown. The value
P, =18.44 bar compares with the ideal gas 17.13.

Vz ¢ PZ
0.120 (0.0540
0.117 +0.0054
0.1173 0 18.44 bar
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Figure 6.7. Flow patterns and correlations of flow regimes of liquid-gas mixtures in pipelines. (a) Patterns in horizontal liquid-gas flow.
(b) Patterns in vertical liquid-gas flow. (c) Correlations of ranges of flow patterns according to Baker [Oil Gas J. 53(12), 185 (1954)], as
replotted by Bell et al. [Chem. Eng. Prog. Symp. Ser. 66, 159 (1969)]; o is surface tension of the liquid, and o,, that of water. (d) Flow
regimes of water/air at 25°C and 1 atm. [Taitel and Dukler, AIChE J. 22, 47 (1976)]; the fuzzy boundaries are due to Mandhane et al.

[Int. J. Two-Phase Flow 1, 537 (1974)].

The specific volumes are weight fraction additive,

Vtwo—phase = XVG + (1 - X) VL (698)
so that
l/ptwo—phz\se =x//)G+ (1 —X)/[)L, (699)

where x is the weight fraction of the gas. Pressure drops by this
method tend to be underestimated, but are more nearly accurate
at higher pressures and higher flow rates.

With the Blasius equation (6.96), the friction factor and the
pressure gradient become, with this model,

(

0.32
(DG-)O.ZS

X

x l-x
Hg

0.25
X
s
KL

f= (6.100)

/G
(1=x)/pc]

A particularly simple expression is obtained for the multiplier in
terms of the Blasius equation:

AP _

Eap 6.101
L 2g.D[x/pg+ (©100

AP/L l—x+xp;/pg
bio= = . (6.102)
B (AP/L),, (1 =x+xu, /uc)"™
Some values of ¢?, from this equation for steam are:
X P=0.689 bar P=10.3 bar

0.01 3.40 1.10
0.10 12.18 1.95
0.50 80.2 4.36

High values of multipliers are not uncommon.



SEPARATED FLOW MODELS

Pressure drop in two-phase flow is found in terms of pressure drops of
the individual phases with empirical multipliers. The basic relation is

(AP/L)two—phase =¢%(AP/L)G =¢i(AP/L)L =¢20(AP/L)L0
(6.103)

TABLE 6.6. Two-Phase Flow Correlations of Pressure Drop
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The last term is the pressure drop calculated on the assump-
tion that the total mass flow has the properties of the liquid phase.

Some correlations of multipliers are listed in Table 6.6. Lock-
hart and Martinelli distinguish between the various combinations
of turbulent and laminar (viscous) flows of the individual phases;
in this work the transition Reynolds number is taken as 1000
instead of the usual 2000 or so because the phases are recognized

1. Recommendations

w/pe Glkg/m?sec) Correlation
< 1000 all Friedel
> 1000 >100 Chisholm-Baroczy
> 1000 <100 Lockhart-Martinelli
2. Lockhart-Martinelli Correlation
100
T O
ROt P6r ! []]
Ly OGty. | L
e 10 Q}“V/ - :Qth
vV oGVV
]
| ——
L+ Gy S
e O
1
0.01 010 1.00 10 100
PARAMETER X

4)% —14+CIX+1/X2 Liquid Gas Subscript c
PE=1+CX+X? Turbulent  Turbulent tt 20

Viscous Turbulent vt 12

2 _

X*=(APIL)[APIL) Turbulent  Viscous tv 10

Viscous Viscous vv 5

3. Chisholm-Baroczy Correlation
2 =1+ (Y2 = 1)(BXxFW2(1-x))F2 4 X2 = (APIL)I(APIL) 4
n=0.25
Y2 = (AP/L)go/(APIL) 4

B=55/G"%,0<Y<9.5
=520/YG*®,95<Y<28
=15,000/Y2G"®,Y > 28

x =weightfraction gas

4. Friedel Correlation
$o=E+ Frﬁ%\/\g}{m Fr=G%g,Dp%,
E=(1-x)? +XZZLG—1;GU‘;,We= G*Diprpo
1-x\"
PL )
_ Mg

0.7
W) , X =weightfraction gas

0.24
(1=x)"", prp= (pLG +

H= (/e_é)ofﬂ (%)0.19<1

1. (P.B. Whalley, cited by G.F. Hewitt, 1982). 2. [Lockhart and Martinelli, Chem. Eng. Prog. 45, 39-48 (1949); Chisholm, Int. J. Heat Mass
Transfer 10, 1767-1778 (1967)]. 3. [Chisholm, Int. J. Heat Mass Transfer 16, 347-348 (1973); Baroczy, Chem. Eng. Prog. Symp. Ser. 62, 217-225
(1965)]. 4. (Friedl, European Two Phase Flow Group Meeting, Ispra, Italy, Paper E2, 1979, cited by G.F. Hewitt, 1982).
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to disturb each other. Item 1 of Table 6.6 is a guide to the applic-
ability of the Lockhart-Martinelli method, which is the oldest, and
two more recent methods. An indication of the attention that has
been devoted to experimentation with two phase flow is the fact
that Friedel (1979) based his correlation on some 25,000 data
points.

Example 6.14 compares the homogeneous and Lockhart-
Martinelli models for the flow of a mixture of oil and hydrogen.

OTHER ASPECTS

The pattern of annular flow tends to form at higher gas velocities;
the substantial amount of work done on this topic is reviewed by
Hewitt (1982). A procedure for stratified flow is given by Cheremi-
sinoff and Davis [4IChE J. 25, 1 (1979)].

Voidage of the gas phase in the line is different from that
given by the proportions of the incoming volumetric flows of the
two phases, but is of course related to it. Lockhart and Martinelli’s
work indicates that the fractional gas volume is

e=1-1/¢,, (6.104)
where ¢, is defined in Table 6.6. This relation has been found to
give high values. A correlation of Premoli et al. [Termotecnica
25, 17-26 (1971); cited by Hewitt, 1982] gives the void fraction in
terms of the incoming volumetric flow rates by the equation

e6=0c/(Q6+S0r), (6.105)
where S is given by the series of equations
S=1+E[y/(1+yE) - yEy)'"", (6.105")

E =1578Re~"" (p,pc)" >,
E,=0.0273We Re™ ' (p,/ps) "%,

y=06/01, Re=DG/u;, We=DG op, .

Direct application of these equations in Example 6.14 is not suc-
cessful, but if E, is taken as the reciprocal of the given expression,
a plausible result is obtained.

6.9. GRANULAR AND PACKED BEDS

Flow through granular and packed beds occurs in reactors with
solid catalysts, adsorbers, ion exchangers, filters, and mass transfer
equipment. The particles may be more or less rounded or may be
shaped into rings, saddles, or other structures that provide a desir-
able ratio of surface and void volume.

Natural porous media may be consolidated (solids with holes
in them), or they may consist of unconsolidated, discrete particles.
Passages through the beds may be characterized by the properties
of porosity, permeability, tortuosity, and connectivity. The flow
of underground water and the production of natural gas and crude
oil, for example, are affected by these characteristics. The theory
and properties of such structures is described, for instance, in the
book of Dullien (Porous Media, Fluid Transport and Pore Struc-
ture, Academic, New York, 1979). A few examples of porosity
and permeability are in Table 6.7. Permeability is the proportional-
ity constant k in the flow equation u = (k/u) dP/dL.

Although consolidated porous media are of importance in
chemical engineering, only unconsolidated porous media are incor-
porated in process equipment, so that further attention will be
restricted to them.

ExamPLE 6.14

Pressure Drop and Void Fraction in Liquid-Gas Flow
A mixture of an oil and hydrogen at 500 psia and 200°F enters a
3 in. Schedule 40 steel line. Data are:

Oil: 140,000 1b/hr, 51.85 1b/cu ft, 2700 cth, viscosity 15 cP.
Hydrogen: 800 1b/hr, 0.142 Ib/cu ft, 5619 cth, viscosity 2.5 (1077)
1b sec/sq ft.

The pressure drop in 100 ft of line will be found, and also the voi-
dage at the inlet condition.
Re, = _4m_ _ 4(140,000/3600)
b7 aDgu — 7(0.2557)(32.2)0.15°
4(800/3600)
RCG = —
7(0.2557)(32.2)(2.5)(1077)
€ _
D =0.00059.

=137,500,

Round equations:

f= 1.6434 _ 0.0272, liquid,
" [In(0.135¢/D+6.5/Re]> | 0.0204  gas,
8fm> 8(0.0272)(38.89)*
(AP/L), = 2f - ( )(38.89) :
m°gpD>  72(32.2)(51.85)(0.2557)
=18.27 psf /ft,
2
Ap/L). - 8(00204)(0.222) 0,163 psf /f,
G

72(32.2)(0.142)(0.2557)
X? =18.27/0.1633=111.8.

Lockhart-Martinelli-Chisholm:
¢ =20 for TT regime (Table 6.8),
C 1

2 _ —
¢L_1+?+ﬁ‘2'90’
~(AP/L) two phase = ¢ (AP/L), =2.90(18.27)
=53.0 psf /ft, 36.8 psi/100ft.

Check with the homogeneous model:

800

= 140,000 + 800

=0.0057 wt fraction gas,

—1
_ | 00057 0.0943 _3.85(10-%) Ibfsec.
2.5(1077) © 3.13(107%) sqft
_ 10.0057 , 0.994317" _
=[G * Sigs) =086 bjeutt
e= 4(39.11) —— =157,100
7(32.2)(0.2557)3.85(107)
£=0.0202,
2
AP_  8(0.0202)(39.1.1) _a2.2psi/,

L 22(32.2)(16.86)(0.2557)°

compared with 53.0 by the LMC method.



Void fraction by Eq. (6.104):
ec=1-1/¢p,=1-1/v/290=0.413,

compared with input flow condition of

Q¢ _ 5619

= 0o+0, 561912700 ~ 67>

&

Method of Premoli [Egs. (6.105) and (6.106)]: Surface tension
6=20dyn/cm, 0.00137 1bf /ft,

Weo DG _ 16’
gpo mgDpro
2
= 16(33'89) =64,118,
72(32.2)(0.2557)*(51.85)(0.00137)
Re =19, 196,

E, =1.578(19196)7""(51.85/0.142)* = 0.8872,
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E, =0.0273(6411.8)(19196)"°'(51.85/0.142)"% =7.140,
y =5619/2700 =2.081,
VE; =2.081(7.140) = 14.86.

Clearly, this term must be less than unity if Eq. (6.105a) for S'is to
be valid, so that equation is not applicable to this problem as it
stands. If yE, is replaced by y/E, = 0.2914, then

0.5
S=1 +0.8872(% - 0.2914) =2.02,

and the voidage is

5619
=——=——_ =(.51,
“= 5619+ 2.02(2700)
which is a plausible result. However, Eqs. (6.105) and (6.105a) are
quoted correctly from the original paper; no numerical examples
are given there.

Granular beds may consist of mixtures of particles of several
sizes. In flow problems, the mean surface diameter is the appropri-
ate mean, given in terms of the weight fraction distribution, x;, by

Dy =1/(Xxi/Dy)-

When a particle is not spherical, its characteristic diameter is taken
as that of a sphere with the same volume, so that

(6.106)

D,=(6V,/n)'". (6.107)

SINGLE PHASE FLUIDS

Extensive measurements of flow in and other properties of beds of
particles of various shapes, sizes and compositions are reported by
Leva et al. (1951). Differences in voidage are pronounced as Figure
6.8(b) shows.

A long-established correlation of the friction factor is that of
Ergun (Chem. Eng. Prog. 48, 89-94, 1952). The average deviation
from his line is said to be +20%. The friction factor is

_ gD (42)

== .1

==\ (6.108)

=150/Re, +1.75 (6.109)
with

Re,=D,G/u(1-¢). (6.110)
The pressure gradient accordingly is given by

2 - —
ap_G{-e) 100 el 55) ©.111)

L =~ pg.D,e D,G

For example, when D, =0.005 m, G =50 kg/m? sec, g.= 1 kg m/N
sec?, p =800 kg/m3, u=0.010 N sec/m?, and e = 0.4, the gradient is
AP/L=0.31(10°)Pa/m.

An improved correlation is that of Sato (1973) and Tallmadge
(AIChE J. 16, 1092 (1970)] shown on Figure 6.8(a). The friction
factor is

f,=150/Re, +4.2/Re)/® (6.112)

with the definitions of Egs. (6.108) and (6.110). A comparison of
Egs. (6.109) and (6.112) is

Rep 5 50 500 5000
f, (Ergun) 31.8 4.80 2.05 1.78
f, (Sato) 33.2 5.19 1.79 1.05

In the highly turbulent range the disagreement is substantial.

TABLE 6.7. Porosity and Permeability of Several
Unconsolidated and Consolidated Porous

Media

Media Porosity(%) Permeability(cm?)
Berl saddles 68-83 1.3x10°-3.9x%x107°
Wire crimps 68-76 3.8%x10°-1.0x10*
Black slate powder 57-66 49%107°-1.2x107°
Silica powder 37-49 1.3x107°-5.1x10"°
Sand (loose beds) 37-50 2.0x107 -1.8x10°
Soil 43-54 29%x10°-1.4x107
Sandstone (oil sand) 8-38 50x10'2-3.0x10°
Limestone, dolomite 4-10 2.0x10""-45%x107"°
Brick 12-34 48%x10"-2.2x107°
Concrete 2-7 1.0x10°-2.3%x107
Leather 56-59 95x10"°-1.2x10°
Cork board — 33%x10°%-15x10"
Hair felt — 8.3%x10°-1.2x105
Fiberglass 88-93 24%x107 -5.1x 107
Cigarette filters 17-49 1.1x10°

Agar-agar — 2.0x10°-4.4%x10°

(A.E. Scheidegger, Physics of Flow through porous Media,
University of Toronto Press, Toronto, Canada, 1974).
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Figure 6.8. Friction factors and void fractions in flow of single
phase fluids in granular beds. (a) Correlation of the two-phase fric-
tion factor, Re = D,G/(1— e)u and f, = [g.D,e lpu’(1—e)] (AP/L) =
50/Re + 4.2/(Re)". [Sato et al., J. Chem. Eng. Jpn. 6, 147-152 (1973)].
(b) Void fraction in granular beds as a function of the ratio of particle
and tube diameters. [Leva, Weintraub, Grummer, Pollchik, and Storch,
U.S. Bur. Mines Bull. 504 (1951)].

TWO-PHASE FLOW

Operation of packed trickle-bed catalytic reactors is with liquid
and gas flow downward together, and of packed mass transfer
equipment with gas flow upward and liquid flow down.
Concurrent flow of liquid and gas can be simulated by
the homogeneous model of Section 6.8 and Egs. (6.109) or (6.112),
but several adequate correlations of separated flows in terms of
Lockhart-Martinelli parameters of pipeline flow type are available.
A number of them is cited by Shah (Gas-Liquid-Solid Reactor
Design, McGraw-Hill, New York, 1979, p. 184). The correlation
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(@ VISCOUS - VISCOUS ‘0
® PACKED BEDS, LARKINS et al., (EQ.1)
0) -  WEEKMAN & MYERS'®!
. , PRESENT WORK,[EQS.12015)
T T T

TTTTTT [N

LOCKHARYl"
MARTINELLL

P11

R |
107 10° 10' 3x10'

(a}

| | L4

0 T 1

FTTThH | [

IREBRL

a[v
9 I’ —

L 165
el 1Pl [ R RN )
16" 10° 10' 30

X
(b)

Figure 6.9. Pressure drop gradient and liquid holdup in liquid-gas
concurrent flow in granular beds. [Sato, Hirose, Takahashi, and Toda,
J. Chem. Eng. Jpn. 6, 147-152 (1973)]. (a) Correlation of the
two-phase pressure drop gradient AP/L, ¢ = 1.30 + 1.85 X%,
(b) Correlation of frictional holdup /; of liquid in the bed; a; is
the specific surface, 1/mm, d is particle diameter, and D is tube
diameter. /i, =0.4a X"

of Sato (1973) is shown on Figure 6.9 and is represented by
either

d=(AP.G/AP.)" =130+ 1.85(X) "% 0.1 <X <20, (6.113)
or
AP, ) 0.70
Io = , (6.114)
#10 <APL +AP)  [log,y(X/1.2)] +1.00
where
X=1/(AP/L), (AP/L),;. (6.115)

The pressure gradients for the liquid and vapor phases are calcu-
lated on the assumption of their individual flows through the
bed, with the correlations of Egs. (6.108)—(6.112).

The fraction /1, of the void space occupied by liquid also is of
interest. In Sato’s work this is given by

hy =0.40(a,)' > X2, (6.116)
where the specific surface is
a;=6(1-¢)/D,. (6.117)



Additional data are included in the friction correlation of
Specchia and Baldi [Chem. Eng. Sci. 32, 515-523 (1977)], which
is represented by

D ()

P L — 11
fio= s (1 (6.118)

In (fLG) =7.82—-1.301n (Z/y/ll) — 00573[1n (Z/Wll)]Z

(6.119)
The parameters in Eq. (6.119) are
Z=(Reg)"""/(Rer)™™™, (6.120)
,71/3
w=2r {”L (;L) } _ (6.121)
oL |Hy L

Liquid holdup was correlated in this work for both nonfoaming
and foaming liquids.

Nonfoaming,

hy=0.125(Z /" " (a,D, /€)%, (6.122)
Foaming,

hy =0.06(Z )y "' (a,D, /)" . (6.123)

The subscript w in Eq. (6.121) refers to water.

Countercurrent flow in towers is covered in Section 13.13.
Unlike concurrent flow, flooding can occur in countercurrent flow;
consequently, flooding must be predicted. From a fluid flow stand-
point, the other required process parameters are (1) liquid holdup
and (2) bed pressure drop. Design methods for flooding, holdup
and pressure drop will be discussed. In addition to the material
presented here in Chapter 13, the following references are very per-
tinent: Billet (Distillation Engineering, Chemical Pub. Co., New
York), Chemical Engineers Handbook (McGraw-Hill, New York,
2007, pp. 14-55 to 14-63) and Seader (Separation Process Principles,
2™ ed., Wiley, New York, 2005).

Flooding is covered in Seader (p.233) and Perry’s (P.14-57 and
58). Sealer (p. 233, Fig. 6.36a) includes the generalized pressure
drop correlation (6PDC) with the uppermost curve on the chart
constituting a flooding correlation. The correlating parameters are:

yo ({) (-2) )
@)t

(6.124)

(6.125)
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Curve fits for the flooding correlation of Y vs. X and of the
liquid density correlation (fp.) and the liquid viscosity correction
(fue) are:

Ln(Y)= —4 Ln(X)-0.0 [LN(X)]? (6.126)
Joe==02+12(p,/p.) (6.127)
In(f,)=0231n(u,) ie f,, =u> (6.128)

where v = flooding velocity, ft/s, F, = packing factor, ft=! (tables
13.13 and 13.5), g=gravitational constant, 32.17 ft/s?, pv and
pe =vapor and liquid densities, 1b/ft}, G, and G.=vapor and
liquid mass velocities, Ibm/ft>. These relations will be used in the
next example problem.

Liquid holdup is covered by Seader (p. 229).

1/3
= {12(}%)] R/ (6.129)
where;
Re; = LPe (6.130)
ap,
Fr, =24 (6.131)
g

R, = C, R Fr%! for Re; < 5and = 0.85C, Re) > Fi! for Re; > 5

where v, = superficial liquid velocity, ft/s, Re;=liquid Reynolds
number, Fr;=liquid Froude number, a = packing specific surface
area, ft*/ft’ (Tables 13.13 and 13.15), ¢, = holdup characteristic of
individual packings (Seader, Table 6.8 pp. 230-232). These relations
will be used in Example 6.15.

Packing pressure drop is covered best in Perry’s (pp. 14-57 to
59) and here by Fig. 13.35. The correlating parameters for
Fig. 13.35 are X as defined in Eq. (6.125) and

» 1/2
Cp =y, (P—‘) F/?S VS.S
e~ Py

where v, = kinematic viscosity of the liquid, cS. Fig. 13.35 presents
a correlation of ¢ vs. X with the bed pressure drop as a parameter.

Now the use of these relationships will be illustrated by a
worked example. Use example 6.13, p.233. Seader.

(6.132)

ExampLE 6.15
Air containing 5mol% NH;j enters a packed column containing
“Raschig rings” at 40 Ib,,,,/hr at 20°C and 2 atm. The NHj is scrubbed
with 3,000 Ibm/hr of water. From Table 13.1 a = 190 m*/m’ = 58 ft*/ft®
and F, =476 m*m® = 143 ft’/ft’. Estimate the flooding velocity, liquid
holdup, pressure drop and column diameter.

m, = (0.95)(29) +0.05(17) =28.4 Ib, /b,
Py = (1)(2.84/[(0.730)(293)(1.8)] = 0.0738 Ibm /ft’
my in = (40 1bye /hr)(28.41bm/1b,, ;) =1, 136 1b,, /hr

My, ou = 3,000 by, /hr + (40)(0.05)17 Ibyey /hr = 3,034 Iby, /hr

_(m, 2\ (3,034 0.074  \"?_
x= (m> ( . — pv> B (1, 136) (62.4 —0.074) =0.09

In(Y)= —4— In(0.092) — 0.09423[In (0.092)]

e

Y=0.12= v’gj (ﬁ—) (rp) )

For water at 20°C, fp=1 and fy; =1, then

[ 0a3)(32.17)(62.4) 177
vf_[(1)(1)(470/3.28)(0.074)} =5ft/s

(continued)
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EXAMPLE 6.15—(continued)
The column should operate between 50 and 70% of flood, accord-
ing to Seader (p. 233). At 70% of flood:

Vi=(5)(0.7)=3.5ft/sthen Y =0.13(3.5/5)> = 0.064

From Fig. 6.36a, Seader, p. 233, at X =0.092 and Y = 0.064, AP =1
in/ft, i.e., 1 inch H,O column pressure drop per ft of packing. This
value can be checked with the value obtained by using Fig. 13.35.

C56F1/2v°'05 _ VS(P Py )l/zFl/zvo.os
’ e~ Py ’
0.074 ', 12172711005
=3.5(——"——) 143771 =144
(62,4— 0.074) (M
From Fig. 13.35 at Css F,"2 v*%% = 1.44 and X = 0.092, AP/L = 1
in H,O/ft packing, which is excellent agreement with the value cal-
culated by usingthe method of Fig. 6.36a, Seader.
The column diameter can now be calculated:

m, =p,v,A A =1,136/(0.074)(3.5)(3,600) = 1 21 ft*

D=[(1.21)(4)/2]' =1.25ft=15in.

The liquid holdup can now be calculated:

Re = VePe _[3:034/(624)(1.21)]624 _ (42)(624) _ o
" (@) (k) (58)(1)(2.42) (s8)(1)(2.42)
_(42/3600)°58

R, =(0.85)C, RSP Frd!

=(0.85)(0.648)(18.7)%%(0.000245)*' =1.19

1/3 1/3
_ Fr, 23 (0.000245) 23
h= {12(—&)1)} Ra _{(12)718.7 (1.19)7° =0.061

In summary, the flooding vapor velocity = vg = 5ft/s, at 70% of
flood, i.e., 3.5 ft/s, the column pressure drop is 1 in H,O/ft packing
height and the fractional liquid holdup is 0.0061.

Even when they are nominally the same type and size, pack-
ings made by different manufacturers may differ substantially in
their pressure drop and mass transfer behavior, so that manufac-
turers data should be obtained for final design.

Much data on individual packings are given by Billet (Distilla-
tion Engineering, Chemical Pub. Co., New York), in Chemical Engi-
neers Handbook (McGraw-Hill, New York, 1984, p. 18.23), and with
Figure 6.9.

The uppermost line of Figure 13.37(a) marks the onset of
flooding which is the point at which sharp increase of pressure
drop obtains on a plot against liquid rate. Flooding limits also
are represented on Figure 13.36; in practice, it is customary to
operate at a gas rate that is 70% of that given by the line, although
there are many data points below this limit in this correlation.

Mesh or other open structures as vessel packing have attrac-
tive pressure drop and other characteristics, but each type has quite
individual behavior so that it is best to consult their manufacturer’s
data.

6.10. GAS-SOLID TRANSFER

The hydrodynamics of gas-solid transfer is complex and the litera-
ture is voluminous, as indicated by the 224-page coverage by N.P.
Cheremisinoft and R. Gupta, Handbook of Fluids in Motion,
Butterworth, pp. 623-847, Chapters 23-31, 1883. Equipment for
pneumatic conveying is described in Section 5.2 along with some
rules for calculating power requirements. Here the latter topic will
be supplemented from a more fundamental point of view.

CHOKING VELOCITY

Although the phenomena are not clearcut, partial settling out of
solids from the gas stream and other instabilities may develop below
certain linear velocities of the gas called choking velocities. Normal
pneumatic transport of solids accordingly is conducted above such a
calculated rate by a factor of 2 or more because the best correlations
are not more accurate. Above choking velocities the process is
called dilute phase transport and, below, dense phase transport.
What appears to be the best correlation of choking velocities
is due to Yang [AIChE J. 21, 1013-1015 (1975)], supplemented

by Punwani et al. and Yang (cited by Teo and Leung, 1984, pp.
520-521). The choking velocity U,. and voidage &, are found by
simultaneous solution of the equations

Gi/p=(Ugpe = U,)(1-¢,) (6.133)
or

ee=1-G,/p,(Up —U) (6.134)
and

gD(e7*7 = 1)=3.41(10°)(p,/p,)** (Upe = U,)%, (6.135)

where G, is the mass rate of flow of solid per unit cross section and
the other terms are defined in Table 6.8. When ¢, from Eq. (6.134)
is substituted into Eq. (6.135), the single unknown in that equation
is readily found with a root solving routine. For the case of Exam-
ple 6.15, G, =29.6 kg/m>sec, U, =0.45 m/sec, p, = 1282 kg/m?, and
pe=1.14 kg/m®. Accordingly, U, = 1.215 m/sec and e, =0.9698.

PRESSURE DROP

The relatively sparse data on dense phase transport is described by
Klinzing (1981) and Teo and Leung (1984). Here only the more
important category of dilute phase transport will be treated.

The pressure drop in simultaneous flow of gas and solid parti-
cles is made up of contributions from each of the phases. When the
particles do not interact significantly, as in dilute transport, the
overall pressure drop is represented by

2w, UPL  2fip (1 —e)UL
AP=p,(1—¢)Lg+prelg+ g/Df + ol D )Yy

(6.136)

for vertical transport; in horizontal transport only the two frictional
terms will be present. The friction factor f, for gas flow is the
normal one for pipe flow; except for a factor of 4, it is given by
Eq. (6.19) for laminar flow and by either the Round equation (6.21)



TABLE 6.8. Equations for the Calculation of Pressure Drop
in Gas-Solid Transport

Solid Friction Factor f; According to Various Investigators

Investigator fs
Stemerding (1962) 0.003 1 M
Reddy and Pei (1969) 0.046U, 1 2
Van Swaaij, Buurman, and van 0.080U,; 3
Breugel (1970) 129
Capes and Nakamura (1973) 0.048U, " C))
Konno and Sato (1969) 0A0285\/gDU,;1 5)
-0.979
Yang (1978), vertical 1-¢|(1-¢)U;
0.00315873{%_% (6)
-1.15
Yang (1976), horizontal 1-¢e|(1—e)U;
0.00293 = { N @
Free Setting Velocity
173
—Dp |:gpf(f)p2 Pf)} ®
Hf
D%(p, —
Ut(stokes) = w, K<33 9)
18,¢
0.153g%7" Dj’m(p —p )0.71
Ut(intermediate) = 0_2/9 0_4; ! , 33<K<436 ( 0)
P Hf
D _ 12
Ut(Newton) = 1.75 <w> , 436<K<2360 (11)
f
Particle Velocity
Investigator Up
Hinkle (1953) Ug-U; (12)
IGT (1978) Ug(1-0.68D5%p%%p;°2D%%)  (13)
Yang (1976) £U2Y "2
_ p
Ug-U; (1 + 29D> 14)
Voidage
e=1-4mp/xD*(p, - pr) U, (15)

Notation: U is a fluid velocity, U, is particle velocity, U, is
particle free settling velocity, m is mass rate of flow of solid, D =
pipe diameter, D, is particle diameter, g = 9.806 m/sec? at sea level.

(Klinzing, 1981).
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or the Schacham equation (6.22) for turbulent flow. For the
solid friction factor f;, many equations of varying complexity
have been proposed, of which some important ones are listed in
Table 6.8.

These equations involve the free settling velocity U,, for which
separate equations also are shown in the table. At lower velocities
Stokes’ law applies, but corrections must be made at higher ones.
The particle velocity U, is related to other quantities by Egs.
(12)—(14) of the table, and the voidage in turn is represented by
Eq. (15). In a review of about 20 correlations, Modi et al.
(Proceedings, Powder and Bulk Solids Handling and Processing Con-
ference, Powder Advisory Center, Chicago, 1978, cited by Klinzing,
1981) concluded that the correlations of Konno and Sato (1969)
and of Yang (1976, 1978) gave adequate representation of pneu-
matic conveying of coal. They are applied in Example 6.16 and give
similar results there.

6.11. FLUIDIZATION OF BEDS OF PARTICLES WITH GASES

As the flow of fluid through a bed of solid particles increases, it
eventually reaches a condition at which the particles are lifted
out of permanent contact with each other. The onset of that condi-
tion is called minimum fluidization. Beyond this point the solid-
fluid mass exhibits flow characteristics of ordinary fluids such as
definite viscosity and flow through lines under the influence of
hydrostatic head difference. The rapid movement of particles at
immersed surfaces results in improved rates of heat transfer. More-
over, although heat transfer rate between particles and fluid is only
moderate, 1-4 Btu/(hr)(sq ft)(°F), the amount of surface is so great,
10,000-150,000 sq ft/cu ft, that temperature equilibration between
phases is attained within a distance of a few particle diameters.
Uniformity of temperature, rapid mass transfer, and rapid mixing
of solids account for the great utility of fluidized beds in process
applications.

As the gas flow rate increases beyond that at minimum fluidiza-
tion, the bed may continue to expand and remain homogeneous for a
time. At a fairly definite velocity, however, bubbles begin to form.
Further increases in flow rate distribute themselves between the dense
and bubble phases in some ways that are not well correlated. Exten-
sive bubbling is undesirable when intimate contacting between phases
is desired, as in drying processes or solid catalytic reactions. In order
to permit bubble formation, the particles appear to interlock to form
a skin around the bubble and thus prevent free particles from raining
through those spaces. Bubble sizes become large at high rates of flow
and may eventually reach the diameter of the vessel, at which time
slugging and severe entrainment will occur.

ExamPLE 6.16

Pressure Drop in Flow of Nitrogen and Powdered Coal
Powdered coal of 100 um dia. and 1.28 specific gravity is trans-
ported vertically through a 1-in. smooth line at the rate of 15 g/
sec. The carrying gas in nitrogen at 1 atm and 25°C at a linear
velocity of 6.1 m/sec. The density of the gas is 1.14 kg/m® and its
viscosity is 1.7(10°)N sec/m>. The equations of Table 6.8 will
be used for the various parameters and ultimately the pressure gra-
dient AP/L will be found:

9.806(1.14)(1282—1.14)}1/3_3 -

_1n-4
Eq. (8), K=10 { 17007

0.153(9.806)"7"(0.0001)""* (1282 — 1.14)*7!

Eq. (10), U, =
a- (10, & 1.14%2[1.7(107%)"#
=0.37m/sec(0.41 m/sec by Stokes law),
0.015 0.0231
Eq. (15), e=1- =1- ,
d (/4)(0.0254)7 (1282 - 1.14) U, U,
)

Eq. (14), U, =6.1 —0.45\/ L+£,U2/2(9.806)(0.0254)

=6.1-0.45,/1+2.007/,U2

an

(continued)
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EXAMPLE 6.16—(continued)
Eq. (7). /= o.oo31i(1 —¢) {(1 —E)O.45}"0'979
&3 6.1-U,
Equations (I), (II), and (III) are solved simultaneously with the results:
£=0.9959 and U, =5.608,
For the calculation of the pressure drop,
£;=0.0031 (Yang equation),
DUrp,  0.0254(6.1)(1.14)
T w1007
Therefore, Round’s Eq. (6.21) applies:

-ff = %fRound =0.0076,

Eq. (6.136),

AP/L=9.806[1282(1 — 0.9959) + 1.14(0.9959)]
+(2/0.0254)[0.0076(1.14)(6.1)*
+0.0031(1282)(0.0041)(5.608)*]

=51.54+11.13+25.38+40.35=128.4 Pa/m.

(11D

Re; =10,390.

With Egs. (5) and (13), no trial calculations are needed.

Eq. (13), U, =6.1[1-0.68(0.0001)"**(1282)"°
x (1.14)7°2(0.0254)°)
=15.88m/sec,

Eq. (15), e=1-0.0231/5.78 = 0.9960,

Eq. (5), f;=0.02851/9.806(0.0254)/5.88 = 0.00242

Therefore, the solid frictional gradient is obtained from the calcu-
lated value 40.35 in the ratio of the friction factors.

(AP/L) =40.35(0.00242/0.0031) = 31.5Pa/m.

solid friction

Onset of fluidization commonly is detected by noting a break in
the plot of flow against pressure drop. For a range beyond the mini-
mum fluidizing velocity, the pressure drop remains constant and
equal to the weight of the bed but the bed level rises gradually and
bubbles are generated at an increasing rate. Not in all cases, how-
ever, is the fluidization behavior entirely smooth. Figure 6.10(a)
compares “normal” with a case of ‘abnormal’ behavior. Among
the reasons for abnormality are aggregation of particles because of
stickiness or attractive forces between small particles and interlock-
ing of rough surfaces. It is even possible for bubbling to occur before
the onset of fluidization by formation of channels in the bed.

CHARACTERISTICS OF FLUIDIZATION

Six different regimes of fluidization are identified in Figure 6.11
and its legend. Particulate fluidization, class (b) of the figure, is
desirable for most processing since it affords intimate contacting
of phases. Fluidization depends primarily on the sizes and densities
of the particles, but also on their roughness and the temperature,
pressure, and humidity of the gas. Especially small particles are
subject to electrostatic and interparticle forces.

Four main classes characterized by diameters and differences
in densities of the phases are identified in Figure 6.12 and its legend.
Groups A and B are most frequently encountered; the boundary
between them is defined by the equation given in the legend. Group
A particles are relatively small, 30150 ym dia, with densities below
1.5 g/cc. Their bed behavior is “abnormal” in that the bed expands
appreciably before bubbling sets in, and the minimum bubbling
velocity always is greater than the minimum fluidization velocity.
The bubbles disengage quickly. Cracking catalysts that have been
studied extensively for their fluidization behavior are in this class.
Group B materials have d, = 150 — 500 um and are 1.5-4.0 g/mL.
The bed expansion is small, and minimum bubbling and fluidization
velocities are nearly the same. The bubbles also disengage rapidly.
Coarse sand and glass beads that have been favorite study materials
fall in this group. Group C comprises small cohesive particles whose
behavior is influenced by electrostatic and van der Waals forces.
Their beds are difficult to fluidize and subject to channelling. Group

D particles are large, ] mm or more, such as lead shot and grains.
They do not fluidize well and are usually handled in spouted beds,
such as Figure 9.13(f).

Among the properties of particles most conducive to smooth
fluidization are the following:

1. rounded and smooth shape,

2. in the range of 50-500 ym diameter,

3. a broad spectrum of particle sizes, with ratios of largest to smal-
lest sizes in the range of 10 to 25,

4. enough toughness to resist attrition.

Such tailoring of properties is feasible for many catalyst-carrier formu-
lations, but drying processes, for instance, may be restricted by other
considerations. Fluidization of difficult materials can be maintained
by mechanical or ultrasonic vibration of the vessel, or pulsation of
the supply of the fluid, or mechanical agitation of the contents of the
vessel, or by addition of fluidization aids such as fine foreign solids.

SIZING EQUIPMENT

Various aspects of the hydrodynamics of gas-solid fluidization
have been studied extensively with conclusions that afford gui-
dance to the interpretation and extension of pilot plant data. Some
of the leading results bearing on the sizing of vessels will be dis-
cussed here. Heat transfer performance is covered in Chapter 17.
Example 6.17 applies to some of the cited data.

Solids of practical interest often are mixtures of a range of
particle diameters, but, for convenience, correlations are expressed
in terms of a single size which is almost invariably taken as the sur-
face average diameter given by

dp=1/Yx:d;, (6.137)
where x; is the weight fraction of the material having a diameter d;
measured by screen analysis. Particles that deviate substantially
from a spherical shape are characterized as having the diameter
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Figure 6.10. Characteristics of gas-solid fluidization. (a) Schematic of the progress of pressure drop and bed height with increasing velocity,
for “normal” and “abnormal” behavior. For normal systems, the rates at minimum fluidization and minimum bubbling are the same.
(b) Behavior of heat transfer coefficient with gas flow rate analogous to part (a). The peak depends on the density and diameter of the
particles. (Botteril, Fluid Bed Heat Transfer, Academic, New York, 1975). (c) Bed expansion ratio as a function of reduced flow rate
and particle size. The dashed line is recommended for narrow size range mixtures. (Leva, 1959, p. 102). (d) Correlation of fluctuations
in level, the ratio of the maximum level of disturbed surface to average level. (Leva, 1959, p. 105). (e) Bed voidage at minimum fluidization.
(Leva, 1959). Agarwal and Storrow: (a) soft brick; (b) absorption carbon; (¢) broken Raschig rings; (d) coal and glass powder; (e) carbor-
undum; (/) sand. U.S. Bureau of Mines: (g) round sand, ¢s = 0.86; (1) sharp sand, ¢s = 0.67; (i) Fischer-Tropsch catalyst, ¢pg = 0.58;
(j) anthracite coal, ¢g = 0.63; (k) mixed round sand, ¢s = 0.86. Van Heerden et al.: (/) coke; (m) carborundum. (f) Coefficient C in the
equation for mass flow rate at minimum fluidization. (Leva, 1959): G,,, = CDIZ,gL,/)F(pS —pp)ly and C = 0.0007 Re™*%, (g) Minimum
bubbling and fluidization velocities of cracking catalysts. (Harriott and Simone, in Cheremisinoff and Gupta, Eds., Handbook of Fluids
in Motion, Ann Arbor Science, Ann Arbor, M1, 1983, p. 656). (h) Minimum fluidization and bubbling velocities with air as functions of
particle diameter and density. [Geldart, Powder Technol. 7, 285 (1973)]. (i) Transport disengagement height, TDH, as a function of vessel
diameter and superficial linear velocity. [Zenz and Weil, AIChE J. 4, 472 (1958)]. (j) Good fluidization conditions. (W.V. Battcock and
K. K. Pillai, “Particle size in Pressurised Combustors,” Proc. Fifth International Conference on Fluidised Bed Combustion, Mitre Corp.,
Washington D.C., 1977).
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Figure 6.11. Six regimes of fluidization identified with increasing
gas superficial velocity. (Grace, 1982).

Velocity Range Regime Appearance and Principal Features

(@) 0 < U< Upms fixed bed particles are quiescent; gas flows
through interstices

bed expands smoothly in a
homogeneous manner; top
surface is well defined; some
small-scale particle motion; little
tendency for particles to
aggregate; very little fluctuation

void regions form near the
distributor, grow mostly by
coalescence, and rise to the
surface; top surface is well
defined with bubbles breaking
through periodically; irregular
pressure fluctuations of
appreciable amplitude

voids fill most of the column cross
section; top surface rises and
collapses with reasonably regular
frequency; large and regular
pressure fluctuations

small voids and particle clusters dart
to and fro; top surface difficult to
distinguish; small-amplitude
pressure fluctuations only

no upper surface to bed; particles
are transported out the top and
must be replaced by adding
solids at or near the bottom;
clusters or strands of particles
move downward, mostly near the
wall, while gas, containing widely
dispersed particles, moves
upward; at fixed solid feed rate,
increasingly dilute as u is
increased

(b) ums< U< ump particulate

fluidization

(c) Ump < U< Uyns bubbling

fluidization

(d) Ums < U < Uk slugging

regime

turbulent
regime

(e) uy<u< uy

fast
fluidization

(f) uy<u

of a sphere with the same volume as the particle. The sphericity is
defined as the ratio

¢ = (surface of a sphere)/

(surface of the particle with the same volume) (6.138)
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and is always less than unity. Accordingly, the relation between the
effective particle size d, and that found by screen analysis is
dy = Pdscreen- (6.139)
Minimum Fluidization. The fundamental nature of this phe-
nomenon has led to many correlations for its prediction. That of

Leva (1959) applies to Reynolds numbers Re,, =d,G,s/u<5,
and is

)}0.94

Gm/' — 688D;82 [pF(/)s ;;;F
? uo

(6.140)
in the English units G, in Ib/(hr)(sq ft), D, in inches, densities in
Ib/cu ft, and viscosity in cP. In SI units it is

0.0093d,*(p, — p,)"**

mf =
4088 p;),os

(6.141)

The degree of confidence that can be placed in the correlation is
indicated by the plot of data on which it is based in Figure 6.10
(f). An equation more recently recommended by Grace (1982) cov-
ers Reynolds numbers up to 1000:

Reyy =dyttnp/u=1/(27.2)° +0.0408(Ar) =272, (6.142)
where
Ar=p(p, —p)gd, /. (6.143)

Here also the data show much scatter, so that pilot plant determina-
tions of minimum fluidization rates usually are advisable.

Minimum Bubbling Conditions. Minimum bubbling velocities
for Group B substances are about the same as the minimum fluidi-
zation velocities, but those of Group A substances are substantially
greater. For Group A materials the correlation of Geldart and
Abrahamsen [Powder Technol 19, 133 (1978)] for minimum bub-
bling velocity is

Upb =33dp(.u//))70.1~ (6144)
For air at STP this reduces to
Ump = 100dp (6145)

For cracking catalysts represented on Figure 6.10(g), Harriott and
Simone (1983) present an equation for the ratio of the two kinds of
velocities as

0.6 _0.06
_ 8 (6.146)

gd}3(p,—p)’

Ump
Uy

The units of this equation are SI; the coefficient given by Chere-
misinoff and Cheremisinoff (1984, p. 161) is incorrect. Figures
6.10(g) and (h) compare the two kinds of velocities over a range
of particle diameters. Voidage at minimum bubbling is correlated
by an equation of Cheremisinoff and Cheremisinoff (1984,
p. 163):

eny/ (1 =€) =47.4(ed 2 /i) . (6.147)



116 FLOW OF FLUIDS
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Figure 6.12. Characteristics of four kinds of groups of particles classified by Geldart. [Powder Technol. 6, 201-205 (1972); 7, 285-292
(1973)]. The boundary between A and B is represented by the equation dg=44,000pF o uF®Ig(ps —py) and that between B and D by

(ps = pr)ds=10""kg/m.

Feature Group C Group A Group B Group D

Distinguishing word or phrase Cohesive aeratable bubble readily spoutable

Example Flour fluid cracking catalyst sand wheat

Particle size for pg =2.5g/cm?® <20um 20 < ds <90um 90 < ds <650 um > 650 um

Channeling Severe little negligible negligible

Spouting None none shallow beds only readily

Collapse rate - slow rapid rapid

Expansion Low because of high; initially bubble-free medium medium
channeling

Bubble shape channels, no bubbles flat base, spherical cap rounded with small rounded

Rheological character of dense high yield stress

phase

apparent viscosity of
order 1 poise

indentation
apparent viscosity of
order 5 poise

apparent viscosity of
order 10 poise

Solids mixing very low high medium low

Gas back mixing very low high medium low

Slugging mode flat raining plugs axisymmetric mostly axisymmetric mostly wall slugs

Effect of d, (within group) on unknown appreciable minor unknown
hydrodynamics

Effect of particle size distribution unknown appreciable negligible can cause segregation

Bed Expansion and Fluctuation. The change of bed level with
increasing gas rate is represented schematically in Figure 6.10 (a).
The height remains constant until the condition of minimum fluidiza-
tion is reached, and the pressure drop tends to level off. Then the bed
continues to expand smoothly until some of the gas begins to disen-
gage from the homogeneous dense phase and forms bubbles.

The point of onset of bubbling corresponds to a local maximum in
level which then collapses and attains a minimum. With increasing
gas rate, the bed again continues to expand until entrainment devel-
ops and no distinct bed level exists. Beyond the minimum bubbling
point, some fraction of the excess gas continues through the dense
phase but that behavior cannot be predicted with any accuracy.

ExampLE 6.17

Dimensions of a Fluidized Bed Vessel
A fluidized bed is to hold 10,000 kg of a mixture of particles whose
true density is 1700 kg/m?. The fluidizing gas is at 0.3 m? /sec, has
a viscosity of 0.017 cP or 1.7(E—5)Nsec/m”> and a density of
1.2kg/m’. The size distribution of the particles is

d(pm) 252 178 126 89 70 50 30 10
x (wt fraction) 0.088 0.178 0.293 0.194 0.113 0.078 0.042 0.014
u; (m/sec) 345 172 086 043 0.27 0.14 0.049 0.0054

The terminal velocities are found with Stokes’ equation

_glpp=p) »_981(1700—1.2)(E-12)

STV B7(E=5)] [ ()]

(a) The average particle size is

dy=1/3(x;/d;) =84.5 ym.



(b) With d, =84.5 and density difference of 1699 kg /m®, the mate-
rial appears to be in Group A of Figure 6.12.
(c) Minimum fluidization velocity with Eq. (6.141)

_0.0093[84.5(E — 6)]"**(1700 — 1.2)"**

um -
f 1.7(E - 5)]().88(1 _2)0.06
=0.0061 m/sec,

and with Eqs. (6.134) and (6.135),

3
Ap = 1:2(1700 - 1.2)(9.81)[84.5(E ~ 6)] —41.75,

(1L.7(E-5))

Re,, = \/ (27.2)* +0.0408(41.75) —27.2=0.0313,

_WRe,,  17(E—=5)(0.0313)
th = T 845(E—6)(12)

=0.0052 m/sec.

Use the larger value, u,, =0.0061, as the conservative one.
(d) Minimum bubbling velocity, with Eq. (6.144),

Uy =33(84.5)(E — 6)[1.2/1.7(E - 5)*' =0.0085 m//sec,
[ty = 0.0085/0.0061 = 1.39.

From Eq. (6.147),

U _ 82[1.7(E_5)]0.6(1.2)0_o(,

= =135,
Uns  9.8184.5(E —6)]'3(1700 - 1.2)

which is in rough agreement.
(e) Voidage at minimum bubbling from Eq. (6.146):

} 17(E-5) "

Emb_ _ g7 [L7(E- )j ¢ =0.1948,
1= 9.81[84.5(E —6)]*(1700)
ey =0.469.

It is not certain how nearly consistent this value is with those
at minimum fluidization read off Figure 6.10(e). Only a lim-
ited number of characteristics of the solids are accounted for
in Eq. (6.146).

(f) Operating gas velocity. The ratios of entraining and minimum
fluidizing velocities for the two smallest particle sizes present are

0.049/0.0061 =8.03, for 30 ym,

0.0054/0.0061 =0.89, for 10 ym.
Entrainment of the smallest particles cannot be avoided, but
an appreciable multiple of the minimum fluidizing velocity

can be used for operation; say the ratio is 5, so that

uy = Su,,r =5(0.0061) =0.0305m/sec.
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(g) Bed expansion ratio. From Figure 6.10(c) with d, =84.5 yum or
0.0033 in. and G;/G,,r =S5,
1.16, by interpolation between the full lines,
~ | 1.22, off the dashed line.

Take R=1.22 as more conservative. From Eq. (6.148) the
ratio of voidages is

gmb/gmf = 50'22 =1.42.

From part (e), €,,=0.469 so that &, =0.469/1.42=0.330.
Accordingly, the ratio of bed levels is

Lup/ Ly = (1= &) /(1 = &) =0.67/0.531 = 1.262.

Although the value of &,,r appears somewhat low, the value of
R checks roughly the one from Figure 6.10(c).

(h) Fluctuations iq level. From Figure 6.10(d), with d, =0.0033 in.,
the value of m =0.02, so that

r=exp[0.02(5—1)] =1.083.

(i) TDH from Figure 6.10(). At uy = u,,r —4(0.0061) =0.0244 m/sec,
the abscissa is off the plot, but a rough extrapolation and
interpolation indicates about 1.5 m for TDH.

() Dimensions of the bed and vessel. With a volumetric flow rate
of 0.3m* /sec, the required diameter is

D=1/0.3/(0.305)(z/4) =3.54m.

With a charge of 10,000 kg of solids and a voidage at mini-
mum bubbling of 0.469, the height of the minimum bubbling
bed is

10000

L= 0011 =0.469) (z J3) D°

=1.13m.

This value includes the expansion factor which was calculated
separately in item (g) but not the fluctuation parameter; with
this correction the bed height is

L,=1.13(1.083)=1.22m.

The vessel height is made up of this number plus the TDH of
1.5 m or

vessel height=1.22+1.5=2.72m.
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Some smoothed data of expansion ratio appear in Figure 6.10(c)
as a function of particle size and ratio of flow rates at minimum bub-
bling and fluidization. The rather arbitrarily drawn dashed line appears
to be a conservative estimate for particles in the range of 100 gm.

Ordinarily under practical conditions the flow rate is at most a
few multiples of the minimum fluidizing velocity so the local max-
imum bed level at the minimum bubbling velocity is the one that
determines the required vessel size. The simplest adequate equation
that has been proposed for the ratio of voidages at minimum bub-
bling and fluidization is

gmb/gmf = (Grnb/ij‘)Q22 (6148)

— 2-64[10'89,00'54/g0'22dp1'06 (pp _p)O.ZZ. (6 149)

The last equation results from substitution of Eq. (6.146) into
(6.148). Then the relative bed level is found from

Ly /Ly = (1= €ms) /(1 =€)

Either ¢,,, or &,, must be known independently before Eq. (6.149)
can be applied, either by application of Eq. (6.147) for ¢,,, or by
reading off a value of ¢, from Figure 6.8(c) or Figure 6.10(e).
These values are not necessarily consistent.

At high gas velocities the bed level fluctuates. The ratio of
maximum disturbed level to the average level is correlated in terms
of G;/ G,y and the particle diameter by the equation

(6.150)

r=exp[m’'(Gy — Gur)/Guyl, (6.151)
where the coefficient 7 is given in Figure 6.10(d) as a function of
particle diameter.

Freeboard. Under normal operating conditions gas rates
somewhat in excess of those for minimum fluidization are
employed. As a result particles are thrown into the space above
the bed. Many of them fall back, but beyond a certain height
called the transport disengaging height (TDH), the entrainment
remains essentially constant. Recovery of that entrainment must
be accomplished in auxiliary equipment. The TDH is shown as a
function of excess velocity and the diameter of the vessel in Figure
6.10(i). This correlation was developed for cracking catalyst parti-
cles up to 400 mm dia but tends to be somewhat conservative at
the larger sizes and for other materials.

Viscosity. Dense phase solid-gas mixtures may be required to
flow in transfer line catalytic crackers, between reactors and regen-
erators and to circulate in dryers such as Figures 9.13(e), (f).
In dilute phase pneumatic transport the effective viscosity is nearly
that of the fluid, but that of dense phase mixtures is very much
greater. Some data are given by Schiigerl (in Davidson and Harri-
son, 1971, p. 261) and by Yates (1983). Apparent viscosities with
particles of 50 — 500 um range from 700 to 1300 cP, compared with
air viscosity of 0.017 cP at room temperature. Such high values of
the viscosity place the flow definitely in the laminar flow range.
However, information about friction in flow of fluidized mixtures
through pipelines is not easy to find in the open literature. Some-
one must know since many successful transfer lines are in
operation.
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7

FLUID TRANSPORT EQUIPMENT

Ithough liquids particularly can be transported by
operators carrying buckets, the usual mode of
transport of fluids is through pipelines with
pumps, blowers, compressors, or ejectors. Those
categories of equipment will be considered in this chapter.
A few statements will be made at the start about piping,
fittings, and valves, although for the most part this is

information best gleaned from manufacturers’ catalogs.
Special problems such as mechanical flexibility of piping
at elevated temperatures are beyond the scope here, and
special problems associated with sizing of piping for
thermosyphon reboilers and the suction side of pumps for
handling volatile liquids are deferred to elsewhere in this
book.

7.1. PIPING

Piping and piping components are the broadest category of process
equipment. In addition to the references cited in the text, the follow-
ing references will aid the user in the selection and design of piping:
Hutchinson (1979), King (1967), Weaver (1973), Wing (1974).

Standard pipe is made in a discrete number of sizes that are
designated by nominal diameters in inches, as “inches IPS (iron
pipe size)”. Table A5 in Appendix A lists some of these sizes with
dimensions in inches. Depending on the size, up to 14 different
wall thicknesses are made with the same outside diameter. They
are identified by schedule numbers, of which the most common is
Schedule 40. Approximately,

Schedule number = 1000 P/S,

where

P =internal pressure, psig
S = allowable working stress in psi.

Tubing for heat exchangers, refrigeration, and general service is made
with outside diameters measured in increments of 1/16 or 1/8 in. Stan-
dard size pipe is made of various metals, ceramics, glass, and plastics.

Dimensional standards, materials of construction, and pres-
sure ratings of piping for chemical plants and petroleum refineries
are covered by ANSI Piping Code B31.3 which is published by the
ASME, latest issue 1980. Many details also are given in such
sources as Nayyar, Piping Handbook (McGraw-Hill, New York,
2000), Chemical Engineers Handbook (2008) and Marks’ Standard
Handbook for Mechanical Engineers (2007).

In sizes 2 in. and less screwed fittings may be used. Larger
joints commonly are welded. Connections to equipment and in lines
whenever need for disassembly is anticipated utilize flanges. Steel
flanges, flanged fittings, and valves are made in pressure ratings
of 150, 300, 600, 900, 1500, and 2500 psig. Valves also are made
in 125 and 250 psig cast iron. Pressure and temperature ratings of
this equipment in various materials of construction are specified
in the piping code, and are shown in Perry’s Chemical Engineers’
Handbook, 8" Ed. (2008, Table 10-44a, pp. 10-108 to —110).

VALVES

Control of flow in lines and provision for isolation of equipment
when needed are accomplished with valves. The basic types are rela-
tively few, some of which are illustrated in Figure 7.1. In gate valves
the flow is straight through and is regulated by raising or lowering
the gate. The majority of valves in the plant are of this type. In the
wide open position they cause little pressure drop. In globe valves
the flow changes direction and results in appreciable friction even
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in the wide open position. This kind of valve is essential when tight
shutoff is needed, particularly of gas flow. Multipass plug cocks,
butterfly valves, slide valves, check valves, various quick-opening
arrangements, etc. have limited and often indispensable applica-
tions, but will not be described here.

The spring in the relief valve of Figure 7.1(c) is adjusted to
open when the pressure in the line exceeds a certain value, at which
time the plug is raised and overpressure is relieved; the design
shown is suitable for pressures of several hundred psig.

More than 100 manufacturers in the United States make valves
that may differ substantially from each other even for the same line
size and pressure rating. There are, however, independent publica-
tions that list essentially equivalent valves of the several manufac-
turers, for example the books of Zappe (1981) and Lyons (1975).

CONTROL VALVES

Control valves have orifices that can be adjusted to regulate the
flow of fluids through them. Four features important to their use
are capacity, characteristic, rangeability, and recovery.

Capacity is represented by a coefficient

Cqg = Cv/dz,

where d is the diameter of the valve and C, is the orifice coefficient
in equations such as the following

Q= C,\/(P,—Py)/p,, gal/minof liquid,
0=22.7C,\/(P, - P>)P>/p,T, SCFM of gas when

Pz/P] >0.5,
Q= 11.3C,P,/v/PaT, SCFM of gas when P, /P, <0.5,

where P, is pressure in psi, p,, is specific gravity relative to water, p,
is specific gravity relative to air, and T is temperature °R. Values
of C; of commercial valves range from 12 for double-seated globe
valves to 32 for open butterflies, and vary somewhat from manu-
facturer to manufacturer. Chalfin (1980) has a list.

Characteristic is the relation between the valve opening and
the flow rate. Figure 7.1(h) represents the three most common
forms. The shapes of plugs and ports can be designed to obtain
any desired mathematical relation between the pressure on the dia-
phragm, the travel of the valve stem, and the rate of flow through
the port. Linear behavior is represented mathematically by Q = kx
and equal percentage by Q =k exp (kyx), where x is the valve
opening. Quick-opening is a characteristic of a bevel-seated or flat
disk type of plug; over a limited range of 10-25% of the maximum
stem travel is approximately linear.



122 FLUID TRANSPORT EQUIPMENT

Over a threefold load change, the performances of linear and
equal percentage valves are almost identical. When the pressure
drop across the valve is less than 25% of the system drop, the equal
percentage type is preferred. In fact, a majority of characterized
valves currently are equal percentage.

Rangeability is the ratio of maximum to minimum flows over
which the valve can give good control. This concept is difficult to
quantify and is not used much for valve selection. A valve gener-
ally can be designed properly for a suitably wide flow range.

Recovery is a measure of the degree of pressure recovery at the
valve outlet from the low pressure at the vena contracta. When
flashing occurs at the vena contracta and the pressure recovery is
high, the bubbles collapse with resulting cavitation and noise. The
more streamlined the valve, the more complete the pressure

Handwhee/

Follower
or glond

Stem

Facking nut

(d}

recovery; thus, from this point of view streamlining seems to be an
undesirable quality. A table of recovery factors of a number of valve
types is given by Chalfin (1980); such data usually are provided by
manufacturers.

These characteristics and other properties of 15 kinds of
valves are described by Chalfin (1980).

Pressure drop. Good control requires a substantial pressure
drop through the valve. For pumped systems, the drop through
the valve should be at least 1/3 of the pressure drop in the system,
with a minimum of 15 psi. When the expected variation in flow is
small, this rule can be relaxed. In long liquid transportation lines,
for instance, a fully open control valve may absorb less than 1%
of the system pressure drop. In systems with centrifugal pumps,
the variation of head with capacity must be taken into account when

Follower
or glond

(e) {f)

Figure 7.1. Some kinds of manual and automatically controlled valves. (a) Gate valve, for the majority of applications. (b) Globe valve,
when tight shutoff is needed. (c) Swing check valve to ensure flow in one direction only. (d) A pressure relief valve, in which the plug is
raised on overpressure. (¢) A control valve with a single port. (f) A double-port, reverse-acting control valve. (g) A control valve with a
double port, in which the correct opening is maintained by air pressure above the diaphragm. (4) valve body; (B) removable seat; (C) discs;
(D) valve-stem guide; (E) guide bushing; (F) valve bonnet; (G) supporting ring; (H) supporting arms; (J) diaphragm; (K) coupling between
diaphragm and valve stem; (L) spring-retaining rod; (M) spring; (N) spring seat; (O) pressure connection. (Fischer.) (h) Relation between
fractional opening and fractional flow of three modes of valve openings.
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Figure 7.1. —(continued)

sizing the valve. Example 7.2, for instance, illustrates how the valve
drop may vary with flow in such a system.

Types of valves. Most flow control valves are operated with
adjustable air pressure on a diaphragm, as in Figure 7.1(d), since
this arrangement is more rapid, more sensitive and cheaper than
electrical motor control. Double-ported valve (d) gives better con-
trol at large flow rates; the pressures on the upper and lower plugs
are balanced so that less force is needed to move the stem. The sin-
gle port (e) is less expensive but gives a tighter shutoff and is gen-
erally satisfactory for noncritical service. The reverse acting valve
(f) closes on air failure and is desirable for reasons of safety in
some circumstances.
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7.2. PUMP THEORY

Pumps are of two main classes: centrifugal and the others. These
others mostly have positive displacement action in which the dis-
charge rate is largely independent of the pressure against which
they work. Centrifugal pumps have rotating elements that impart
high velocity initially and high pressure head ultimately to the
liquid. Elements of their theory will be discussed here. A glossary
of pump terms and terms relating primarily to centrifugal pumps
are defined in the Glossary at the end of this chapter. The chief
variables involved in pump theory are listed here with typical
units:

D, diameter of impeller (ft or m),

H, output head (ft or m),

n, rotational speed (1/sec),

P, output power (HP or kW),

0, volumetric discharge rate (cfs or m>/sec),
u, viscosity (Ib/ft sec or N sec/m?),

p, density (Ib/cuft or kg/m?),

g, surface roughness (ft or m).

BASIC RELATIONS

A dimensional analysis with these variables reveals that the func-
tional relations of Egs. (7.1) and (7.2) must exist:

gH /W’ D* = ¢,(Q/nD*, D’np/p, /D), .1
P /pn’ D’ = ¢,(Q/nD*, D’np/p, /D). (712)

The group D*np/u is the Reynolds number and &/D is the rough-
ness ratio. Three new groups also have arisen which are named

capacity coefficient, Cy = Q/nD?, (7.3)
head coefficient, C;; = gH/n’D?, (7.4)
power coefficient, CP = Pjpn’D’. (7.5)

The hydraulic efficiency is expressed by these coefficients as

n=gHpQ/P = CyCqy/Cp. (7.6)

Although this equation states that the efficiency is independent of
the diameter, in practice this is not quite true. An empirical rela-
tion is due to Moody [ASCE Trans. 89, 628 (1926)]:

ny=1=(1=n)(D1/D,)"*. .7

Geometrically similar pumps are those that have all the
dimensionless groups numerically the same. In such cases, two dif-
ferent sets of operations are related as follows:

0,/01 = (ny/m)(D2/ D), (1.8)

Hy/Hy = (myDy/n; Dy, (7.9)

Py/P i = (p,/p))(ny/m) (D2/Dy) . (7.10)
The performances of geometrically similar pumps also can be
represented in terms of the coefficients Cy, Cpy, Cp, and 5. For
instance, the data of the pump of Figure 7.2(a) are transformed
into the plots of Figure 7.2(b). An application of such generalized
curves is made in Example 7.1.
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Figure 7.2. Performance curves in dimensional and dimensionless forms: (a) Data of a pump with a specific diameter and rotation speed.
(b) Dimensionless performance curves of all pumps geometrically similar to (a). The dashed lines identify the condition of peak efficiency.
(After Daugherty and Franzini, Fluid Mechanics with Engineering Applications, McGraw-Hill, New York, 1957).

ExampLE 7.1

Application of Dimensionless Performance Curves
Model and prototypes are represented by the performance curves
of Figure 7.2. Comparisons are to be made at the peak efficiency,
assumed to be the same for each. Data off Figure 7.2(b) are:

n=0.93,
Cy=gH/n*D* =52,
Cp= P /pn’ D’ = 0.69,
Co= Q/nD’ = 0.12.

The prototype is to develop a head of 76 m:

gH 9.81(76)

"= (CHDZ>05 (5.2(0.371)

0 =nD*Cy = 32.27(0.371)*(0.12) = 0.198 m® /sec,

05
2) = 32.27 rps,

P = p’ D’C, = 1000(32.27)*(0.371)°(0.69)
=0.163(10°)W, 163kW.

The prototype is to have a diameter of 2 m and to rotate at
400 rpm:

0 =nD*C,y = (400/60)(2)(0.12) = 6.4m" /sec,

H =n*D*Cy /g = (400/60Y(2)(5.2)/9.81 = 94.2m,

P = pn’ D°C, = 1000(400/60)’*(2)°(0.69)
= 6.54(10%) kgm? /sec’,
6.54(10°)N m/sec, 6540 kW.
Moody’s formula for the effect of diameter on efficiency gives
m=1-1=n)(D /D) =1-0.07(0.371/2)"%
=0.954 at 2m,

compared with 0.93 at 0.371 m.

The results of (a) and (b) also are obtainable directly from
Figure 7.2(a) with the aid of Egs. (7.7), (7.8), and (7.9). Off
the figure at maximum efficiency,

n=0.93 0=022, H=97, and P =218.

When the new value of H is to be 76 m and the diameter is to
remain the same,

ny, =35.6(Hy/H,)"> =35.6(76/97)"° = 31.51ps,
0> =0y (ny/ny) =0.22(H, /H,)’> =0.195m> /sec,
Py=Pi(ps/py)(ma/m)’ (Do) D1} = 218(Hy/Hy)'> = 151.2k W.

These values agree with the results of (a) within the accuracy of
reading the graphs.
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ExampLE 7.2
Operating Points of Single and Double Pumps in Parallel and
Series

The head loss in a piping system is represented by the equation

Hs =50+6.0(0/100)* + H,,

where H, is the head loss in the control valve. The pump to be used
has the characteristic curve of the pump of Figure 7.7(b) with an
8 in. impeller; that curve is represented closely by the equation

H, = 68 —0.5(Q/100) —4.5(Q/100)".
The following will be found (see Figure 7.17):

(a) The values of H, corresponding to various flow rates Q gpm.
(b) The flow rate and head on the pumps when two pumps are
connected in parallel and the valve is wide open (H, = 0).

(¢) The same as (b) but with the pumps in series.
(d) The required speed of the pump at 80 gpm when no control
valve is used in the line.

(a) The operating point is found by equating H, and H, from
which

H, = 68—0.5(Q/100) —4.5(Q/100Y —[50 + 6.0(Q/100)?].

Some values are

Q/100 0.8 1.0 1.2 1.286
H, 10.88 7.00 2.28 0
Hs 59.92

(b) In parallel each pump has half the total flow and the same
head H:

50+ 6.0(0/100 = 68 — (0.5/2)(Q/100) — (4.5/4)(0/100)?,
50 =157.2gpm, H, = 64.83 ft.

(¢) In series each pump has the same flow and one-half the total
head loss:

[50 +6.0(Q/100)7] = 68 —0.5(Q/100) —4.5(Q/100)*,

N [—

.0 =236.1gpm, H, =83.44ft.

Series flow allows 50% greater gpm than parallel.
@ H =50+4.8 =548,

H, = (68 —0.4—2.88)(n/1750),

~.n=1750,/54.8/64.72 = 1610 rpm.

Another dimensionless parameter that is independent of diameter
is obtained by eliminating D between Cy and Cy with the result,

Ny =nQ" /(gH)"". (7.11)

This concept is called the specific speed. It is commonly used in the
mixed units

N, = (rpm)(gpm)™*/(f0)"".

For double suction pumps, Q is one half the pump output.

The net head at the suction of the pump impeller must exceed
a certain value in order to prevent formation of vapor and result-
ing cavitation of the metal. This minimum head is called the net
positive suction head and is evaluated as

(7.12)

NPSH = (pressure head at the source)
+ (static suction head)
— (friction head in the suction line)
— (vapor pressure of the liquid).

(7.13)

Usually each manufacturer supplies this value for his equipment.
(Some data are in Figure 7.7.) A suction specific speed is defined as

S = (rpm) (g1c>m)0’5/(NPSH)O'75 . (7.14)

Standards for upper limits of specific speeds have been estab-
lished, like those shown in Figure 7.6 for four kinds of pumps.
When these values are exceeded, cavitation and resultant damage
to the pump may occur. Characteristic curves corresponding to
widely different values of Ny are shown in Figure 7.3 for several
kinds of pumps handling clear water. The concept of specific speed
is utilized in Example 7.3. Further data are in Figure 7.6.

Recommendations also are made by the Hydraulic Institute
of suction specific speeds for multistage boiler feed pumps, with
S§'=7900 for single suction and S= 6660 for double suction. Thus
the required NPSH can be found by rearrangement of Eq. (7.14) as

NPSH = [(rpm)(gpm)™* /S]*/*. (7.15)

For example, at 3500 rpm, 1000 gpm, and S = 7900, the required
NPSH is 34 ft.

For common fluids other than water, the required NPSH
usually is lower than for cold water; some data are shown in
Figure 7.16.

PUMPING SYSTEMS

Pumps are complex equipment; their process and mechanical design
needs to be done by a collaborative effort between user and vendor.
In addition to the references cited in the text, the following refer-
ences will aid the user in the selection and design of pumps: Azbel
(1983), Evans (1979), Gartmann (1970), Karassik and Carter (1960),
Karassik, Krutsche, Fraser and Messina (1976) and Yedidiah (1980).

The relation between the flow rate and the head developed by
a centrifugal pump is a result of its mechanical design. Typical
curves are shown in Figure 7.7. When a pump is connected to a
piping system, its head must match the head loss in the piping sys-
tem at the prevailing flow rate. The plot of the flow rate against the
head loss in a line is called the system curve. The head loss is given
by the mechanical energy balance,

2 LZ
AP AN Ty

H,
op o 2 2¢D

(7.16)

where H, is the head loss of a control valve in the line.

The operating point may be found as the intersection of plots
of the pump and system heads as functions of the flow rate. Or an
equation may be fitted to the pump characteristic and then solved
simultaneously with Eq. (7.16). Figure 7.17 has such plots, and
Example 7.2 employs the algebraic method.

In the normal situation, the flow rate is the specified quantity.
With a particular pump curve, the head loss of the system may need
to be adjusted with a control valve in the line to make the system
and pump heads the same. Alternately, the speed of the pump can
be adjusted to make the pump head equal to that of the system.
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Figure 7.3. Performance curves of single-suction impellers corresponding to two values of the specific speed. (a) Ny = 1550, centrifugal

pump. (b) Ny= 10,000, mixed and axial flow pumps.

From Eq. (7.9) the relation between speeds and pump heads at two
conditions is

n2=n1(H2/H1)O'5. (717)
Example 7.2 is of cases with control valve throttling and pump
speed control. In large systems, the value of power saved can easily
overbalance the extra cost of variable speed drives, either motor or
steam turbine.

When needed, greater head or greater capacity may be obtained
by operating several pumps in series or parallel. In parallel operation,
each pump develops the same head (equal to the system head), and
the flow is the sum of the flows that each pump delivers at the com-
mon head. In series operation, each pump has the same flow rate
and the total head is the sum of the heads developed by the individual
pumps at the prevailing flow rate, and equal to the system head.
Example 7.1 deals with a pair of identical pumps, and corresponding
system and head curves are shown in Figure 7.17.

7.3. PUMP CHARACTERISTICS

A centrifugal pump is defined in the glossary at the end of this
chapter as a machine in which a rotor in a casing acts on a liquid
to give it a high velocity head that is in turn converted to pressure
head by the time the liquid leaves the pump. Other common
nomenclature relating to the construction and performance of cen-
trifugal and related kinds of pumps also is in that table.

The basic types of centrifugals are illustrated in Figure 7.9. A
volute is a gradually expanding passage in which velocity is partially
converted to pressure head at the outlet. The diffuser vanes of Fig-
ures 7.9(b) and 7.10(d) direct the flow smoothly to the periphery.
The volute design is less expensive, more amenable to use with
impellers of different sizes in the same case, and, as a consequence,
by far the most popular construction. Diffuser construction is used
to a limited extent in some high pressure, multistage machines.
The double suction arrangement of Figure 7.9(d) has balanced axial
thrust and is favored particularly for severe duty and where the

ExampLE 7.3
Check of Some Performance Curves with the Concept of
Specific Speed

(a) The performance of the pump of Figure 7.7(b) with an 8§ in.
impeller will be checked by finding its specific speed and com-
paring with the recommended upper limit from Figure 7.6(b).
Use Eq. (7.12) for Ny

Q (gpm) 100 200 300
H (ft) 268 255 225
Ns (calcd) 528 776 1044

N, [Fig. 7.10(a)] 2050 2150 2500
NPSH 5 7 13

Clearly the performance curves are well within the recom-
mended upper limits of specific speed.

(b) The manufacturer’s recommended NPSH of the pump of
Figure 7.7(c) with an 8 in. impeller will be checked against
values from Eq. (7.15) with S = 7900:

Q (gpm) 100 150 200
H (ft) 490 440 300
NPSH (mfgr) 10 18 35
NPSH [Eq. (7.15)] 7.4 9.7 11.8

The manufacturer’s recommended NPSHs are conservative.
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Figure 7.4. Performance of several kinds of pumps. (a) Comparison of small centrifugal and turbine pumps. (Kristal and Annett, 1940).
(b) An axial flow pump operating at 880 rpm. (Chem. Eng. Handbook, /973). (c) An external gear pump like that of Figure 7.12(e).
(Viking Pump Co.). (d) A screw-type positive displacement pump. (¢) NPSH of reciprocating positive displacement pumps.

lowered NPSH is an advantage. Multistage pumps, however, are
exclusively single suction.

Some of the many kinds of impellers are shown in Figure 7.10.
For clear liquids, some form of closed impeller [Figure 7.10(c)] is
favored. They may differ in width and number and curvature of
the vanes, and of course in the primary dimension, the diameter.
Various extents of openness of impellers [Figs. 7.10(a) and (b)]
are desirable when there is a possibility of clogging as with slurries
or pulps. The impeller of Figure 7.10(e) has both axial propeller
and centrifugal vane action; the propeller confers high rates of flow

but the developed pressure is low. Figure 7.3(b) represents a typical
axial pump performance.

The turbine impeller of Figure 7.10(h) rotates in a case of uni-
form diameter, as in Figure 7.12(j). As Figure 7.4(a) demonstrates,
turbine pump performance resembles that of positive displacement
types. Like them, turbines are essentially self-priming, that is, they
will not vapor bind.

All rotating devices handling fluids require seals to prevent
leakage. Figure 7.13 shows the two common methods that are used:
stuffing boxes or mechanical seals. Stuffing boxes employ a soft
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Figure 7.5. Data relating to the performance of piston and plunger pumps.

packing that is compressed and may be lubricated with the pump
liquid or with an independent source. In mechanical seals, smooth
metal surfaces slide on each other, and are lubricated with a very
small leakage rate of the pump liquid or with an independent liquid.

Performance capability of a pump is represented on diagrams
like those of Figure 7.7. A single point characterization often is
made by stating the performance at the peak efficiency. For exam-
ple, the pump of Figure 7.7(c) with a 9 in. impeller is called a 175
gpm and 560 ft head pump at a peak efficiency of 57%; it requires
a 15 ft suction lift, an 18 ft NPSH and 43 BHP. Operating ranges
and costs of commercial pumps are given in Figure 7.8. General
operating data are in Figure 7.4.

Although centrifugal pumps are the major kinds in use, a
great variety of other kinds exist and have limited and sometimes
unique applications. Several kinds of positive displacement types
are sketched in Figure 7.12. They are essentially self-priming and
have a high tolerance for entrained gases but not usually for solids
unless they may be crushed. Their characteristics and applications
are discussed in the next section.

7.4. CRITERIA FOR SELECTION OF PUMPS

The kind of information needed for the specification of centrifugal,
reciprocating and rotary pumps is shown on forms in Appendix B.

General characteristics of classes of pumps are listed in Table 7.1
and their ranges of performance in Table 7.2. Figure 7.14 shows
recommended kinds of pumps in various ranges of pressure and
flow rate. Suitable sizes of particular styles of a manufacturer’s
pumps are commonly represented on diagrams like those of Figure
7.8. Here pumps are identified partly by the sizes of suction and
discharge nozzles in inches and the rpm; the key number also iden-
tifies impeller and case size and other details which are stated in a
catalog. Each combination of head and capacity will have an effi-
ciency near the maximum of that style. Although centrifugal
pumps function over a wide range of pressure and flow rates, as
represented by characteristic curves like those of Figures 7.2 and
7.7, they are often characterized by their performance at the peak
efficiency, as stated in the previous section. Approximate efficien-
cies of centrifugal pumps as functions of head and capacity are
on Figure 7.11 and elsewhere here.
Centrifugal pumps have a number of good qualities:

1. They are simple in construction, are inexpensive, are available
in a large variety of materials, and have low maintenance cost.

2. They operate at high speed so that they can be driven directly
by electrical motors.

3. They give steady delivery, can handle slurries and take up little
floor space.
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Figure 7.6. Upper specific-speed limits for (a) double-suction pumps (shaft through impeller eye) handling clear water at 85°F at sea level,
(b) single-suction pumps (shaft through impeller eye) handling clear water at 85°F at sea level, (c) single-suction pumps (overhung-impeller
type) handling clear water at 85°F at sea level, (d) single-suction mixed- and axial-flow pumps (overhung-impeller type) handling clear
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Some of their drawbacks are

4. Single stage pumps cannot develop high pressures except at very

high speeds (10,000 rpm for instance). Multistage pumps for

high pressures are expensive, particularly in corrosion-resistant

materials.

5. Efficiencies drop off rapidly at flow rates much different from
those at peak efficiency.

6. They are not self-priming and their performance drops off rapidly
with increasing viscosity. Figure 7.15 illustrates this effect.

On balance, centrifugal pumps always should be considered first in
comparison with reciprocating or rotary positive displacement
types, but those do have their places. Range of applications of
various kinds of pumps are identified by Figure 7.14.

Pumps with reciprocating pistons or plungers are operated with
steam, motor or gas engine drives, directly or through gears or belts.

Their mode of action is indicated on Figure 7.12(a). They are always
used with several cylinders in parallel with staggered action to
smooth out fluctuations in flow and pressure. Figure 7.5(c) shows
that with five cylinders in parallel the fluctuation is reduced to a max-
imum of 7%. External fluctuation dampers also are used. Although
they are self-priming, they do deteriorate as a result of cavitation
caused by release of vapors in the cylinders. Figure 7.4(e) shows the
NPSH needed to repress cavitation. Application of reciprocating
pumps usually is to low capacities and high pressures of 50-1000
atm or more. Some performance data are shown in Figure 7.5. Screw
pumps are limited by fluid viscosity to pressure limitations because of
shaft deflection, which can result in the screws deflecting against the
pump housing, resulting from pressure differences across the screws.
For fluid viscosities and pressures above the limits which have been
demonstrated by prior application, for a particular pump, a careful
shaft deflection analysis should be done.
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Figure 7.7. Characteristic curves of centrifugal pumps when operating on water at 85°F (Allis Chalmers Co.). (a) Single suction, 1750 rpm.
(b) The pump of (a) operated at 3500 rpm. (c) Multistage, single suction, 3550 rpm.

Diaphragm pumps [Fig. 7.12(1)] also produce pulsating flow.
They are applied for small flow rates, less than 100 gpm or so,
often for metering service. Their utility in such applications over-
balances the drawback of their intrinsic low efficiencies, of the
order of 20%.

Screw pumps [Fig. 7.12(g)] are suited for example to high vis-
cosity polymers and dirty liquids at capacities up to 2000 gpm and
pressures of 200 atm at speeds up to 3000 rpm. They are compact,
quiet, and efficient. Figure 7.4(d) shows typical performance data.
Screw pumps are limited by fluid viscosity to pressure limitations
because of shaft deflection, which can result in the screws deflect-
ing against the pump housing, resulting from pressure differences
across the screws. For fluid viscosities and pressures above the lim-
its which have been demonstrated by prior application, for a parti-
cular pump, a careful shaft deflection analysis should be done.

Gear pumps [Figs. 7.12(e) and (f)] are best suited to handling
clear liquids at a maximum of about 1000 gpm at 150 atm. Typical
performance curves are shown in Figure 7.4(c).

Peristaltic pumps [Fig. 7.12(h)] move the liquid by squeezing a
tube behind it with a rotor. Primarily they are used as metering
pumps at low capacities and pressures in corrosive and sanitary

services when resistant flexible tubes such as those of teflon can
be used, and in laboratories.

Turbine pumps [Figs. 7.9(f), 7.12(i), and 7.4(a)] also are called
regenerative or peripheral. They are primarily for small capacity
and high pressure service. In some ranges they are more efficient
than centrifugals. Because of their high suction lifts they are suited
to handling volatile liquids. They are not suited to viscous liquids
or abrasive slurries.

7.5. EQUIPMENT FOR GAS TRANSPORT

Gas handling equipment is used to transfer materials through pipe
lines, during which just enough pressure or head is generated to
overcome line friction, or to raise or lower the pressure to some
required operating level in connected process equipment. The main
classes of this kind of equipment are illustrated in Figures 7.18 and
7.19 and are described as follows.

1. Fans accept gases at near atmospheric pressure and raise the
pressure by approximately 3% (12 in. of water), usually on air
for ventilating or circulating purposes.
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Figure 7.8. Typical capacity-head ranges of some centrifugal pumps, their 1978 costs and power requirements. Suction and discharge are in
inches. (Evans, 1979).
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(9) (h)

Figure 7.10. Some types of impellers for centrifugal pumps. (a) Open impeller. (b) Semiopen impeller. (c) Shrouded impeller. (d) Axial flow
(propeller) type. (¢) Combined axial and radial flow, open type. (f) Shrouded mixed-flow impeller. (g) Shrouded impeller (P) in a case with
diffuser vanes (V). (h) Turbine impeller.

2. Blowers is a term applied to machines that raise the pressure to 6. Steam jet ejectors are used primarily to evacuate equipment but
an intermediate level, usually to less than 40 psig, but more also as pumps or compressors. They are discussed in Section 7.7.
than accomplished by fans.

3. Compressors are any machines that raise the pressure above the Application ranges of fans and compressors are indicated on
levels for which fans are used. Thus, in modern terminology Figures 7.20 and 7.21. Some of these categories of equipment
they include blowers. now will be discussed in some detail.

4. Jet compressors utilize a high pressure gas to raise other gases
at low pressure to some intermediate value by mixing with FANS
them.

5. Vacuum pumps produce subatmospheric pressures in process Fans are made either with axial propellers or with a variety of radial
equipment. Often they are compressors operating in reverse vanes. The merits of different directions of curvature of the vanes
but other devices also are employed. Operating ranges of some are stated in Figure 7.24 where the effect of flow rate of pressure,

commercial equipment are stated in Table 7.3. power, and efficiency also are illustrated. Backward curved vanes
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are preferable in most respects. The kinds of controls used have a
marked effect on fan performance as Figure 7.23 shows. Table 7.4
shows capacity ranges and other characteristics of various kinds of
fans. Figure 7.24 allows exploration of the effects of changes in speci-
fic speed or diameter on the efficiencies and other characteristics of
fans. The mutual effects of changes in flow rate, pressure, speed,
impeller diameter, and density are related by the “fan laws” of
Table 7.5, which apply to all rotating propelling equipment.

COMPRESSORS

Compressors are complex rotating equipment; their process and
mechanical design needs to be done by a collaborative effort
between user and vendor. In addition to the references cited in the
text, the following references will aid the user in the selection and
preliminary design of compressors: Bloch (1979); Gartmann (1970);
James (1979). Rase and Barrow (1957).

The several kinds of commercial compressors are identified in
this classification:

1. Rotodynamic
a. Centrifugal (radial flow)
b. Axial flow
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Figure 7.12. Some types of positive displacement pumps. (a) Valve action of a double acting reciprocating piston pump. (b) Discharge
curve of a single acting piston pump operated by a crank; half-sine wave. (c) Discharge curve of a simplex double acting pump as in
(a). (d) Discharge curve of a duplex, double acting pump. (¢) An external gear pump; characteristics are in Figure 7.8(c). (f) Internal gear
pump; the outer gear is driven, the inner one follows. (g) A double screw pump. (h) Peristaltic pump in which fluid is squeezed through a
flexible tube by the follower. (i) Double diaphragm pump shown in discharge position (BIF unit of General Signal). (j) A turbine pump
with essentially positive displacement characteristics. [Data on Fig. 7.4(a)].
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TABLE 7.1. Characteristics of Various Kinds of Pumps

Pump Type

Construction Style

Construction Characteristics

Notes

Centrifugal
(horizontal)

single-stage impeller between

bearings
chemical

slurry

canned

multistage, horizontally split

casing

multistage, barrel type

Centrifugal (vertical) single-stage, process type

multistage
inline
high speed

slump

multistage, deep well

Axial propeller
Turbine regenerative

Reciprocating piston, plunger
metering
diaphragm
Rotary screw

gear

single-stage overhung, process
type two-stage overhung

impeller cantilevered beyond bearings
two impellers cantilevered beyond
bearings

impeller between bearings; casing radially
or axially split

casting patterns designed with thin

sections for high-cost alloys

designed with large flow passages

no stuffing box; pump and motor enclosed

outer casing contains inner stack of
diaphragms
vertical orientation

many stages with low head per stage

inline installation, similar to a valve

speeds to 380 rps, heads to 5800 ft
(1770 m)

in a pressure shell
nozzles located in bottom half of casing

casing immersed in sump for easy priming

and installation

long shafts
propeller-shaped impeller
fluted impeller. Flow path resembles screw

around periphery

slow speeds

consists of small units with precision flow

control system
no stuffing box

1, 2, or 3 screw rotors

intermeshing gear wheels

capacity varies with head used for heads
above single-stage capability

used for high flows to 1083 ft (330 m)
head

have low pressure and temperature
ratings

low speed and adjustable axial clearance;
has erosion control features

low head capacity limits when used in
chemical services

have moderate temperature-pressure
ranges

used for high temperature-pressure
ratings

used to exploit low net positive section
head (NPSH) requirements

low-cost installation

low-cost installation

high head/low flow; moderate costs

low cost

used for water well service

vertical orientation

capacity independent of head; low flow/
high head performance

driven by steam engine cylinders or
motors through crankcases

diaphragm and packed plunger types

used for chemical slurries; can be
pneumatically or hydraulically actuated

for high-viscosity, high-flow high-
pressure services

for high-viscosity, moderate-pressure/
moderate-flow services

(Cheremisinoff, 1981).

TABLE 7.2. Typical Performances of Various Kinds of Pumps?

Capacity
Type Style (gpm) Max Head (ft) Max P (psi) NPSH (ft) Max T (°F) Efficiency (%)
Centrifugal single-stage overhung 15-5,000 492 600 6.56-19.7 851 20-80
(horizontal)
two-stage overhung 15-1,200 1394 600 6.56-22.0 851 20-75
single-stage impeller 15-40,000 1099 980 6.56-24.9 401-851 30-90
between bearings
chemical 1000 239 200 3.94-19.7 401 20-75
slurry 1000 394 600 4.92-24.9 851 20-80
canned 1-20,000 4921 10,000 6.56-19.7 1004 20-70
multistage horizontal split 20-11,000 5495 3000 6.56-19.7 401-500 65-90
multistage, barrel type 20-9,000 5495 6000 6.56-19.7 851 40-75
Centrifugal single stage 20-10,000 804 600 0.98-19.7 653 20-85
(vertical)
multistage 20-80,000 6004 700 0.98-19.7 500 25-90
inline 20-12,000 705 500 6.56-19.7 500 20-80
high speed 5-400 5807 2000 7.87-39.4 500 10-50
sump 10-700 197 200 0.98-22.0 45-75
multistage deep well 5-400 6004 2000 0.98-19.7 401 30-75
Axial propeller 20-100,000 39 150 6.56 149 65-85
Turbine regenerative 1-2000 2493 1500 6.56-8.20 248 55-85
Reciprocating piston, plunger 10-10,000 1.13 x 10 > 50,000 12.1 554 65-85
metering 0-10 1.70 x 10° 50,000 15.1 572 20
diaphragm 4-100 1.13 x 10° 3500 121 500 20
Rotary screw 1-2000 6.79 x 10* 3000 9.84 500 50-80
gear 1-5000 11,15° 500 9.84 653 50-80

21 m%/min = 264 gpm,1m =3.28 ft, 1 bar =14.5 psi,°C = (°F-32)/1.8.
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Figure 7.14. Range of applications of various kinds of pumps.
(a) Range of applications of single and double suction pumps.
(Allis-Chalmers Co.). (b) Recommended kinds of pumps for various
kinds of head and flow rate. (Fairbanks, Morse, and Co.).

2. Positive displacement
a. Reciprocating piston
b. Rotary (screws, blades, lobes, etc.).

Sketches of these several types are shown in Figures 7.19 and 7.20
and their application ranges in Figures 7.20 and 7.21.

CENTRIFUGALS

The head-flow rate curve of a centrifugal compressor often has a
maximum as shown on Figure 3.21, similar to the pump curve of
Figure 7.7(c). To the left the developed head increases with flow,
but to the right the head decreases with increasing flow rate. At
the peak the flow pulsates and the machine vibrates. This operat-
ing point is called the surge limit and is always identified by the
manufacturer of the equipment, as shown on Figure 7.25 for those
centrifugal and axial machines. Stable operation exists anywhere
right of the surge limit. Another kind of flow limitation occurs
when the velocity of the gas somewhere in the compressor
approaches sonic velocity. The resulting shock waves restrict the
flow; a slight increase in flow then causes a sharp decline in the
developed pressure.

Table 7.6 shows as many as 12 stages in a single case. These
machines are rated at either 10 K or 12 K ft/stage. The higher
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value corresponds to about 850 ft/sec impeller tip speed which is
near the limit for structural reasons. The limitation of head/stage
depends on the nature of the gas and the temperature, as indicated
on Figure 7.26. Maximum compression ratios of 3-4.5 per stage
with a maximum of §-12 per machine are commonly used. Dis-
charge pressures as high as 3000-5000 psia can be developed by
centrifugal compressors.

A specification form is included in Appendix B and as Table
4.4. Efficiency data are discussed in Section 7.6, Theory and Calcu-
lations of Gas Compression: Efficiency.

AXIAL FLOW COMPRESSORS

Figure 7.18(b) shows the axial flow compressor to possess a large
number of blades attached to a rotating drum with stationary but
adjustable blades mounted on the case. Typical operating charac-
teristics are shown on Figure 7.22(a). These machines are suited
particularly to large gas flow rates at maximum discharge pres-
sures of 80-130 psia. Compression ratios commonly are 1.2-1.5
per stage and 5-6.5 per machine. Other details of range of applica-
tions are stated on Figure 7.20. According to Figure 7.21, specific
speeds of axial compressors are in the range of 1000-3000 or so.

Efficiencies are 8—10% higher than those of comparable centri-
fugal compressors.

TABLE 7.3. Operating Ranges of Some Commercial
Vacuum Producing Equipment

Type of Pump Operating Range (mm Hg)

Reciprocating piston

1-stage 760-10

2-stage 760-1

Rotary piston oil-sealed

1-stage 760-1072

2-stage 760-1072

Centrifugal multistage (dry) 760-200
liquid jet

Mercury Sprengel 760-1072

Water aspirator (18°C) 760-15

Two-lobe rotary blower (Roots 20-107*
type)

Turbomolecular 107'-107"°

Zeolite sorption (liquid nitrogen 760-10"3
cooled)

Vapor jet pumps

Steam ejector

1-stage 760-100

2-stage 760-10

3-stage 760-1

4-stage 760-3 x 107"

5-stage 760-5 x 1072

Oil ejector (1-stage) 2-1072

Diffusion-ejector 2-107*

Mercury diffusion with trap

1-stage 107'-<1078

2-stage 1-<107®

3-stage 10-<107°

Oil diffusion

1-stage 107'-5 x 107

4-stage fractionating (untrapped) 5 x 107'-107°

4-stage fractionating (trapped) 5x 107'-107"2
Getter-ion (sputter-ion) 10-3-107""
Sublimation (titanium) 1074-107"
Cryopumps (20 K) 1072-1071°
Cryosorption (15 K) 107221072

(Encyclopedia of Chemical Technology, Wiley-Interscience, New
York, 1978-1984).
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Figure 7.15. Effects of viscosity on performance of centrifugal pumps: (a) Hydraulic Institute correction chart for pumping liquids. (b)
Typical performances of pumps when handling viscous liquids. The dashed lines on the chart on the left refer to a water pump that has
a peak efficiency at 750 gpm and 100 ft head; on a liquid with viscosity 1000 SSU (220 CS) the factors relative to water are efficiency
64%, capacity 95% and head 89% that of water at 120% normal capacity (1.2 Qp).

RECIPROCATING COMPRESSORS

Reciprocating compressors are relatively low flow rate, high pres-
sure machines. Pressures as high as 35,000-50,000 psi are devel-
oped with maximum compression ratios of 10/stage and any
desired number of stages provided with intercoolers. Other data
of application ranges are in Figure 7.20. The limitation on com-
pression ratio sometimes is due to the limitations on discharge tem-
perature which normally is kept below 300°F to prevent ignition of
machine lubrications when oxidizing gases are being compressed,
and to the fact that power requirements are proportional to the
absolute temperature of the suction gas.

A two-stage double-acting compressor with water cooled
cylinder jackets and intercooler is shown in Figure 7.18(c). Selected
dimensional and performance data are in Table 7.7. Drives may be

with steam cylinders, turbines, gas engines or electrical motors.
A specification form is included in Appendix B. Efficiency data
are discussed in Section 7.6, Theory and Calculations of Gas Com-
pression: Temperature Rise, Compression Ratio, Volumetric
Efficiency.

ROTARY COMPRESSORS

Four of the many varieties of these units are illustrated in Figure
7.19. Performances and comparisons of five types are given in
Tables 7.8-7.9. All of these types also are commonly used as
vacuum pumps when suction and discharge are interchanged.
Lobe type units operate at compression ratios up to 2 with effi-
ciencies in the range of 80-95%. Typical relations between volumetric
rate, power, speed, and pressure boost are shown in Figure 7.19(b).
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Figure 7.16. Recommended values of net positive suction head
(NPSH) at various temperatures or vapor pressures: (a) NPSH of
several types of pumps for handling water at various temperatures.
(b) Correction of the cold water NPSH for vapor pressure. The
maximum recommended correction is one-half of the cold water
value. The line with arrows shows that for a liquid with 30 psia

vapor pressure at 100°F, the reduction in NPSH is 2.3 ft (data of

Worthington International Inc.).

Spiral screws usually run at 1800-3600 rpm. Their capacity
ranges up to 12,000 CFM or more. Normal pressure boost is
3-20 psi, but special units can boost pressures by 60-100 psi. In
vacuum service they can produce pressures as low as 2 psia. Some
other performance data are shown with Figure 7.19(d).

The sliding vane compressor can deliver pressures of 50 psig or
pull a vacuum of 28 in. of mercury. A two-stage unit can deliver
250 psig. A generous supply of lubricant is needed for the sliding
vanes. Table 7.9 shows that power requirements are favorable in
comparison with other rotaries.
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Liquid-liner compressors produce an oil-free discharge of up to
125 psig. The efficiency is relatively low, 50% or so, but high
enough to make them superior to steam jet ejectors for vacuum
service. The liquid absorbs the considerable heat of compression
and must be circulated and cooled; a 200 HP compressor requires
100 gpm of cooling water with a 10°F rise. When water vapor is
objectionable in the compressed gas, other sealing liquids are used;
for example, sulfuric acid for the compression of chlorine. Figure
7.19(e) shows the principle and Table 7.10 gives specifications of
some commercial units.

7.6. THEORY AND CALCULATIONS OF GAS
COMPRESSION

The main concern of this section is how to determine the work
requirement and the effluent conditions of a compressor for which
the inlet conditions and the outlet pressure are specified. Theoretical
methods allow making such calculations for ideal and real gases and
gas mixtures under isothermal and frictionless adiabatic (isentropic)
conditions. In order that results for actual operation can be found it
is neecessary to know the efficiency of the equipment. That depends
on the construction of the machine, the mode of operation, and the
nature of the gas being processed. In the last analysis such informa-
tion comes from test work and its correlation by manufacturers and
other authorities. Some data are cited in this section.

DIMENSIONLESS GROUPS

The theory of dimensionless groups of Section 7.2, Basic Relations,
also applies to fans and compressors with rotating elements, for
example, Eqgs. (7.8)—(7.10) which relate flow rate, head, power,
speed, density, and diameter. Equivalent information is embodied
in Table 7.5. The concept of specific speed, Eqs. (7.11) and
(7.12), also is pertinent. In Figures 7.21 and 7.25 it is the basis
for identifying suitable operating ranges of various types of
COMpIessors.

IDEAL GASES

The ideal gas or a gas with an equation of state

PV =zRT (7.18)
is a convenient basis of comparison of work requirements for real
gases and sometimes yields an adequate approximation of these
work requirements. Two limiting processes are isothermal and
isentropic (frictionless adiabatic) flows. Changes in elevation and
velocity heads are considered negligible here. With constant com-
pressibility z the isothermal work is

P
W= [ VdP=:zRTIn(P,/P).

JPy

(7.19)

Under isentropic conditions and with constant heat capacities,
the pressure-volume relation is

PV*=P, V¥ = const, (7.20)
where
k=¢C,/C, (7.21)

is the ratio of heat capacities at constant pressure and constant
volume and

C,=R-C,. (7.22)
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Connersville Co.). (c) A screw pump with one power and two idle rotors. (Kristal and Annett, 1940). (d) Performance of 3.5” screw pump
handling oils at 1150 rpm against 325 psig. (Kristal and Annett, 1940). () Principle of the liquid ring seal compressor. (Nash Engineering

Co.). (f) A sliding vane blower. (Beach-Russ Co.).
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A related expression of some utility is

T, /T, = (Py/ P, V%. (7.23)
Since k ordinarily is a fairly strong function of the tempera-
ture, a suitable average value must be used in Eq. (7.20) and
related ones.
Under adiabatic conditions the flow work may be written as

Py

Py

(7.24)

Upon substitution of Eq. (7.20) into Eq. (7.24) and integra-
tion, the isentropic work becomes

Py
W,=H,-H, = P}/* VIJ dp/P'*

Py

P B
P, '

In multistage centrifugal compression it is justifiable to take
the average of the inlet and outlet compressibilities so that the
work becomes

(7.25)

- (e

= () (42
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TABLE 7.4. Performance Characteristics of Fans?

Quantity (1000 acfm) Head Diameter (in.)
Inches Opt. V _—
Description Min Max Water (?ps) Max q.q Min Max N, D, Peak Eff.
Axial propeller 8 20 10 410 0.13 23 27 470 0.63 77
Axial propeller 20 90 8 360 0.12 27 72 500 0.60 80
Axial propeller 6 120 25 315 0.10 27 84 560 0.50 84
Radial air foil 6 100 22 250 0.45 18 90 190 0.85 88
Radial BC 3 35 18 260 0.63 18 90 100 1.35 78
Radial open MH 2 27 18 275 0.55 18 66 97 1.45 56
Radial MH 2 27 18 250 0.55 18 66 86 1.53 71
Radial IS 2 27 18 250 0.55 18 66 86 1.63 66
Vane BI flat 1 10 12 250 0.43 10 30 210 0.81 70
Vane FC 1 10 2 65 1.15 10 30 166 0.65 66

3Gaq = 32.2 HIV?, Ny = NQ°%/V®7® (specific speed), D; = DV*%/Q%° (specific diameter), where D = diameter (ft), H = head (ft),
Q = suction flow rate (cfs), V = impeller tip speed (fps), and N = rotation speed (rpm).

(Evans, 1979).
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Figure 7.23. Performances of fans with several kinds of controls
(American Standard Co. Inc.). (a) A damper in the duct with
constant-speed fan drive, (b) two-speed fan driver, (c) inlet vanes
or inlet louvers with a constant-speed fan drive, (d) multiple-step
variable-speed fan drive, and (e) hydraulic or electric coupling with
constant-speed driver giving wide control over fan speed.

When friction is present, the problem is handled with empiri-
cal efficiency factors. The isentropic compression efficiency is
defined as

isentropic work or enthalpy change

s actually required work or enthalpy change (7.27)
TABLE 7.5. Fan Laws?
Variables

Fan Law

Number Ratio of - Ratio X Ratio Ratio

1 a cfm size®  x rpm 1
b press - size? X rpm? X 5
¢ HP size® X rom?®

2 a cfm size? x  press'? 1/8"2
b rpm - 1/size x press" x 1/8'2
¢ HP size?  x  press¥? 1/8"2

3 a rpm 1/size®  x cfm 1
b press - 1/size*  x cfm? X 5
¢ HP 1size*  x cfm?® 5

4 a cfm size”®  x HP'® 178"
b press - size*® x HP#®  x 5"
c rpm 1/size®®  x HP'3 18"

5 a size cfm" x  1/press' 5"
b rpm - 1cfm" x  press¥ x 1/8%4
c HP cfm X press 1

6 a size cfm™  x  1rpm™ 1
b press - cfm®”® x rpm*?  x )
¢ HP cfm®  x rpm*? )

7 a size press?  x 1/rpm 1/8"2
b cfm - press® x  Urpm? x 1/8%2
¢ HP press®®> x  1/rpm? 1/6%2

8 a size 1VHP™ % cfm* 5"
b rpm - HP¥  x  1efm®  x 1/6%4
c press HP X 1/cfm 1

9 a size HP"2  x  1/press® 5"
b rpm - WUHP"? x  press™ x 1/6%4
¢ cfm HP X 1/press

10 a size % 1Urpm®® 1/8"%
b cfm - HP¥®  x  1/rpm®®  x 1/6%°
c press HP?®  x  rpm®® 5%

% =plg..

For example, the pressure P varies as D> N?p/g, line 1(b),
2 4 | 523 13,4413 |: 2/3 \j4/3 .
Q“(p/g.)/D” line 3(b), P~ (p/g.) /D" line 4(b), Q“*N**p/g. line 6(b),

P/Q line 8(c), and PZ°N¥5(p/g,)*® line 10(c).
(Madison, 1949).
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Figure 7.24. Performances of fans with various-shaped blades. (Green Fuel Economizer Co.): (a) Backward curved blades. (b) Straight
radial blades. (c) Forward curved blades. (d) Comparison of characteristics of the several blade types. (Sturtevant).

TABLE 7.6. Specifications of Centrifugal Compressors

Normal Inlet Flow

Nominal Polytropic

Nominal Polytropic

Nominal Maximum

Speed at Nominal

Range Head per Stage” Efficiency No. of Polytropic
Frame (ft>/min) (Hp) Np Stages® Head/Stage
29M 500-8000 10,000 0.76 10 11500
38M 6000-23,000 10,000/12,000 0.77 9 8100
46M 20,000-35,000 10,000/12,000 0.77 9 6400
60M 30,000-58,000 10,000/12,000 0.77 8 5000
70M 50,000-85,000 10,000/12,000 0.78 8 4100
88M 75,000-130,000 10,000/12,000 0.78 8 3300
103M 110,000-160,000 10,000 0.78 7 2800
110M 140,000-190,000 10,000 0.78 7 2600
25MB (H) (HH) 500-5000 12,000 0.76 12 11500
32MB (H) (HH) 5000-10,000 12,000 0.78 10 10200
38MB (H) 8000-23,000 10,000/12,000 0.78 9 8100
46MB 20,000-35,000 10,000/12,000 0.78 9 6400
60MB 30,000-58,000 10,000/12,000 0.78 8 5000
70MB 50,000-85,000 10,000/12,000 0.78 8 4100
88MB 75,000-130,000 10,000/12,000 0.78 8 3300

“Maximum flow capacity is reduced in direct proportion to speed reduction.
bUse either 10,000 or 12,000 ft for each impeller where this option is mentioned.
°At reduced speed, impellers can be added.

(Elliott Co.).
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Figure 7.25. Efficiency and head coefficient ¢,, as functions of
specific speeds and specific diameters of various kinds of impellers
(Evans, 1979). Example: An axial propeller has an efficiency of
70% at Ny=200 and D,=1.5; and 85% at N,=400 and D;=0.8.
See Table 7.4 for definitions of ¢4, Ny, and D;.

Accordingly,
W =AH = W,/n, = (AH), /1, (7.28)

When no other information is available about the process gas,
it is justifiable to find the temperature rise from

AT = (AT),/n, (7.29)
so that
Ty = Ty(1+(1/n)[(Po/ P V* =10, (7.30)

Example 7.4 calculates the temperature rise using Equations
7.24 and 7.30.

A case with variable heat capacity is worked out in Example 7.5.

For mixtures, the heat capacity to use is the sum of the mol
fraction weighted heat capacities of the pure components,

REAL PROCESSES AND GASES

Compression in reciprocating and centrifugal compressors is essen-
tially adiabatic but it is not frictionless. The pressure-volume behavior
in such equipment often conforms closely to the equation

PV" =P, V] = const. (7.32)

Such a process is called polytropic. The equation is analogous
to the isentropic equation (7.20) but the polytropic exponent 7 is
different from the heat capacity ratio k.

Polytropic exponents are deduced from P} measurements on
the machine in question. With reciprocating machines, the PV data
are recorded directly with engine indicators. With rotary machines
other kinds of instruments are used. Such test measurements
usually are made with air.

Work in polytropic compression of a gas with equation of
state PV'=zRT is entirely analogous to Eq. (7.26). The hydrody-
namic work or the work absorbed by the gas during the compres-

sion is
& (n=1)/n .
P] ’

Manufacturers usually characterize their compressors by their
polytropic efficiencies which are defined by

n n(k—1)
”P:(n-1>/<%):k(n-1)'

The polytropic work done on the gas is the ratio of Egs. (7.33) and
(7.34) and comprises the actual mechanical work done on the gas:

P, (n=1)/n .
P,

Losses in seals and bearings of the compressor are in addition
to W,; they may amount to 1-3% of the polytropic work, depend-
ing on the machine.

The value of the polytropic exponent is deduced from
Eq. (7.34) as

Py

W, = [ (7.33)

Jp,

VdP = (n%l)leTl

(7.34)

Wy=Wia/n, = (25)=RT,

- (7.35)

ne — (7.36)
G, =2xCyi. (1.3D 1=k(l-9y,)" '

TABLE 7.7. Some Sizes of One- and Two-Stage Reciprocating Compressors
(a) Horizontal, One-Stage, Belt-Driven
Diameter Openings (in.)
Cylinder Stroke Displacement Air Pressure (Ib/ Brake HP at
(in.) (in.) (cuft/min.) rpm sq in.) Rated Pressure Inlet Outlet

73 6 106 310 80-100-125 15.9-17-18 2] 2

8% 9 170 300 80-100-125 25-27-29 3 3

10 10 250 285 80-100-125 36-38.5-41 3] 3]

11 12 350 270 80-100-125 51-57-60 - 4

8% 6 136 350 40-60 15-18.5 - 3

10 9 245 300 40-75 27-34 3] 3]

11 10 312 285 40-75 34-43 4 4

13 12 495 270 40-75 54-70 5 5

12 9 350 300 20-45 30-42 4 4

13 10 435 285 30-45 42-52 6 6

15 12 660 270 30-50 59-74 7 7

(Worthington Corp.).
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TABLE 7.7.—(continued)

(b) Horizontal, One-Stage, Steam-Driven?

Diameter, Diameter,
Steam ir
Cylinder Cylinder, Displacement, Air Pressure,
(in.) (in.) Stroke (in.) (cuft/min) rpm (Ib/sq in.)
7 73 6 106 350 80-100-125
8 8} 9 170 300 80-100-125
9 10 10 250 285 80-100-125
10 1 12 350 270 80-100-125
7 8% 6 136 350 40-60
8 10 9 245 300 40-75"
9 1 10 312 285 40-75"
10 13 12 495 270 40-75°
8 12 9 350 300 20-45°
9 13 10 435 285 20-45°
10 15 12 660 270 20-50°

?All machines have piston-type steam valves.
£110-Ib steam necessary for maximum air pressure.
°125-Ib steam necessary for maximum air pressure.
(Worthington Corp.).

(c) Horizontal, Two-Stage, Belt-Driven

Diameter Cylinder (in.)

Piston Displacement

Low Pressure High Pressure Stroke (in.) rpm (cuft free air/min)
4 2% 4 500 28
6 2% 6 350 65
8 3z 8 300 133
10 47 10 275 241

(Ingersoll-Rand Co.).

TABLE 7.8. Summary of Rotary Compressor Performance Data

Type

Helical Spiral Straight Sliding Liquid

Screw Axial Lobes Vanes Liner
Configuration, features (male x female) 4x6 2x4 2x2 8 Blades 16 Sprockets
Max displacement (cfm) 20,000 13,000 30,000 6,000 13,000
Max diameter (in.) 25 16 18 33 48
Min diameter (in.) 4 6 10 5 12
Limiting tip speed (Mach) 0.30 0.12 0.05 0.05 0.06
Normal tip speed (Mach) 0.24 0.09 0.04 0.04 0.05
Max L/d, low pressure 1.62 2.50 2.50 3.00 1.1
Normal L/d, high pressure 1.00 1.50 1.50 2.00 1.00
V factor for volumetric efficiency 7 3 5 3 3
X factor for displacement 0.0612 0.133 0.27 0.046 0.071
Normal overall efficiency 75 70 68 72 50
Normal mech. eff. at +100 HP (%) 90 93 95 94 90
Normal compression ratio R, 2/3/4 3 1.7 2/3/4 5
Normal blank-off R, 6 5 5 7 9
Displacement form factor A, 0.462 1.00 2.00 0.345 0.535

(Evans, 1979).
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TABLE 7.9. Five Rotary Compressors for a Common Service

Type
Helical Screw Spiral Axial Straight Lobes Sliding Vanes Liquid Liner

Suction loss 0; 9.35 1.32 0.89 0.90 1.40
Discharge loss 6, 7.35 1.04 0.70 0.70 1.10
Intrinsic corr. B 1.185 1.023 1.016 1.016 1.025
Adiabatic eff. 17,4 85.6 97.7 98.5 98.5 97.9
Slippage Ws (%) 28.5 16.6 11.8 11.8 3.0
Slip eff. 55 (%) 71.5 83.4 88.2 88.2 97.0
Thermal eff. n, (%) 89.2 93.7 95.8 95.5 42.5
Volumetric eff. E,, 68.0 85.7 89.1 89.9 96.6
Displacement (cfm) 14,700 11,650 11,220 11,120 10,370
Rotor dia. (in.) 26.6 26.2 27.0 65.0 45.5
Commercial size, d x L 25 x 25 22 x 33 22 x 33 46 x 92° 43 x 48°
Speed (rpm) 3,500 1,250 593 284 378
Motor (HP) 1,100 800 750 750 1,400
Service factor 1.09 1.1 1.10 1.12 1.10
Discharge temp °F 309 270 262 263 120

?Twin 32.5 x 65 or triplet 26.5 x 33 (667 rpm) are more realistic.
>Twin 32 x 32 (613 rpm) alternate where L=d
(Evans, 1979).

The isentropic efficiency is

__ isentropic work[Eq.(7.25)]
= actual work[Eq.(7.35)] (7.37)

(k=1)/k _
_ ()i 03
(Pz/Pl)(n_ ) _q

_ (PP

—— (7.39)
(PZ/PI)(A—I)/IW,; 1

The last version is obtained with the aid of Eq. (7.34) and
relates the isentropic and polytropic efficiencies directly. Figure
7.27(b) is a plot of Eq. (7.39). Example 7.6 is an exercise in the
relations between the two kinds of efficiencies.

WORK ON NONIDEAL GASES

The methods discussed thus far neglect the effect of pressure on
enthalpy, entropy, and heat capacity. Although efficiencies often
are not known well enough to justify highly refined calculations,
they may be worth doing in order to isolate the uncertainties of a

TABLE 7.10. Specifications of Liquid Liner Compressors

Compressor  Pressure Capacity Speed
(size) (psi) (cuft/min)  Motor (HP) (rpm)
5 1020 40
K-6 10 990 60 { 570
15 870 75
20 650 100
621 26 7% 3500
1251 35 120 40 1750
1256 440 100 1750
621 23 10 3500
1251 80 110 50 1750
1256 410 150 1750

(Nash Engineering Co.).

design. Compressibility factors are given for example by Figure
7.29. Efficiencies must be known or estimated.

Thermodynamic Diagram Method. When a thermodynamic
diagram is available for the substance or mixture in question, the
flow work can be found from the enthalpy change,

W = AH. (7.40)

The procedure is illustrated in Example 7.7 and consists of
these steps:

1. Proceed along the line of constant entropy from the initial con-
dition to the final pressure P, and enthalpy (H5);.

2. Evaluate the isentropic enthalpy change (AH), = (H,),— H;.

3. Find the actual enthalpy change as

AH = (AH),/n, (7.41)
and the final enthalpy as
H, =H +(AH),/x,. (7.42)

4. At the final condition (P,, H;) read off any other desired prop-
erties such as temperature, entropy or specific volume.

Thermodynamic diagrams are known for light hydrocarbons,
refrigerants, natural gas mixtures, air, and a few other common
substances. Unless a substance or mixture has very many applica-
tions, it is not worthwhile to construct a thermodynamic diagram
for compression calculations but to use other equivalent methods.

ExampLE 7.4

Gas Compression, Isentropic and True Final Temperatures
With k = 1.4, P,/P; =3 and 5, = 0.71; the final temperatures are
(T,), =1.369 T} and T, = 1.5197) with Egs. (7.24) and (7.31).
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Figure 7.26. Several ways of estimating allowable polytropic head
per stage of a multistage centrifugal compressor. (a) Single-
stage head as a function of k, molecular weight, and temp-
erature (Elliott Co.). (b) Single-stage head as a function of
the nature of the gas (NGPSA Handbook, Gas Processors Assn,
Tulsa, OK, 1972), obtained by dividing the total head of
the compressor by number of stages. H = Ku*/32.2 ft/stage, K =
0.50—0.65, empirical coefficient, u =600 —900 ft/sec, impeller
peripheral speed, and H = 10,000 with average values K = 0.55
and u = 765 ft/sec. (c) An equation and parameters for estimation
of head.
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General Method. The effects of composition of mixtures and
of pressure on key properties such as enthalpy and entropy are
deduced from PVT equations of state. This process is described
in books on thermodynamics, for example, Reid et al. (Properties
of Liquids and Gases, McGraw-Hill, New York, 1977) and Walas
(Phase Equilibria in Chemical Engineering, Butterworths, Stone-
ham, MA, 1985). Only the simplest correlations of these effects will
be utilized here for illustration.

For ideal gases with heat capacities dependent on tempera-
ture, the procedure requires the isentropic final temperature to be
found by trial from

Ty
AS:J (C,/T)dT = RIn (Py/Py) —0, (7.43)
T
and then the isentropic enthalpy change from
T
AH = J C,dT. (7.44)
T

The final temperature 7, is found by trial after applying a
known isentropic efficiency,

T
(AH)g/ns = J G, dT. (7.45)
T

The fact that heat capacities usually are represented by
empirical polynomials of the third or fourth degree in temperature
accounts for the necessity of solutions of equations by trial.

Example 7.5 applies this method and checks roughly the cal-
culations of Example 7.7 with the thermodynamic diagram of this
substance. The pressures are relatively low and are not expected to
generate any appreciable nonideality.

This method of calculation is applied to mixtures by taking a
mol fraction weighted heat capacity of the mixture,

C, =Yx,Cp. (7.46)
When the pressure range is high or the behavior of the gas is
nonideal for any other reason, the isentropic condition becomes

Ty
AS:J (C[;/T)dT—Rln(Pz/Pl)+AS{—ASZ’—>O. (7.47)

i

After the final isentropic temperature 75, has been found by
trial, the isentropic enthalpy change is obtained from

T
Cp'dT+ AH{—-AHj,

T

(AH)g = J (7.48)

In terms of a known isentropic efficiency the final temperature
T, then is found by trial from

T
(AH)g/ns = J CydT + AH{ - AH3. (7.49)
T

In these equations the heat capacity C, is that of the ideal gas
state or that of the real gas near zero or atmospheric pressure.
The residual properties AS]{ and AH| are evaluated at (P, T))
and ASj and AHj at (P, , T>). Figure 7.28 gives them as functions



150 FLUID TRANSPORT EQUIPMENT

ExampLE 7.5
Compression Work with Variable Heat Capacity
Hydrogen sulfide heat capacity is given by

C, =7.629+3.431(E —4)T +5.809(E — 6) T*
—281(E—=9)T?,cal/gmol,

with T in K. The gas is to be compressed from 100°F (310.9 K)
and 14.7 psia to 64.7 psia.

Assuming the heat capacity to be independent of pressure in
this low range, the isentropic condition is

AS = J'TZ(CP/T)dT- Rin(P,/P))

T,
T
= [ (C,/T)dT —1.987 In (64.7/14.7) = 0.
J3109

By trial, with a root-solving program, 7, = 441.1 K, 334.4°F (com-
pared with 345°F from Example 7.7).

The isentropic enthalpy change becomes

4411
C,dT = 1098.1 cal /g mol

310.1

—1098.1(1.8)/34.08 = 58.0 Btu/Ib,

AHS=J

compared with 59.0 from Example 7.7. The integration is per-
formed with Simpson’s rule on a calculator.

The actual final temperature will vary with the isentropic effi-
ciency. It is found by trial from the equation

T,
1098.1/ng = J C,dT.
1098.1
Some values are
s 1.0 0.75 0.50 0.25
T, 4411 482.93 564.29 791.72

of reduced temperature 7/7T,. and reduced pressure P/P.. More
accurate methods and charts for finding residual properties from
appropriate equations of state are presented in the cited books of
Reid et al. (1977) and Walas (1985).

For mixtures, pseudocritical properties are used for the eval-
uation of the reduced properties. For use with Figure 7.28, Kay’s
rules are applicable, namely,

(PL')mix = ZX[PL‘I"

(Te) iy = 2% Teis

(7.50)
(7.51)

but many equations of state employ particular combining rules.
Example 7.8 compares a solution by this method with the
assumption of ideal behavior.

EFFICIENCY

The efficiencies of fluid handling equipment such as fans and com-
pressors are empirically derived quantities. Each manufacturer will
supply either an efficiency or a statement of power requirement for
a specified performance. Some general rules have been devised for
ranges in which efficiencies of some classes equipment usually fall.
Figure 7.27 gives such estimates for reciprocating compressors.
Fan efficiencies can be deduced from the power-head curves of
Figure 7.24. Power consumption or efficiencies of rotary and reci-
procating machines are shown in Tables 7.7, 7.8, and 7.9.

Polytropic efficiencies are obtained from measurements of
power consumption of test equipment. They are essentially inde-
pendent of the nature of the gas. As the data of Figure 7.27 indi-
cate, however, they are somewhat dependent on the suction
volumetric rate, particularly at low values, and on the compression
ratio. Polytropic efficiencies of some large centrifugal compressors
are listed in Table 7.6. These data are used in Example 7.9 in the
selection of a machine for a specified duty.

The most nearly correct methods of Section 7.6.4 require
knowledge of isentropic efficiencies which are obtainable from the
polytropic values. For a given polytropic efficiency, which is inde-
pendent of the nature of the gas, the isentropic value is obtained

with Eq. (7.39) or Figure 7.27(b). Since the heat capacity is involved
in this transformation, the isentropic efficiency depends on the nat-
ure of the substance and to some extent on the temperature also.

TEMPERATURE RISE, COMPRESSION RATIO,
VOLUMETRIC EFFICIENCY

The isentropic temperature in terms of compression ratio is given
for ideal gases by

(T), = Ty (Po/ PV, (7.52)

For polytropic compression the final temperature is given
directly by

Ty = T\(Py/Py)" /" (1.53)
or alternately in terms of the isentropic efficiency by
(AT)aclual = T2 - Tl = (AT)isemropic/ns (754)
so that
Ty = Ti+(AT) /0, = Ti{1+(1/n)[(P2/P)* ™ =11} (7.55)

The final temperature is read off directly from a thermody-
namic diagram when that method is used for the compression cal-
culation, as in Example 7.7. A temperature calculation is made in
Example 7.10. Such determinations also are made by the general
method for nonideal gases and mixtures as in Example 7.8 and
for ideal gases in Example 7.4.

Compression Ratio. In order to save on equipment cost, it is
desirable to use as few stages of compression as possible. As a rule,
the compression ratio is limited by a practical desirability to keep
outlet temperatures below 300°F or so to minimize the possibility
of ignition of machine lubricants, as well as the effect that power
requirement goes up as outlet temperature goes up. Typical com-
pression ratios of reciprocating equipment are:
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Figure 7.27. Efficiencies of centrifugal and reciprocating compressors. (a) Polytropic efficiencies of centrifugal compressors as a function of
suction volume and compression ratio. (Clark Brothers Co.). (b) Relation between isentropic and polytropic efficiencies, Eqs. (7.22) (7.23).
(c) Isentropic efficiencies of reciprocating compressors. (De Laval Handbook, McGraw-Hill, New York, 1970). Multiply by 0.95 for motor

drive. Gas engines require 7000-8000 Btu/HP.

ExamPLE 7.6

Polytropic and Isentropic Efficiencies
Take 1, = 0.75, k=14, and P,/P, =3. From Eq. (7.39), n=
1.6154 and 5, = 0.7095. With Figure 7.27(b), ¢ =3%27=1.3687
1, = 0.945, 5, = 0.709. The agreement is close.

Large pipeline compressors 1.2-2.0
Process compressors 1.5-4.0
Small units up to 6.0

For minimum equipment cost, the work requirement should
be the same for each stage. For ideal gases with no friction losses
between stages, this implies equal compression ratios. With »
stages, accordingly, the compression ratio of each stage is

Pyi/B = (P/P))". (1.56)
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Figure 7.28. Residual entropy and enthalpy as functions of
reduced properties. (a) Residual entropy. (b) Residual enthalpy.
(Drawn by Smith and Van Ness (Introduction to Chemical Engineer-
ing Thermodynamics, McGraw-Hill, New York, 1959) from data of
Lydersen et al. For illustrative purposes primarily; see text for other
sources).

Example 7.11 works out a case involving a nonideal gas and
interstage pressure losses.

In centrifugal compressors with all stages in the same shell, the
allowable head rise per stage is stated in Table 7.6 or correlated in
Figure 7.26. Example 7.9 utilizes these data.

Volumetric Efficiency. For practical reasons, the gas is not
completely discharged from a cylinder at each stroke of a recipro-
cating machine. The clearance of a cylinder is filled with com-
pressed gas which reexpands isentropically on the return stroke.
Accordingly, the gas handling capacity of the cylinder is less than
the product of the cross section by the length of the stroke. The
volumetric efficiency is

_suction gas volume
cylinder displacement

=1-£[(P/P1)" = 1],

(1.57)
where

clearance volume
cylinder displacement volume

fo=

For a required volumetric suction rate Q (cfm), the required
product of cross section A, (sqft), stroke length L; (ft), and speed
N (rpm) is given by

ALN = Q/n,. (7.58)

7.7. EJECTOR AND VACUUM SYSTEMS

Ejectors are complex equipment; their process and mechanical
design needs to be done by a collaborative effort between user and
vendor. In addition to the references cited in the text, the following
references will aid the user in the selection and preliminary design of
ejectors: Ludwig (1977), Richenberg and Bawden (1979).

Application ranges of the various kinds of devices for mainte-
nance of subatmospheric pressures in process equipment are shown in
Table 7.3. The use of mechanical pumps—compressors in reverse—
for such purposes is mentioned earlier in this chapter. Pressures also
can be reduced by the action of flowing fluids. For instance, water
jets at 40 psig will sustain pressures of 0.5-2.0 psia. For intermediate
pressure ranges, down to 0.1 Torr or so, steam jet ejectors are widely
favored. They have no moving parts, are quiet, easily installed,
simple, and moderately economical to operate, and readily adaptable
to handling corrosive vapor mixtures. A specification form is in
Appendix B.

EJECTOR ARRANGEMENTS

Several ejectors are used in parallel when the load is variable or
because the process system gradually loses tightness between main-
tenance shutdowns—then some of the units in parallel are cut in or
out as needed.

Multistage units in series are needed for low pressures.
Sketches are shown in Figure 7.30 of several series arrangements.
In Figure 7.30(a), the first stage drives the process vapors, and
the second stage drives the mixture of those vapors with the motive
steam of the first stage. The other two arrangements employ inter-
stage condensers for the sake of steam economy in subsequent
stages. In contact (barometric) condensers the steam and other
condensables are removed with a cold water spray. The tail pipes
of the condensers are sealed with a 34 ft leg into a sump, or with
a condensate pump operating under vacuum. Surface condensers
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Figure 7.29. Compressibility factors, z= PV/RT, of gases. Used for the solution of Example 7.11. Pr=P/P., Tr=T/T,., and
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ExamPpLE 7.7

Finding Work of Compression with a Thermodynamic Chart
Hydrogen sulfide is to be compressed from 100°F and atmospheric
pressure to 50 psig. The isentropic efficiency is 0.70. A pressure-

345 F
440 FF

enthalpy chart is taken from Starling (Fluid Thermodynamic Properties
for Light Petroleum Systems, Gulf, Houston, TX, 1973). The work and o
the complete thermodynamic conditions for the process will be found. =k
The path followed by the calculation is 1-2-3 on the sketch. The 3
initial enthalpy is —86 Btu/lb. Proceed along the isentrop .S = 1.453 to 64.7
the final pressure, 64.7 psia, and enthalpy H, = —27. The isentropic
enthalpy change is
AH; = -27—(-86) = 59 Btu/Ib.
The true enthalpy change is 8
[
AH =59/0.70 = 84.3. 2
[N
The final enthalpy is o
Hy; = -86+84.3=-1.7. 147
Other conditions at points 2 and 3 are shown on the sketch. The
work is

W = AH = 84.3Btu/lb -27 1.7

—84.3/2.545 = 33.1 HP hr/(1000 Ib). Enthalpy, Btu/lb
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ExampLE 7.8

Compression Work on a Nonideal Gas
Hydrogen sulfide at 450 K and 15 atm is to be compressed to 66 atm.
The isentropic final temperature and the isentropic enthalpy change
will be found with the aid of Figure 7.28 for the residual properties.

The critical properties are 7, =373.2 K and P, = 88.2 atm.
The heat capacity is stated in Example 7.5:

T, =450/373.2 =121,

P, =15/882=0.17,

Py, = 66/88.2 = 0.75,

~AS{ =0.15, )
AH{ =0.2(373.2) = 75.0,

T ,
AS=J %dT—l.987 1n?—2+0.15—A52’= 0,

450

T
AHS=J Cp dT +75.0 - AHj. ?2)

450

. Assume a value of T5.

. Evaluate 7,, and ASj.

. Integrate Eq. (1) numerically and note the right hand side.

. Continue with trial values of 7, until AS = 0.

. Find AH3 and finally evaluate AH,.

DA RN -

Two trials are shown.

T, T, AS) AS  AH AH,
600 1.61 0.2 -0.047
626.6 1.68 0.2 +0.00009 187 1487.7

When the residual properties are neglected,

T, = 623.33 K (compared with 626.6 real),
AH; = 1569.5 (compared with 1487.7 real).

Real temperature rise:

With n, = 0.75, the enthalpy change is 1487.7/0.75 and the
enthalpy balance is rearranged to

T
A= 14877 +J Cp dT +75-AHL % 0
0.75 450
Trial
T, Tr> AHj rhs
680 1.82 109 +91.7
670.79 1.80 12 ~0.021
670.80 1.80 +0.075
T, = 670.79K.

For ideal gas

T ;
1569.5 . ’
=— T
A 0.75 +LSOCp dT — 0
By trial:
T, =67049K

Nonideality is slight in this example.

ExampLE 7.9

Selection of a Centrifugal Compressor
A hydrocarbon mixture with molecular weight 44.23 is raised from
41°F and 20.1 psia to 100.5 psia at the rate of 2400 1b mol/hr. Its
specific heat ratio is & = 1.135 and its inlet and outlet compressibil-
ities are estimated as z; = 0.97 and z, = 0.93. A size of compressor
will be selected from Table 7.6 and its expected performance will
be calculated:

2400 1b mol/hr = 1769 1b/min,
10,260 cfm

From Table 7.6, the smallest compressor for this gas rate is 38 M.
Its characteristics are

N =8100rpm at 10 — 12 K ft/stage

n, =077
100.5

P,=100.5
P1 = 201 Z: = 093
T,=41F
z,=097
1769 Ib/min
10260 cfm

Accordingly,

n—1_k=1__ 0135
n kn, — 1.135(0.77)

=0.1545.

Using Eq. (7.35) for the polytropic head,

H, = (Zl -;Zz) (%)RTI {(%)(HW - 1]

_ 1.135\ (1544 01545 _
- 0'95(0135) (44.23) (501)(5 D
= 39430 ft.

From Figure 7.26(a), the max head per stage is 9700, and
from Figure 7.26(b) the min number of stages is about 4.5. Accord-
ingly, use five stages with standard 10,000 ft/stage impellers. The
required speed with the data of Table 7.6 is

speed = 8100+/39430/10,000(5) = 7190 rpm.
Power absorbed by the gas is

mH,  1769(39,430)

Pos = =
¥ 733,000n,  33,000(0.77)

=2745 HP.

Friction losses 22 3% max

total power input = 2745/0.97 = 2830 HP max.
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ExampLE 7.10
Polytropic and Isentropic Temperatures
Take k = 1.4,(P,/P;) =3, and 51, = 0.75. From Eq. (7.34),

(n=1)/n= (k-1)/kn, =0.3810
and from Eq. (7.39)

30.2857
ng =

1
o = 07094

so that from Eq. (7.53)

T,/T, = 303810 — 1 5198, isentropic,

and from Eq. (7.54),

To/T) = 1+ (1/0.7094)(3%*57 — 1) = 1.5197, polytropic.

permit recovery of valuable or contaminating condensates or
steam condensate for return as boiler feed. They are more expen-
sive than barometrics, and their design is more complex than that
of other kinds of condensers because of the large amounts of non-
condensables that are present.

As many as six stages are represented on Figure 7.30, com-
bined with interstage condensers in several ways. Barometric con-
densers are feasible only if the temperature of the water is below
its bubblepoint at the prevailing pressure in a particular stage.
Common practice requires the temperature to be about 5°F below
the bubblepoint. Example 7.13 examines the feasibility of installing
intercondensers in that process.

AIR LEAKAGE

The size of ejector and its steam consumption depend on the rate
at which gases must be removed from the process. A basic portion
of such gases is the air leakage from the atmosphere into the
system.

Theoretically, the leakage rate of air through small openings,
if they can be regarded as orifices or short nozzles, is constant at
vessel pressures below about 53% of atmospheric pressure. How-
ever, the openings appear to behave more nearly as conduits with
relatively large ratios of lengths to diameters. Accordingly sonic
flow is approached only at the low pressure end, and the air mass
inleakage rate is determined by that linear velocity and the low
density prevailing at the vessel pressure. The content of other gases
in the evacuated vessel is determined by each individual process.
The content of condensables can be reduced by interposing a refri-
gerated condenser between process and vacuum pump.

Standards have been developed by the Heat Exchange Insti-
tute for rates of air leakage into commercially tight systems. Their
chart is represented by the equation

m=kV*3, (7.59)

where m is in 1b/hr, V is the volume of the system in cuft, and the
coefficient is a function of the process pressure as follows:

20-90 3-20 1-3 <1
0.146 0.0825 0.0508 0.0254

Pressure (Torr) >90
k 0.194

For each agitator with a standard stuffing box, 5 Ib/hr of air
leakage is added. Use of special vacuum mechanical seals can
reduce this allowance to 1-2 Ib/hr.

For a conservative design, the rate from Eq. (7.59) may be
supplemented with values based on Table 7.11. Common practice
is to provide oversize ejectors, capable of handling perhaps twice
the standard rates of the Heat Exchange Institute.

Other Gases. The gas leakage rate correlations cited are
based on air at 70°F. For other conditions, corrections are

applied to evaluate an effective air rate. The factor for molecular
weight M is

S =0.375 In(M/2) (7.60)

and those for temperature 7 in °F of predominantly air or predom-
inantly steam are

f4=1-0.00024(T — 70), for air,
fs =1-0.00033(7 —70), forstream.

(7.61)
(7.62)

An effective or equivalent air rate is found in Example 7.12.

STEAM CONSUMPTION

The most commonly used steam is 100 psig with 10-15° superheat,
the latter characteristic in order to avoid the erosive effect of
liquids on the throats of the ejectors. In Figure 7.31 the steam con-
sumptions are given as Ib of motive steam per Ib of equivalent air
to the first stage. Corrections are shown for steam pressures other
than 100 psig. When some portion of the initial suction gas is con-
densable, downward corrections to these rates are to be made for
those ejector assemblies that have intercondensers. Such correc-
tions and also the distribution of motive steam to the individual
stages are problems best passed on to ejector manufacturers who
have experience and a body of test data.

When barometric condensers are used, the effluent water tem-
perature should be at least 5°F below the bubblepoint at the prevail-
ing pressure. A few bubblepoint temperatures at low pressures are:

Absolute (in. Hg) 0.2 0.5 1.0 2.0
Bubblepoint °F 34.6 58.8 79.0 101.1

Interstage pressures can be estimated on the assumption that
compression ratios will be the same in each stage, with the suction
to the first stage at the system pressure and the discharge of the last
stage at atmospheric pressure. Example 7.13 examines at what
stages it is feasible to employ condensers so as to minimize steam
usage in subsequent stages.

EJECTOR THEORY

The progress of pressure, velocity, and energy along an ejector is
illustrated in Figure 7.32. The initial expansion of the steam to
point C and recompression of the mixture beyond point E proceed
adiabatically with isentropic efficiencies of the order of 0.8. Mixing
in the region from C to E proceeds with approximate conservation
of momenta of the two streams, with an efficiency of the order of
0.65. In an example worked out by Dodge (1944, pp. 289-293),
the compounding of these three efficiencies leads to a steam rate
five times theoretical. Other studies of single-stage ejectors have
been made by Work and Headrich (1939) and DeFrate and Hoerl
(1959), where other references to theory and data are made.
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Figure 7.30. Arrangements of two-stage ejectors with condensers. (a) Identification of the parts of a two-stage ejector. (Croll-Reynolds
Co.). (b) A two-stage ejector with interstage barometric condenser. (Elliot Co.). (c) A two-stage ejector with surface condensers interstage

and terminal. (Elliot Co.).
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ExampLE 7.11

Three-Stage Compression with Intercooling and Pressure Loss

between Stages
Ethylene is to be compressed from 5 to 75 atm in three stages.
Temperature to the first stage is 60°F, those to the other stages
are 100°F. Pressure loss between stages is 0.34 atm (5 psi). Isentro-
pic efficiency of each stage is 0.87. Compressibilities at the inlets to

the stages are estimated from Figure 7.29 under the assumption of
equal compression ratios as zo = 0.98, z; = 0.93, and z; = 0.83. The
interstage pressures will be determined on the basis of equal power
load in each stage. The estimated compressibilities can be corrected
after the pressures have been found, but usually this is not found
necessary. k = C,/C, = 1.228 and (k—1)/k = 0.1857.

T,~60F R P,-034
P=5am T,=60
Z,-098 Z,-09

P,-0.34 Py=75
T,=60
2,-083

With equal power in each stage
z;RT;k

=0.98(520)[(P; /5" —1]

P 0.1857
=0.93(560) <(1’1—7§)-34)> -1

= 0.83(560){[(75/(P, - 0.34)""* -1}

Values of P, will be assumed until the value of P, calculated
by equating the first two terms equals that calculated from the
last two terms. The last entries in the table are the interpolated
values.

P,

P, 1+2 2+3

12 27.50 28.31

12.5 29.85 28.94

13.0 32.29 29.56
12.25 —28.60—

3(0.98)(1.987)(520) [ /12,2557
Ot oW e = = 857(2545)0.87 (%)
= 1.34 HP/(Ib mol/hr).
T T
321 _
31 xq, ]
~
T 30— a i

12 125 13

P, —>

The theory is in principle amenable to the prediction of steam
distribution to individual stages of a series, but no detailed proce-
dures are readily available. Manufacturers charts such as Figure
7.31 state only the consumption of all the stages together.

GLOSSARY FOR CHAPTER 7
PUMP TERMS

Head has the dimensions [F|[L]/[M]; for example, ft 1bf/lb or ft; or
N m/kg or m:

. pressure head = AP)p;

. velocity head = Auw?/2g.;

. elevation head = Az(g/g.), or commonly = Az;

. friction head in line, H; = f(L/D)*/2g.;

. system head H; is made up of the preceding four items;

[~V T — S ]

f. pump head equals system head, H,=H,, under operating
conditions;

g. static suction head equals the difference in levels of suction
liquid and the centerline of the pump;

h. static suction lift is the static suction head when the suction level is
below the centerline of the pump; numerically a negative number.

NPSH (net positive suction head) = (pressure head of source)
+ (static suction head) — (friction head of the suction line) — (vapor
pressure of the flowing liquid).

Hydraulic horsepower is obtained by multiplying the weight
rate of flow by the head difference across the pump and converting
to horsepower. For example, HHP = (gpm)(psi)/1714 = (gpm)(spgr)
(ft)/3960.

Brake horsepower is the driver power output needed to operate
the pump. BHP = HHP/(pump efficiency).
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TABLE 7.11. Estimated Air Leakages Through Connections,
Valves, Stuffing Boxes Etc. of Process

Equipment?
Estimated
Average
Air Leakage
Type Fitting (Ib/hr)
Screwed connections in sizes up to 2 in. 0.1
Screwed connections in sizes above 2 in. 0.2
Flanged connections in sizes up to 6 in. 0.5
Flanged connections in sizes 6 in. to 24 in. 0.8
including manholes

Flanged connections in sizes 24 in. to 6 ft 1.1
Flanged connections in sizes above 6 ft 2.0
Packed valves up to ] in. stem diameter 0.5
Packed valves above } in: stem diameter 1.0
Lubricated plug valves 0.1
Petcocks 0.2
Sight glasses 1.0
Gage glasses including gage cocks 2.0
Liquid sealed stuffing box for shaft of agitators, 0.3

pumps, etc. (per in. shaft diameter)

Ordinary stuffing box (per in. of diameter)

Safety valves and vacuum breakers (per in. of 1.0
nominal size

“For conservative practice, these leakages may be taken as
supplementary to those from Eq. (7.59). Other practices allow 5 Ib/hr
for each agitator stuffing box of standard design; special high
vacuum mechanical seals with good maintenance can reduce this
rate to 1-2 Ib/hr.

[From C.D. Jackson, Chem. Eng. Prog. 44, 347 (1948)].

Driver horsepower, HP = BHP/(driver efficiency) = HHP/(pump
efficiency)(driver efficiency).

TERMS CONCERNING CENTRIFUGAL AND RELATED
PUMPS

Axial flow is flow developed by axial thrust of a propeller blade,
practically limited to heads under 50 ft or so.

Centrifugal pump consists of a rotor (impeller) in a casing in
which a liquid is given a high velocity head that is largely con-
verted to pressure head by the time the liquid reaches the outlet.

Characteristic curves are plots or equations relating the volu-
metric flow rate through a pump to the developed head or effi-
ciency or power or NPSH.

Diffuser type: the impeller is surrounded by gradually expand-
ing passages formed by stationary guide vanes [Figs. 7.2(b)
and 7.3(d)].

ExampLE 7.12

Equivalent Air Rate
Suction gases are at the rate of 120 Ib/hr at 300°F and have a mole-
cular weight of 90. The temperature factor is not known as a func-
tion of molecular weight so the value for air will be used. Using
Egs. (7.60) and (7.61),

m = 120(0.375) In (90/2)[1 —0.00024(300 — 70))]
= 161.81b/hrequivalent air.
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Figure 7.31. Steam requirements of ejectors at various pressure levels
with appropriate numbers of stages and contact intercondensers.
Steam pressure 100 psig, water temperature 85°F. Factor for 65 psig
steam is 1.2 and for 200 psig steam it is 0.80. (Worthington Corp).

ExampLE 7.13

Interstage Condensers
A four-stage ejector is to evacuate a system to 0.3 Torr. The com-
pression ratio in each stage will be

(Ps/Po)* = (760/0.3)/* = 7.09.

The individual stage pressures and corresponding water bubble-
point temperatures from the steam tables are

Discharge of stage 0 1 2 3 4
Torr 0.3 2.1 15.1 107 760
°F 14 63.7 127.4

The bubblepoint temperature in the second stage is marginal with
normal cooling tower water, particularly with the practical restric-
tion to 5°F below the bubblepoint. At the discharge of the third
stage, however, either a surface or barometric condenser is quite
feasible. At somewhat higher process pressure, two interstage con-
densers may be practical with a four-stage ejector, as indicated on
Figure 7.31.
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Double suction: two incoming streams enter at the eye of the
impeller on opposite sides, minimizing axial thrust and worthwhile
for large, high head pumps [Fig. 7.2(b)].

Double volute: the liquid leaving the impeller is collected in
two similar volutes displaced 180° with a common outlet; radial
thrust is counterbalanced and shaft deflection is minimized, result-
ing in lower maintenance and repair, used in high speed pumps
producing above 500 ft per stage.

Impeller: the rotor that accelerates the liquid.

a. Open impellers consist of vanes attached to a shaft without any
form of supporting sidewall and are suited to handling slurries
without clogging [Fig. 7.2(a)].

b. Semienclosed impellers have a complete shroud on one side
[Fig. 7.3(c)]; they are essentially nonclogging, used primarily
in small size pumps; clearance of the open face to the wall is
typically 0.02 in. for 10 in. diameters.

c. Closed impellers have shrouds on both sides of the vanes from
the eye to the periphery, used for clear liquids [Fig. 7.3(b)].

Mechanical seals prevent leakage at the rotating shaft by slid-
ing metal on metal lubricated by a slight flow of pump liquid or an
independent liquid [Figs. 7.4(c) and (d)].

Mixed flow: develops head by combined centrifugal action
and propeller action in the axial direction, suited to high flow rates
at moderate heads [Fig. 7.3(e)].
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Multistage: several pumps in series in a single casing with the
objective of developing high heads. Figure 7.6(c) is of characteristic
curves.

Performance curves (see characteristic curves).

Single suction: the liquid enters on one side at the eye of the
impeller; most pumps are of this lower cost style [Fig. 7.2(c)].

Split case: constructed so that the internals can be accessed
without disconnecting the piping [Fig. 7.2(a)].

Stuffing box: prevent leakage at the rotating shaft with com-
pressed soft packing that may be wetted with the pump liquid or from
an independent source [Figs. 7.4(a) and (b)].

Volute type: the impeller discharges the liquid into a progres-
sively expanding spiral [Fig. 7.2(a)].
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8

HEAT TRANSFER AND HEAT EXCHANGERS

asic concepts of heat transfer are reviewed in this

chapter and applied primarily to heat exchangers,

which are equipment for the transfer of heat

between two fluids through a separating wall.
Heat transfer also is a key process in other specialized
equipment, some of which are treated in the next and other
chapters. The three recognized modes of heat transfer are
by conduction, convection, and radiation, and may occur
simultaneously in some equipment.

It is impossible to cover all the pertinent references within
this section. Valuable references not cited in this document are
included in the References section. They are Cavaseno et al.
(1979); Cengal (2007); Incopera et al. (2007); Chisholm (1980);
Jakob (1957); Kakac et al. (1981); Kutateladze et al. (1966);
Schweitzer (1979); Thorne et al. (1970); Hottel (1954); API Std.
660 (1982); API Std. 661 (1978); API Std. 665 (1973); Mark’s
Handbook (1996); Wilkes (1950); Carrier Design Manual (1964);
Flynn et al. (1984); Gosney (1982); Mehra (1978, 1979).

8.1. CONDUCTION OF HEAT

In a solid wall such as Figure 8.1(a), the variation of temperature with
time and position is represented by the one-dimensional Fourier
equation

’T

kA—
0x?

T _

%0 8.1)

For the steady state condition the partial integral of Eq. (8.1)
becomes

—ja 4L

ax (8.2)

0

assuming the thermal conductivity k to be independent of tempera-
ture. Furthermore, when both k and A are independent of position,

AT _ kA

Ax L

0= —kA (To-Ty), (8.3)

in the notation of Figure 8.1(a).
Equation (8.3) is the basic form into which more complex
situations often are cast. For example,

O=kApen 2L 84)
L
when the area is variable and
0= UA(AT)mean (8.5)

in certain kinds of heat exchangers with variable temperature
difference.

Heat transfer coefficients are obtained from empirical data
and derived correlations. Table 8.10 includes heat transfer coeffi-
cient correlations for a wide range of geometries and flow para-
meters. Overall coefficients (i.e., U) have been determined for a
wide range of industrial applications; Table 8.4 gives overall coef-
ficients for a myriad of practical applications.

THERMAL CONDUCTIVITY

Thermal conductivity is a fundamental property of substances that
basically is obtained experimentally although some estimation
methods also are available. It varies somewhat with temperature.
In many heat transfer situations an average value over the

161

prevailing temperature range often is adequate. When the variation
is linear with temperature,

k=ko(1+aT),

(8.6)

(b)

Metal

E, Fluid film,
Bl Film | Ftdies

(e)

Figure 8.1. Temperature profiles in one-dimensional conduction of
heat. (a) Constant cross section. (b) Hollow cylinder. (c) Composite
flat wall. (d) Composite hollow cylindrical wall. (¢) From fluid A to
fluid F through a wall and fouling resistance in the presence of
eddies. (f) Through equivalent fluid films, fouling resistances, and
metal wall.
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TABLE 8.1. Thermal Conductivities of Some Metals
Commonly Used in Heat Exchangers [kBtu/(hr)

(sqft)(°F/ft)]
Temperature (°F)

Metal or
Alloy -100 70 200 1000
Steels

Carbon — 30.0 27.6 22.2

1 Cr‘l1 Mo — 19.2 19.1 18.0

410 — 13.0 14.4 —

304 — 9.4 10.0 13.7

316 8.1 9.4 — 13.0
Monel 400 11.6 12.6 13.8 22.0
Nickel 200 — 325 31.9 30.6
Inconel 600 — 8.6 9.1 14.3
Hastelloy C — 7.3 5.6 10.2
Aluminum — 131 133 —
Titanium 11.8 11.5 10.9 121
Tantalum — 31.8 — —
Copper 225 225 222 209
Yellow brass 56 69 — —
Admiralty 55 64 — —
the integral of Eq. (8.2) becomes

O(L/A)=ko[T) = T, +0.5a(T} - T)] &7

:kO(Tl - Tz)[l +0.SG(T1 + Tz)],

which demonstrates that use of a value at the average temperature
gives an exact result. Thermal conductivity data at several tempera-
tures of some metals used in heat exchangers are in Table 8.1. The
order of magnitude of the temperature effect on k is illustrated in
Example 8.1.

HOLLOW CYLINDER

As it appears on Figure 8.1(b), as the heat flows from the inside to
the outside the area changes constantly. Accordingly the equiva-
lent of Eq. (8.2) becomes, for a cylinder of length N,

dT

Q= —kN(2xr) o (8.8)
of which the integral is
ZﬂkN(Tl - Tz) (T] - Tz) Tl - T2
O h(/m) M) | R 9
2rnkN

COMPOSITE WALLS

The flow rate of heat is the same through each wall of Figure 8.1(c).
In terms of the overall temperature difference,
Q= UA(Tl—T4), =A(T1—T4)/R7‘ (810)

where U is the overall heat transfer coefficient and is given by

1 1 1 1

—= + + .

U ka/La kh/Lh k(‘/LL‘ (81 1)
=R, +R, +R,

The reciprocals in Eq. (8.14) are thermal resistances, and, thus,
thermal resistances in series are additive.
For the composite hollow cylinder of Figure 8.1(d), with length N,

2]7.'N(T1 - T4)
ln(rz/rl)/ka+ ll’l()‘g/rz)/kb-i- ln(r4/r3)/k( ’

0= (8.12)

ExampLE 8.1

Conduction through a Furnace Wall
A furnace wall made of fire clay has an inside temperature of 1500°F
and an outside one of 300°F. The equation of the thermal conduc-
tivity is k =0.48[1 + 5.15(E — 4)T]Btu/(hr)(sqft)(°F/ft). Accordingly
substituting into Eq. (8.9) gives;

O(L/A)=0.48(1500 — 300)[1 + 5.15(E — 4)(900)] = 0.703.

If the conductivity at 300°F had been used, Q(L/A) = 0.554.

This equation can be written using the thermal resistance concept

-1,
1
0 R, +R,+R, @13

where
R,=In (rg/rl )/271’](3, NR,=In (r;/r:)/erkb, NR.=In (I‘4/I‘3)/2ﬂ'k(-N.
(8.14)

With an overall coefficient Uy, based on the outside area, for
example,

22N(Ty~Ty)
[1/(Uary)]

On comparison of Egs. (8.12) and (8.15), an expression for the out-
side overall heat transfer coefficient is

Q=2]TV4NU4(T1—T4)= (815)

1 _ [In(ra/r)  In(rs/r)  In(ra/rs)
U4 = ktl * kb " kt‘ . (816)
FLUID FILMS

Heat transfer between a fluid and a solid wall can be represented in
Newton’s law of cooling/heating by conduction equations.

O =hAAT. (8.17)
Figure 8.1(e) is a somewhat realistic representation of a tempera-
ture profile in the transfer of heat from one fluid to another
through a wall and fouling scale, whereas the more nearly ideal
Figure 8.1(f) concentrates the temperature drops in stagnant fluid
and fouling films.

Through the five resistances of Figure 8.1(f), the overall heat
transfer coefficient is given by

1 1 Ly 1
—=—+R — 4+ Ry + —, 8.18
U 1+ f2+K3+ /4+]15 ( )
where L3 is the thickness of the metal and R, and R4 are fouling
resistances.

If the wall is that of hollow cylinder with radii r; and r,, the
overall heat transfer coefficient based on the outside surface is

L _ 1(}‘5) i sz(}’s) n Is In (74/1‘2)

1
= +Rpy+ —
U5 /11(7'1) r K3 f4

hs

(8.19)

A case with two films and two solid cylindrical walls is examined in
Example 8.2.



Heat transfer coefficients are obtained from empirical data
and derived correlations. They are in the form of overall coeffi-
cients U for frequently occurring operations, or as individual film
coefficients and fouling factors.

8.2. MEAN TEMPERATURE DIFFERENCE

In a heat exchanger, heat is transferred between hot and cold fluids
through a solid wall. The fluids may be process streams or inde-
pendent sources of heat such as the fluids of Table 8.2 or sources
of refrigeration. Figure 8.2 shows such a process with inlet and
outlet streams, but with the internal flow pattern unidentified
because it varies from case to case. At any cross section, the differ-
ential rate of heat transfer is

dQ=U(T-T"YdA= —mc dT =m’'c' dT". (8.20)
The overall heat transfer rate is represented formally by
Q=UA(AT),, 8.21)

The mean temperature difference (AT)m depends on the terminal
temperatures, the thermal properties of the two fluids and on the
flow pattern through the exchanger.

SINGLE PASS EXCHANGER

The simplest flow patterns are single pass of each fluid, in either
the same or opposite directions. Temperature profiles of the main
kinds of thermal behavior are indicated on Figure 8.3(a). When
there is sensible heat transfer (i.e., no phase change), with constant
specific heats on both sides, the mean temperature is expressed in
terms of the terminal differences by

(AT), = (AT ) ey = o VL

tog mean = o [(AT),/(AT),]" ®.22)

This is called the logarithmic mean temperature difference.

When the profiles consist of linear sections, as in cases (f) and
(g), the exchanger can be treated as a three-section assembly, each
characterized by its own log mean temperature difference, for which
intermediate temperatures may be found by direct calculation or by
trial. Heat transfer for a case such as (h) with continuously curved
profile must be evaluated by integration of Eq. (8.22).

TABLE 8.2. Properties of Heat Transfer Media
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MULTIPASS EXCHANGERS

For reasons of compactness of equipment, the paths of both fluids
may require several reversals of direction. Two of the simpler
cases of Figure 8.3 are (b) one pass on the shell side and two
passes on the tube side and (c) two passes on the shell side and
four on the tube side. On a baffled shell side, as on Figure 8.4
(c), the dominant flow is in the axial direction, so this pattern still
is regarded as single pass on the shell side. In the cross flow pat-
tern of Figure 8.5(c), each stream flows without lateral mixing,
for instance in equipment like Figure 8.6(h). In Figure 8.6(i) con-
siderable lateral mixing would occur on the gas side. Lateral mix-
ing could occur on both sides of the plate exchanger of Figure 8.6
(h) if the fins were absent.

Mean temperature differences in such flow patterns are
obtained by solving the differential equation. Analytical solutions
have been found for the simpler cases, and numerical ones for
many important complex patterns, whose results sometimes are
available in generalized graphical form.

F-METHOD
When all of the terminal temperatures are known or assumed, the
mean temperature difference is found directly from

(AT), =F(AT) (8.23)

log mean®

where the correction factor F depends on the flow pattern and is
expressed in terms of these functions of the terminal temperatures:

T,-T; actual heat transfer
P=2 1= . : , 8.24
T;—T; maximum possible heat transfer ®.24)
Ti - To mc
R= = . 8.25
T =T~ m'c (8.25)
T
I
hot Ti or To : : To or Ti
(AT)1[ T h T ] T,
cold ————— n 0
[}
T

Figure 8.2. Terminal temperatures and temperature differences of
a heat exchanger, with unidentified internal flow pattern.

Medium Trade Name Phase °F atm, gage Remarks

Electricity — 100-4500 — —

Water — vapor 200-1100 0-300 —

Water — liquid 300-400 6-15 —

Flue gas — gas 100-2000 0-7 —

Diphenyl-diphenyl oxide eutectic Dowtherm A liquid or  450-750 0-9 nontoxic, carbonizes at high temp
vapor

Di + triaryl cpds Dowtherm G liquid 20-700 0-3 sensitive to oxygen

Ethylene glycol, inhibited Dow SR-1 liquid -40-250 0 acceptable in food industry

Dimethyl silicones Dow Syltherm 800 liquid -40-750 0 low toxicity

Mixed silanes Hydrotherm liquid -50-675 0 react with oxygen and moisture

Aromatic mineral oil Mobiltherm, Mobil liquid 100-600 0 not used with copper based materials

Chlorinated biphenyls Therminol, Monsanto liquid 50-600 0 toxic decomposition products

Molten nitrites and nitrates of K and Na Hi-Tec, DuPont liquid 300-1100 0 resistant alloys needed above 850°F

Sodium-potassium eutectic liquid 100-1400 0 stainless steel needed above 1000°F

Mercury vapor 600-1000 0-12 low pressure vapor, toxic, and expensive
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ExampLE 8.2

A Case of a Composite Wall: Optimum Insulation Thickness

for a Steam Line
A 3 in. IPS Sched 40 steel line carries steam at S00°F. Ambient air is
at 70°F. Steam side coefficient is 1000 and air side is 3 Btu/(hr)(sqft)
(°F). Conductivity of the metal is 30 and that of insulation is
0.05 Btu/(hr)(sqft)(°F/ft). Value of the steam is $5.00/MBtu. cost
of the insulation is $1.5/(yr)(cuft). Operation is 8760 hr/yr. The opti-
mum diameter d of insulation thickness will be found.

Pipe:

d,=0.2917 ft,

d; =0.2557 ft,

In (d,/d;)=0.1317.

Insulation:

In (d,/d;)=1n (d/0.2917). €))

Heat transfer coefficient based on inside area:

[ 1 01317 In(d/02917) 1]
Ui=di\to00 *~30 T 005 T34 ° ©)
Steam cost:

C, =5(107%)(8760)Q/ A4; 3
=0.04380Q/4;, $(yr)(sqftinside).

The yearly costs of steam, insulation and total are tabulated below
for 5 valves of the outside diameter of the insulation.

D U Cc1 C2 C1+ C2
490 .354 6.66 3.56 10.2147
494 .349 6.57 3.65 10.2118
495 .347 6.54 3.67 10.2117*
496 .346 6.52 3.69 10.2118
.500 341 6.43 3.78 10.2148
Insulation cost:
Co=1.5V;u/4;
1.5(d* - 0.2917° . )
= (72) $/(yr)(sqftinside).
(0.2557)
Total cost:
C=C + C, — minimum. %)

Substitute Egs. (2)—(4) into Eq. (5). The outside diameter is the key
unknown.

The cost curve is fairly flat, with a minimum at d = 0.50 ft,
corresponding to 1.25 in. thickness of insulation. Some trials are
shown with the computer program. A more detailed analysis of
insulation optima is made by Happel and Jordan [Chem. Process
Econ., 380 (1975)], although their prices are dated. Section 8§.12
also discusses insulation.

Some analytical expressions for F are shown in Table 8.3, and
more graphical solutions are given in Figure 8.5.

This method is especially easy to apply when the terminal
temperatures are all known, because then F and (AT)log mean
are immediately determinable for a particular flow pattern.

Q= UAF(AT) (8.26)

Im
Then in the heat transfer equation (8.29) any one of the quantities
Q, U, or A may be found in terms of the others. A solution by trial
is needed when one of the terminal temperatures is unknown, as
shown in Example 8.3. Performing the calculations by computer
makes the implicit solution easy.

SELECTION OF SHELL-AND-TUBE NUMBERS OF PASSES

A low value of F means, of course, a large surface requirement for
a given heat load. Performance is improved in such cases by using

several shells in series, or by increasing the numbers of passes in
the same shell. Thus, two 1-2 exchangers in series are equivalent
to one large 2—4 exchanger, with two passes on the shell side and
four passes on the tube side. Usually the single shell arrangement
is more economical, even with the more complex internals. For
economy, F usually should be greater than 0.7.

EXAMPLE
A shell side fluid is required to go from 200 to 140°F and the tube
side from 80 to 158°F. The charts of Figure 8.5 will be used:
P=(200-140)/(200—80)=0.5,
R=(158-280)/(200 — 140) = 1.30.
For a 1-2 exchanger, F =0.485 from Fig. 8.5a.

2-4 0.92 from Fig. 8.5b
4-8 0.98 from Fig. 8.5f.
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Figure 8.3. Temperature profiles in heat exchangers. (a) In parallel or countercurrent flow, with one or two phases. (b) One shell pass, two

tube passes. (c) Two shell passes, four tube passes.

The 1-2 exchanger is not acceptable, but the 2-4 is acceptable. If
the tube side outlet were at 160 instead of 158, F would be zero
for the 1-2 exchanger but substantially unchanged for the others.
This example well illustrates the limitations on approach tempera-
tures for crossflow engineers.

8.3. HEAT TRANSFER COEFFICIENTS

Data are available as overall coefficients, individual film coeffi-
cients, fouling factors, and correlations of film coefficients in terms
of physical properties and operating conditions. The reliabilities of
these classes of data increase in the order of this listing, but also the
ease of use of the data diminishes in the same sequence.

OVERALL COEFFICIENTS

The range of overall heat transfer coefficients is approximately
10-200 Btu/(hr)(sqft)(°F). Several compilations of data are available,
notably in Chemical Engineers Handbook (McGraw-Hill, New Y ork,

8" Ed., 2008, Tables 11-3 to 11-8, pp. 11.25 to 11.27) and in Ludwig
(1983, pp. 70-73). Table 8.4 qualifies each listing to some extent, with
respect to the kind of heat transfer, the kind of equipment, kind of
process stream, and temperature range. Even so, the range of values
of U usually is two-to three-fold, and consequently only a rough mea-
sure of equipment size can be obtained in many cases with such data.
Ranges of the coefficients in various kinds of equipment are com-
pared in Table 8.5.

FOULING FACTORS

Heat transfer may be degraded in time by corrosion, deposits of
reaction products, organic growths, etc. These effects are
accounted for quantitatively by fouling resistances, 1/hf. They
are listed separately in Tables 8.4 and 8.6, but the listed values
of coefficients include these resistances. For instance, with a
clean surface the first listed value of U in Table 8.4 would corre-
spond to a clean value of U =1/(1/12-0.04)=23.1. How long a
clean value could be maintained in a particular plant is not
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Figure 8.4. Example of tubular heat exchangers (see also Fig. 8.14). (a) Double-pipe exchanger. (b) Scraped inner surface of a double-pipe
exchanger. (c) Shell-and-tube exchanger with fixed tube sheets. (d) Kettle-type reboiler. (¢) Horizontal shell side thermosiphon reboiler.
(f) Vertical tube side thermosiphon reboiler. (g) Internal reboiler in a tower. (h) Air cooler with induced draft fan above the tube bank.
(1) Air cooler with forced draft fan below the tube bank.
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Figure 8.4.—(continued)

certain. Sometimes fouling develops slowly; in other cases it
develops quickly as a result of process upset and may level off.
A high coefficient often is desirable, but sometimes is harmful
in that excessive subcooling may occur or film boiling may
develop. The most complete list of fouling factors with some
degree of general acceptance is in the TEMA (1978) standards.
The applicability of these data to any particular situation, how-
ever, is questionable and the values probably not better than +
50%. Moreover, the magnitudes and uncertainties of arbitrary
fouling factors may take the edge off the importance of precise
calculations of heat transfer coefficients. A brief discussion of
fouling is by Walker (1982). A symposium on this important
topic is edited by Somerscales and Knudsen (1981).

INDIVIDUAL FILM COEFFICIENTS

Combining individual film coefficients into an overall coefficient of
heat transfer allows taking into account a greater variety and range
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of conditions, and should provide a better estimate. Such indivi-
dual coefficients are listed in Tables 8.6 and 8.7. The first of these
is a very cautious compilation with a value range of 1.5- to 2-fold.
Values of the fouling factors are included in the coefficient listings
of both tables but are not identified in Table 8.7. For clean service,
for example, involving sensible heat transfer from a medium
organic to heating a heavy organic, neglecting the tube wall resis-
tance:

U=10,000/({[38+76]/2 - [9+23]/2}
+{[23+76]/2— [11+57]/2}) =175

Note that the fouling resistances have been subtracted from the
fouled individual heat transfer coefficients to obtain the overall
clean coefficient, compared with a normal value of

U =10,000/(57 + 50) =93,

C,-Io A
/
08 ,/ -
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5 0 Y, g™
o / T0| |
t g d
kg 2 04
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>y E 1/
02
b,
) 10 20 T80 10 50

(a)

Figure 8.5. Correction factor F in multipass and cross flow heat exchangers (Bowman et al., Trans ASME 283, 1940; Kays and
London, 1984):

_T'i_Tn
T T-T0

-7
7—}_7—‘0,

5P R=

T on the tubeside, 7" on the shellside. i = input, o = output. (a) One pass on shellside, any multiple of two passes on tubeside. (b) Two
passes on shellside, any multiple of four on tubeside. (c) Cross flow, both streams unmixed laterally. (d) Cross flow, one stream mixed lat-
erally. (e) Cross flow, both streams mixed laterally. (f) Three shell passes, multiples of six on tubeside. (g) Four shell passes, multiples of
eight on tubeside. (h) Five shell passes, multiples of ten on tubeside. (i) Six shell passes, multiples of 12 on tubeside.
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Figure 8.5.
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Figure 8.5.—(continued)

where the averages of the listed numbers in Table 8.6 are taken in
each case.

METAL WALL RESISTANCE

With the usual materials of construction of heat transfer surfaces,
the magnitudes of their thermal resistances may be comparable
with the other prevailing resistances. For example, heat exchanger
tubing of 1/16 in. wall thickness has these values of 1/hw = L/k for
several common materials:

{i

Carbon steel 1/hw=1.76 x 10~

Stainless steel 5.54%x 1074
Aluminum 0.40x 107*
Glass 79.0x 107

which are in the range of the given film and fouling resistances,
and should not be neglected in evaluating the overall coefficient.
For example, with the data of this list a coefficient of 93 with car-
bon steel tubing is reduced to 88.9 when stainless steel tubing is
substituted.
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(d)

(e) f (g)

Liquid flow
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{i)

Figure 8.6. Examples of extended surfaces on one or both sides. (a) Radial fins. (b) Serrated radial fins. (c) Studded surface. (d) Joint
between tubesheet and low fin tube with three times bare surface. (e) External axial fins. (f) Internal axial fins. (g) Finned surface with inter-
nal spiral to promote turbulence. (h) Plate fins on both sides. (i) Tubes and plate fins.



TABLE 8.3. Formulas for Mean Temperature Difference and
Effectiveness in Heat Exchangers

T T
C
me =
AT
AT, me' = ¢ 2
4-T,—— ‘__T‘
0 i
1. Parallel or countercurrent flow,

(AT)m = (AT)Iogmean = (AT'I - ATZ)/ In (AT‘I/ATZ)'

2. In general,
(AT)m = F(A T)Iog mean

where F depends on the actual flow paths on the shell and tube
sides and is a function of these parameters:

P=(T,-T;)/(T; - T;) =actual heat transfer/
(maximum possible heat transfer),

R=(Ti=T,)/(Ts—T{)=m'c’/mc.

Mathematical relationships between F, P and R are convenient to
use in computer programs. Some, for important cases, are listed
below.

3. One shell pass and any multiple of two tube passes,

_ VRP+1 , (1-P 2-P(R+1-vVR?+1)

F= o (7 =pg)/n [2—P(R+1+\/R2—+1)}' 2T
_ P 2-P(2-V2) _

F= 3-pV2/In [2—P(2+\/§)}' =t

_ 241/27) "
P= 2{1+C+(1+cz)”21+e"p[ NA+C) }} :

1—exp[-N(1+ CZ)”Z]

4. Two shell passes and any multiple of four tube passes,
_[vRE¥1, 1-P
F‘[z(R—n nTpR|/

N 2/P-1-R+(2/P)\/(1-P)(1-PR)+VRZ+1
2/P-1-R+(2/P)\/(1=P)(1-PR)—-VR2Z+1|

5. Cross flow,

See Jeter, S.M., “Effectiveness and LMTD Correction Factor of
the Cross Flow Exchanger: A Simplified and Unified Treatment”,
2006 ASEE Southeast Conference.

6. For more complicated patterns only numerical solutions have
been made. Graphs of these appear in sources such as Heat
Exchanger Design Handbook (HEDH, 1983) and Kays and London
(1984).

DIMENSIONLESS GROUPS

The effects of the many variables that bear on the magnitudes of indi-
vidual heat transfer coefficients are represented most logically and
compactly in terms of dimensionless groups. The ones most pertinent
to heat transfer are listed in Table 8.8. Some groups have ready
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physical interpretations that may assist in selecting the ones appropri-
ate to particular heat transfer processes. Such interpretations are
discussed for example by Grober et al. (1961, pp. 193-198). A few
are given here.

The Reynolds number, Dup/u = pu2/(uu/D), is a measure of
the ratio of inertial to viscous forces.

The Nusselt number, hL/k = h/(k/L) is the ratio of effective heat
transfer to that which would take place by conduction through a
film of thickness L.

The Peclet number, DGC/k = GC/(k/D) and its modification,
the Graetz number wC/kL, are ratios of sensible heat change of
the flowing fluid to the rate of heat conduction through a film of
thickness D or L.

The Prandtl number, Cu/k = (u/p)/(k/pC), compares the rate of
momentum transfer through friction to the thermal diffusivity or
the transport of heat by conduction.

The Grashof number gB(T, - T,)L* /v is interpreted as the
ratio of the product of the buoyancy and inertial forces to the
square of the viscous forces.

The Stanton number is a ratio of the temperature change of a
fluid to the temperature drop between fluid and wall. Also, St=
(Nuw)/(Re)(Pr).

An analogy exists between the transfers of heat and mass in
moving fluids, such that correlations of heat transfer involving
the Prandtl number are valid for mass transfer when the Prandtl
number Cu/k is replaced by the Schmidt number p = pkd. This is
of particular value in correlating heat transfer from small particles
to fluids where particle temperatures are hard to measure but mea-
surement of mass transfer may be feasible, for example, in vapor-
ization of naphthalene.

8.4. DATA OF HEAT TRANSFER COEFFICIENTS

Specific correlations of individual film coefficients necessarily are
restricted in scope. Among the distinctions that are made are those
of geometry, whether inside or outside of tubes for instance, or the
shapes of the heat transfer surfaces; free or forced convection; lami-
nar or turbulent flow; liquids, gases, liquid metals, non-Newtonian
fluids; pure substances or mixtures; completely or partially con-
densable; air, water, refrigerants, or other specific substances;
fluidized or fixed particles; combined convection and radiation; and
others. In spite of such qualifications, it should be borne in mind that
very few proposed correlations are more accurate than +20% or so.

Along with rate of heat transfer, the economics of practical
exchanger design requires that pumping costs for overcoming fric-
tion be taken into account.

DIRECT CONTACT HEAT TRANSFER

Transfer of heat by direct contact is accomplished in spray towers,
in towers with a multiplicity of segmented baffles or plates (called
shower decks), and in a variety of packed towers. In some pro-
cesses heat and mass transfer occur simultaneously between
phases; for example, in water cooling towers, in gas quenching
with water, and in spray or rotary dryers. Quenching of pyrolysis
gases in transfer lines or towers and contacting on some trays in
fractionators may involve primarily heat transfer. One or the
other, heat or mass transfer, may be the dominant process in par-
ticular cases.

Design information about direct contact gas/liquid heat
transfer equipment is presented by Fair (CE & CEPSS), Hewitt,



TABLE 8.4. Overall Heat Transfer Coefficients in Some Petrochemical Applications, U Btu/(hr)(sqft)(°F)a

Velocities (ft/sec)

6.1.1 Estimated Fouling

Type Overall Temp.

In Tubes Outside Tubes Equipment Tube Shell Coefficient Range (°F) 7.1.1 Tube 7.1.2 Shell Overall

A. Heating-cooling
Butadiene mix. steam H 25-35 — 12 400-100 — — 0.04
(Super-heating)
Solvent solvent H — 1.0-1.8 35-40 110-30 — — 0.0065
Solvent propylene (vaporization) K 1-2 — 30-40 40-0 — — 0.006
C4 unsaturates propylene (vaporization) K 20-40 — 13-18 100-35 — — 0.005
Solvent chilled water H — — 35-75 115-40 0.003 0.001 —
QOil oil H — — 60-85 150-100 0.0015 0.0015 —
Ethylene-vapor condensate and vapor K — — 90-125 600-200 0.002 0.001 —
Ethylene vapor chilled water H — — 50-80 270-100 0.001 0.001 —
Condensate propylene (refrigerant) K-U — — 60-135 60-30 0.001 0.001 —
Chilled water transformer oil H — — 40-75 75-50 0.001 0.001 —
Calcium brine-25% chlorinated C1 H 1-2 0.5-1.0 40-60 20-+10 0.002 0.005 —
Ethylene liquid ethylene vapor K-U — — 10-20 170-(-100) — — 0.002
Propane vapor propane liquid H — — 6-15 25-100 — — 0.002
Lights and chlor. HC steam U — — 12-30 30-260 0.001 0.001 —
Unsat. light HC, CO, steam H — — 10-2 400-100 — — 0.3
C02, H2
Ethonolamine steam H — — 15-25 400-40 0.001 0.001 —
Steam air mixture U — — 10-20 30-220 0.0005 0.0015 —
Steam styrene and tars U (in tank) — — 50-60 190-230 0.001 0.002 —_
Chilled water freon-12 H 4-7 — 100-130 90-25 0.001 0.001 —
Waterb lean copper solvent H 4-5 — 100-120 180-90 — — 0.004
Water treated water H 3-5 1-2 100-125 90-110 — — 0.005
Water C2-chlor. HC, lights H 2-3 — 6-10 360-100 0.002 0.001 —
Water hydrogen chloride H — — 7-15 230-90 0.002 0.001 —
Water heavy C2-chlor. H — — 45-30 300-90 0.001 0.001 —
Water perchlorethylene H — — 55-35 150-90 0.001 0.001 —
Water air and water vapor H — — 20-35 370-90 0.0015 0.0015 —
Water engine jacket water H — — 230-160 175-90 0.0015 0.001 —
Water absorption oil H — — 80-115 130-90 0.0015 0.001 —
Water air-chlorine U 4-7 — 8-18 250-90 — — 0.005
Water treated water H 5-7 — 170-225 200-90 0.001 0.001 —

. Condensing

C4 unsat. propylene refrig. K \% — 58-68 60-35 — — 0.005
HC unsat. lights propylene refrig. K \Y — 50-60 45-3 — — 0.0055
Butadiene propylene refrig. K \% — 65-80 20-35 — — 0.004
Hydrogen chloride propylene refrig. H — — 110-60 0-15 0.012 0.001 —
Lights and chloro- propylene refrig. KU — — 15-25 130-(20) 0.002 0.001 —
ethanes
Ethylene propylene refrig. KU — — 60-90 120-(10) 0.001 0.001 —
Unsat. chloro HC water H 7-8 — 90-120 145-90 0.002 0.001 —
Unsat. chloro HC water H 3-8 — 180-140 110-90 0.001 0.001 —
Unsat. chloro HC water H 6 — 15-25 130-(20) 0.002 0.001 —
Chloro-HC water KU — — 20-30 110-(10) 0.001 0.001 —
Solvent and non cond.  water H — — 25-15 260-90 0.0015 0.004 —
Water propylene vapor H 2-3 — 130-150 200-90 — — 0.003

(continued)



TABLE 8.4.—(continued)

Velocities (ft/sec)

6.1.1 Estimated Fouling

Type Overall Temp.

In Tubes Outside Tubes Equipment Tube Shell Coefficient Range (°F) 7.1.1 Tube 7.1.2 Shell Overall
Water propylene H — 60-100 130-90 0.0015 0.001 —
Water steam H — — 225-110 300-90 0.002 0.0001 —
Water steam H — 190-235 230-130 0.0015 0.001 —
Treated water steam (exhaust) H — 20-30 220-130 0.0001 0.0001 —
QOil steam H — — 70-110 375-130 0.003 0.001 —

. 25-50 30-45(C

Water propylene cooling and H — — { 110-150 15_205(:2)) } 0.0015 0.001 —
Chilled wat ehlor (part and cond.) U 8-15 8-15(C) 0.0015 0.005

illed water air-chlorine (part and cond. — — {20730 10-15(Co) } . . —
Water light HC, cool and cond. H — — 35-90 270-90 0.0015 0.003 —
Water ammonia H — 140-165 120-90 0.001 0.001 —
Water ammonia U — — 280-300 110-90 0.001 0.001 —
Air-water vapor freon KU — { 10_50} 60-10 — 0.01

e 10-20

C. Reboiling
Solvent, Copper-NH3 steam H 7-8 — 130-150 180-160 — — 0.005
C4 unsat. steam H — — 95-115 95-150 — — 0.0065
Chloro. HC steam VT — — 35-25 300-350 0.001 0.001 —
Chloro. unsat. HC steam VT — 100-140 230-130 0.001 0.001 —
Chloro. ethane steam VT — — 90-135 300-350 0.001 0.001 —
Chloro. ethane steam U — — 50-70 30-190 0.002 0.001 —
Solvent (heavy) steam H — 70-115 375-300 0.004 0.0005 —
Mono- steam VT — — 210-155 450-350 0.002 0.001 —
di-ethanolamines
Organics, acid, water steam VT — 60-100 450-300 0.003 0.0005 —
Amines and water steam VT — — 120-140 360-250 0.002 0.0015 —
Steam naphtha frac. Annulus — — 15-20 270-220 0.0035 0.0005 —

Long. F.N.
Propylene G,Cy KU — — 120-140 150-40 0.001 0.001 —
Propylene-butadiene butadiene, unsat. H — 25-35 15-18 400-100 — — 0.02

?Fouling resistances are included in the listed values of U.
Unless specified, all water is untreated, brackish, bay or sea. Notes: H = horizontal, fixed or floating tube sheet, U = U-tube horizontal bundle, K = kettle type, V = vertical,
R = reboiler, T = thermosiphon, v = variable, HC = hydrocarbon, (C) = cooling range At, (Co) = condensing range At.

(Ludwig, 1983).
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TABLE 8.5. Ranges of Overall Heat Transfer Coefficients in Various Types of Exchangers [U Btu/(hr)(sqft)(°F)]?

Equipment Process ()
Shell-and-tube exchanger [Fig. 8.4(c)] gas (1 atm)-gas (1 atm) 1-6
gas (250 atm)-gas (250 atm) 25-50
liquid-gas (1 atm) 2-12
liquid-gas (250 atm) 35-70
liquid-liquid 25-200
liquid-condensing vapor 50-200
Double-pipe exchanger [Fig. 8.4(a)] gas (1 atm)-gas (1 atm) 2-6
gas (250 atm)-gas (250 atm) 25-90
liquid-gas (250 atm) 35-100
liquid-liquid 50-250
Irrigated tube bank water-gas (1 atm) 3-10
water-gas (250 atm) 25-60
water-liquid 50-160
water-condensing vapor 50-200
Plate exchanger [Fig. 8.8(a)] water-gas (1 atm) 3-10
water-liquid 60-200
Spiral exchanger [Fig. 8.8(c)] liquid-liquid 120-440
liguid—condensing steam 160-600
Compact [Fig. 8.6(h)] gas (1 atm)-gas (1 atm) 2-6
gas (1 atm)-liquid 3-10
Stirred tank, jacketed liguid—-condensing steam 90-260
boiling liquid-condensing steam 120-300
water-liquid 25-60
Stirred tank, coil inside liquid-condensing steam 120-440
water-liquid 90-210

21 Btu/(hr)(sqft)(°F) = 5.6745 W/m? K.

Data from (HEDH, 1983).

Kreith (The Handbook of Thermal Engineering and Direct Contact
Heat Transfer) and in manufacturer’s bulletins by Schutte and
Koerting (Barometric Condensers [B. SAA] and Gas Scrubbers
[B. 7-S]). Fair (CE) presents example calculations for hot pyroly-
sis gases cooled from 1,100 °F to 100 °F using 85 °F quench
water using a column containing either (a) baffle trays (b) sprays
(c) packings or (d) quenching in the transfer line. Fair sized the
columns and the pipeline for a gas volumetric flow of 4,060 cfm
at the gas inlet and 1,420 cfm at the outlet. The sizing methods
presented here will incorporate the information contained in the
references mentioned above supplemented by additional design
insights.

Both Fair and Kreith have discussed the equipment normally
used for direct heat transfer. Fair (CE) mentions four general clas-
sifications of equipment

Baffle-tray column.
Spray chambers.
Packed columns.
Crossflow-tray columns.
Pipeline contactor.

Kreith (The Handbook of Thermal Eng., p. 699) give gui-
dance regarding equipment selection: “A basic requirement in all

ExampLE 8.3

Performance of a Heat Exchanger with the F-Method
Operation of an exchanger is represented by the sketch and the
equation

Q/UA=50=F(AT),,
80
T
C

L—» 120

The outlet temperature of the hot fluid is unknown and designated
by T. These quantities are formulated as follows:

B |

_200-T
P=00=80’
Re 200-T

T 120-80°

Ap — _[=80—(200-120)
(AT, = In[(7 — 80)/(200 — 120)]

F is represented by the equation of Item 6 of Table 8.3, or by
Figure 8.4(a). Values of T are tried until one is found that satisfies
G = 50 — F(AT)Im = 0. The printout shows that

T =145.197.

The sensitivity of the calculation is shown in the following
tabulation:

T P R (AT)im F G
145.0 0.458 1.375 72.24 0.679 0.94
145.197 0.457 1.370 72.35 0.691 0.00061
145.5 0.454 1.363 72.51 0.708 -1.34
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TABLE 8.6. Typical Ranges of Individual Film and Fouling Coefficients [h Btu/(hr)(sqft)(°F)]

Fluid and Process Conditions P (atm) (AT )max(°F) 10* h 10* hy
Sensible
Water liquid 7.6-11.4 6-14
Ammonia liquid 7.1-9.5 0-6
Light organics liquid 28-38 6-11
Medium organics liquid 38-76 9-23
Heavy organics liquid heating 23-76 11-57
Heavy organics liquid cooling 142-378 11-57
Very heavy organics liquid heating 189-568 23-170
Very heavy organics liquid cooling 378-946 23-170
Gas 1-2 450-700 0-6
Gas 10 140-230 0-6
Gas 100 57-113 0-6
Condensing transfer
Steam ammonia all condensable 0.1 4.7-7.1 0-6
Steam ammonia 1% noncondensable 0.1 9.5-14.2 0-6
Steam ammonia 4% noncondensable 0.1 19-28 0-6
Steam ammonia all condensable 1 3.8-5.7 0-6
Steam ammonia all condensable 10 2.3-3.8 0-6
Light organics pure 0.1 28-38 0-6
Light organics 4% noncondensable 0.1 57-76 0-6
Light organics pure 10 8-19 0-6
Medium organics narrow range 1 14-38 6-30
Heavy organics narrow range 1 28-95 11-28
Light condensable mixes narrow range 1 23-57 0-11
Medium condensable mixes narrow range 1 38-95 6-23
Heavy condensable mixes medium range 1 95-190 11-45
Vaporizing transfer
Water <5 45 5.7-19 6-12
Water <100 36 3.8-14 6-12
Ammonia <30 36 11-19 6-12
Light organics pure 20 36 14-57 6-12
Light organics narrow range 20 27 19-76 6-17
Medium organics pure 20 36 16-57 6-17
Medium organics narrow range 20 27 23-95 6-17
Heavy organics pure 20 36 23-95 11-28
Heavy organics narrow range 20 27 38-142 11-45
Very heavy organics narrow range 20 27 57-189 11-57

Light organics have viscosity <1 cP, typically similar to octane and lighter hydrocarbons.

Medium organics have viscosities in the range 1-5 cP, like kerosene, hot gas oil, light crudes, etc.

Heavy organics have viscosities in the range 5-100 cP, cold gas oil, lube oils, heavy and reduced crudes, etc.
Very heavy organics have viscosities above 100 cP, asphalts, molten polymers, greases, etc.

Gases are all noncondensables except hydrogen and helium which have higher coefficients.

Conversion factor: 1 Btu/(hr)(sqft)(°F)=5.6745 W/m? K. (After HEDH, 1983, 3.1.4-4).

gas-liquid contactors is the production of a large interfacial area
with the minimum expenditure of energy. High heat transfer coeffi-
cients on both the gas side and the liquid side of this interface are
desirable. Fortunately, adequate liquid-side heat transfer can usually
be obtained simply by breaking up the liquid into drops or thin films,
and in many cases, for example, spray systems, the liquid resistance
is insignificant. For this reason, devices employing gas as the contin-
uous phase with liquid in the form of particles or films are favored
for direct contact heat transfer” and, regarding the relative rates
of heat and mass transfer, “When mass transfer is the main objec-
tive, however, the resistance of the liquid side may be much more sig-
nificant; molecular mass diffusivity in a liquid is almost 2 orders of
magnitude less than thermal diffusivity (the are almost equal in com-
mon gases).” Thus, spray chambers, baffle-tray columns and cross-
flow tray columns are preferred for gas/liquid direct contact heat
transfer applications.

The high heat transfer rates achievable in the preferred equip-
ment leads to factors other than heat transfer rates dictating the

minimum size of equipment. Consideration other than heat trans-
fer rates are

e Separation of the vapor from the liquid as the liquid exits the
equipment (most often at the bottom)

e Separation of the liquid from the vapor as the vapor exits the
equipment (most often at the top)

In spray chambers, baffle-tray columns and cross-flow tray
columns the vapor is separated from the liquid by collecting the
liquid in the column bottom (i.e., sump) of the column and sizing
the column such that any vapor bubble entrained in the collected
liquid will rise to the free surface, break and separate from the
liquid. Thus, the important consideration is: what maximum
downward liquid velocity is required in the sump to allow vapor
bubble to disengage from the liquid? The answer is indicated by
information in Perry’s (Fig. 14-93, p. 14-103).
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TABLE 8.7. Individual Film Resistances (1/h) Including Fouling Effects, with h in Btu/ (hr)(sqft)(°F)

Kind of Heat Transfer

Fluid Sensible Boiling Condensing
Aromatic liquids
Benzene, toluene, ethylbenzene, styrene 0.007 0.011 0.007
Dowtherm 0.007 — —
Inorganic solutions
CaCl, Brine (25%) 0.004 — —
Heavy acids 0.013 — —
NaCl Brine (20%) 0.0035 — —
Misc. dilute solutions 0.005 — —
Light hydrocarbon liquids
Cs, Cy4, Cs 0.004 0.007 0.004
Chlorinated hydrocarbons 0.004 0.009 0.007
Miscellaneous organic liquids
Acetone 0.007 — —
Amine solutions
Saturated diethanolamine and mono 0.007 — —
ethanolamine (CO, and H,S)
Lean amine solutions 0.005 — —
Oils
Crude oil 0.015 — —
Diesel oil 0.011 — —
Fuel oil (bunker C) 0.018 — —
Gas oil
Light 0.0125 — 0.015
Heavy (typical of cat. cracker feed) 0.014 — 0.018
Gasoline (400°EP) 0.008 0.010 0.008
Heating oil (domestic 30°API) 0.01 — —
Hydroformate 0.006 — —
Kerosine 0.009 — 0.013
Lube oil stock 0.018 — —
Naphthas
Absorption 0.008 0.010 0.006
Light virgin 0.007 0.010 0.007
Light catalytic 0.006 0.010 0.007
Heavy 0.008 0.011 0.0085
Polymer (Cg’s) 0.008 0.010 0.008
Reduced crude 0.018 — —
Slurry oil (fluid cat. cracker) 0.015 — —
Steam (no noncondensables) 0.001
Water
Boiler water 0.003 — —
Cooling tower (untreated) 0.007 — —
Condensate (flashed) 0.002 — —
River and well 0.007 — —
Sea water (clean and below 125°F) 0.004 — —
Gases in turbulent flow
Air, CO, CO,, and N, 0.045
Hydrocarbons (light through naphthas) 0.035

(Fair and Rase, Pet Refiner 33(7), 121, 1854; Rase and Barrow, 1957).

This figure shows that, for relatively thin liquids, the rise velocity
of bubbles above about 1 mm (0.040”) diameter have a rise velocity
exceeding 0.5 ft/s (0.015 m/s). Accounting for the effects of turbulence
in the sump, a design criterion of 0.27 ft/s downward velocity is rea-
sonable. Thus, on the basis of reasonable gas separation from the
exiting liquid, the allowable liquid volumetric flow is given by

GPM = (0.27 x 60)7.48A, = 121 (2/4)D* =88D? — D
= (GPM/95)"* = (6,000/95)"* =8’

where GPM is the allowable liquid flow rate in gpm, A, is the ves-

sel cross-sectional area (ft*) and D is the vessel diameter (ft).
Thus, for a liquid flow rate of 6,000 gpm, the required column

diameter is 8 ft. It is very encouraging to check this diameter with

the column diameter supplied by Schutte & Koerting (Barometric
Condensers, Table 4, p. 9) for 6,000 gpm of liquid flow: the column
diameter is 8’ (i.e., 96”). For all the columns listed in Table 4 of the
Bulletin “Barometric Condensers”, the design liquid velocity is
about 0.27 ft/s (0.08 m/s). Thus, a reasonable design criterion for
vapor disengagement from the exiting liquid is a downward liquid
velocity in the sump of 0.27 ft/s (0.082 m/s).

The vapor exiting the column (normally at the top) must nor-
mally be free of liquid. For situations were a fog is not present and
the drops have been formed by mechanical action and not by con-
densation, knitted (of metal or organic fibers) mesh pad is most
frequently used. Fig. 1, p. 10 of Schutte & Koerting’s Bulletin 7S
is an excellent sketch of a packed tower system which can be used
for direct contact heat transfer between gas and liquid streams.
Perry’s (p. 14-119) include the following regarding mesh pad



TABLE 8.8. Dimensionless Groups and Units of Quantities
Pertaining to Heat Transfer

Symbol Number Group
Bi Biot hL/k
Fo Fourier k6/pCL?
Gz Graetz wC/kL
Gr Grashof D3p?*gpAT /u?
Nu Nusselt hD/k
Pe Peclet DGC/k=(Re)(Pr)
Pr Prandtl Cu/k
Re Reynolds DG/u,Dup/u
Sc Schmidt u/pkqy
St Stanton hC/G=(Nu)/(Re)(Pr)

Notation Name and Typical Units

heat capacity [Btu/(Ib)(°F), cal/(g)(°C)]
diameter (ft, m)
acceleration of gravity [ft/(hr)?, m/sec?]
mass velocity [Ib/(hr)(ft)?, kg/sec)(m)?]
heat transfer coefficient [Btu/(hr)(sqft)(°F), W = (m)?(sec)]
thermal conductivity [Btu/(hr)(sqft)(°F/ft), cal = (sec)(cm?)
(C=cm)]
kg diffusivity (volumetric) [fthr, cm?/sec]
L length (ft, cm)
T, AT  temperature, temperature difference (°F or °R, °C or K)
linear velocity (ft/hr, cm/sec)
overall heat coefficient (same as units of h)
mass rate of flow (Ib/hr, g/sec)
Thermal expansion coefficient (1/°F, 1/°C)
time (hr, sec)
viscosity [Ib/(ft)(hr), g/(cm)(sec)]
density [Ib/(ft)3, g/(cm)®]

T OHQ TO

DTT IS CC

entrainment separators, “Its advantage is close to 100% removal
of drops larger than 5 um (0.0002”) at superficial velocities from

0.2 mls (0.6 ftls) to 5 mls (16.4 fils), depending on the design of

the mesh. .... The filament size can vary from about 0.15 mm
(0.006”) for fine-wire pads of 3.8 mm (0.15”) for some plastic
fibers. Typical pad thicknesses varies from 100 to 150 mm (4" to
6", but occasionally pads up to 300 mm (127) are used.

The design method for allowable gas velocity (V,) through the
pad is given on p. 6 of the Koch-Glitsch Bulletin as

V. =0.35[(p, = p.)/p.]"* with V, in ft/s or (8.28)

V. =0.107[(p, — p,)/p,)"* with V, in m/s (8.29)
where p; is the liquid density and p, is the gas density, both in con-
sistent units.

Let’s check the allowable vapor velocity for an 8’ (2.44 m) ves-
sel required to handle 6,000 gpm of liquid, according to the design
data given in Table 4, p. 8 of the Schutte & Koerting Bulletin
“Barometric Condensers”. Let’s use the gas density that Fair
(CE) used for his examples, which is 0.078 Ib,,/ft> at the assumed
gas outlet temperature of 100 F. Fair used a liquid density of
61.8 1b,/ft>. The allowable velocity is

V, =0.35[(61.8 —0.078)/0.078]"* = 9.8 ft/s (8.30)

The allowable gas volumetric flow rate for this example, based
on the mesh pad allowable velocity, is

Q=V,A,=9.8(7/4)8> =490 ft’/s = 30,000 cfm 8.31)
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This allowable gas velocity should be based on either the inlet or
exit conditions, whichever has the lowest gas density and; conse-
quently, the highest gas velocity. As a check on this the validity of this
column to handle 30,000 acfm, Table 2 of the Schutte & Koerting
Bulletin 7S, p. 11, gives the rated gas handling capacity of an 8’ (96”)
diameter column as 30,000 scfm (= acfm at standard conditions).

The last design consideration is to determine the height of the
column. Let’s take a look at the height to diameter ratio (i.e., L/D)
of the columns from the literature. Fair (CE) gave sufficient data
to determine the L/D’s for his designs

Diameter (D) Height (L) L/D
Baffle Tray Column 3.5’ 15.1 4.3
Spray Column 3.5 19.2' 5.5
Packed Column 4’ 10.2 2.6
Pipeline Contactor 0.51" 221" 440

The Schutte & Koerting Bulletins also give the vessel height in
the referenced tables. For the S&K columns the L/D’s are

Diameter (D)

Trayed Barometric Condenser 8’
Packed Tower Gas Scrubber 8

Height (L) L/D
~ 32 4
~ 18 2.3

The summarized preliminary design for direct contact equip-
ment is

1. Calculate the column diameter based on a sump downward
velocity of 0.27 m/s.

2. Calculate the column diameter based on using the allowable
vapor velocity through a mesh pad entrainment separator in
the top of the column (i.e., use equations 8.28 or 8.29).
NOTE: For determining column capacity use the lowest of the
gas densities at inlet and outlet.

3. Choose the column diameter which is the large of the values
from items 1 and 2 above.

4. Determine the Column L/D for the table below

L/D
Packed Tower 3
Trayed Column 4.5
Spray Column 5

The final design should be rated using the design methods
covered previously in this section.

NATURAL CONVECTION

Coefficients of heat transfer by natural convection from bodies of
various shapes, chiefly plates and cylinders, are correlated in terms
of Grashof, Prandtl, and Nusselt numbers. Table 8.9 covers the
most usual situations, of which heat losses to ambient air are the
most common process. Simplified equations are shown for air.
Transfer of heat by radiation is appreciable even at modest tem-
peratures; such data are presented in combination with convective
coefficients in item 16 of this table.

FORCED CONVECTION

Since the rate of heat transfer is enhanced by rapid movement of
fluid past the surface, heat transfer processes are conducted
under such conditions whenever possible. A selection from the
many available correlations of forced convective heat transfer
involving single phase fluids, including flow inside and outside
bare and extended surfaces, is presented in Table 8.10. Heat
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TABLE 8.9. Equations for Heat Transfer Coefficients of Natural Convection

Vertical plates and cylinders, length L

L*p? gpeAt\ scop
X = Pry= [ 222 ) (ZPE 1
L=(Gn)(Pr) ( ) ), M
hL/k=0.13X]"?, turbulent, 10° < X, < 10" @)
h=0.19(At)"”3, for air, Atin°F, hin Btu/(hr)(sqft)(°F) ®3)
hL/k=0.59X,"*, laminar, 10° < X, < 10° 4
h=0.29(At)""*, for air, Linft (5)
Single horizontal cylinder, diameter D,
D3pigpAt (cop
Xo= 2= () ®
2
0.387X)/°
hVo/k=406+ ——— 2 @)
0.559\%¢]"
1+( Pr )
h=0.18(At)""3, for air, 10° < Xp < 10" ®)
h=0.27(At/Dy)"*, 10* < Xp < 10° ©)
Horizontal plates, rectangular, L the smaller dimension
Lgf)?g/}fAt Cpht
X=— 7 — (%), a0
Heated plates facing up or cooled facing down
hL/k=0.14X."3,2(107) < X, <3(10"°), turbulent an
h=0.22(at)'3, for air
hL/k=054X,"*, 10° < X, <2(107), laminar (12)
h=0.27(at/L)"* (13)
Heated plates facing down, or cooled facing up
hL/k=0.27X,"%, 3(10%) < X, <3(10"), laminar (14)
h=0.12(At/L)"*, for air (15)
Combined convection and radiation coefficients, h. + h,, for horizontal steel or insulated pipes in a room at 80°F are given
in the tabulation below.
(At)s, Temperature Difference (°F) from Surface to Room
Nominal
Pipe Dia (in.) 50 100 150 200 250 300 400 500 600 700 800 900 1000 1100 1200
1 2.12 2.48 2.76 3.10 3.41 3.75 4.47 5.30 6.21 7.25 8.40 9.73 11.20 12.81 14.65
1 2.03 2.38 2.65 2.98 3.29 3.62 4.33 5.16 6.07 7.1 8.25 9.57 11.04 12.65 14.48
2 1.93 2.27 2.52 2.85 3.14 3.47 418 4.99 5.89 6.92 8.07 9.38 10.85 1246 14.28
4 1.84 2.16 2.41 2.72 3.01 3.33 4.02 4.83 5.72 6.75 7.89 9.21 10.66 12.27 14.09
8 176 206 229 260 289 320 38 468 557 660 7.73 9.05 1050 12.10 13.93
12 1.71 2.01 2.24 2.54 2.82 3.13 3.83 4.61 5.50 6.52 7.65 8.96 1042 12.03 13.84
24 1.64 1.93 2.15 2.45 2.72 3.03 3.70 4.48 5.37 6.39 7.52 8.83 10.28 11.90 13.70

(McAdams, Heat Transmission, McGraw-Hill, New York, 1954).
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TABLE 8.10. Recommended Individual Heat Transfer Coefficient Correlations®

A. Single Phase Streams

a. Laminar Flow, Re < 2300
Inside tubes

0.0668(D/L)Pe

Nur =308 0 0al(D/LyPef™)

(for constant wall temperature) (1

Between parallel plates of length L and separation distance s

0.0156[Pe(s/L)""

Nur=3.78+ ,
T 1.0158[Pe(s/L)"% Pro7

0.1<Pe(s/L)<10° 2

In concentric annuli with d; inside, d, outside, and hydraulic diameter d, =d, — d;. |, heat transfer at inside wall; I, at outside wall; Ill, at both
walls at equal temperatures

0.8
NuT:Nuoo+f<$> 0.19[Pe(d,/L)] T 3)
do/ 1+0.117[Pe(d,/L)]*
d -0.8
Casel: Nuim=3.66+1.2<—’> 4)
do
d: 0.5
Casell: Nuom=3.66+1‘2<—’> (5)
do
‘ B _0.102 a ™
Caselll: Nu,=3.66+ [4 —(d//do)+0»2] <do> (6)
d,' B d,‘ -05
Casel: f<d—o> =1 +0.14<d—0>
' a\ d 1/3
Casell: f<d0> _1+0.14(da> ®)
di di 0.1
Caselll: f<d—o) _1+0.14<d—0) 9)
b. Turbulent Flow, Re > 2300
Inside tubes
0.08 04 d\?®
Nu=0.0214(Re™™ - 100)Pr™ [1 + (Z) ] 05<Pr<1.5 (10)
0.4 dy?
Nu =0.012(Re0.87 — 280)Pr" {1 + (Z) ] , 1.5 <Pr<500
Concentric annuli: Use d, for both Re and Nu. Nuy,,. from Egs. (10) or (11)
Nu; d:\ "
Casel: L =0.86(—" 12
Nutube (do> (12
Nu d: 0.6
Casell: o =1-0.14(= 13
Nutube (da) ( )
0.84 0.6
Caselll: Nup _ 0.86(d;/d,)""" +[1-0.14(d;/d,)""] 14)
Nutube 1+ di/do
Across one row of long tubes: d = diameter, s = center-to-center distance,
a=s/d,c=1-r/4a L=rd/2 (15)

Re,,.=wl/yv

NUo, row=0.3+/Nu? . +Nup, (16)

(continued)
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TABLE 8.10.—(continued)

A. Single Phase Streams

NUL, lam = 0.664 + /Re,, Pr'/?

Nug, wb =0.37Red® Pr/[1+2.443Re; % (Pr*/® —1)]

NUL, row Z(IL//l

Across a bank of n tubes deep:
IN-LINE STAGGERED

0008 T o

© Q¢ O

O
OO0 O O Cﬁ

RRRR

w

W
[} L
wow
R
N~
a o
—
i
—

w=1-r/4aifb>1

y=1-r/dabifb<1

Nu,, bank=al/i=f4Nu,, row/K, n>10
Nu =[14(n—-1)fa]Nuo, row/Kn, n<10

o bank

[Nu fromEq. (16)]

o, row
fa,in—line=1+(0.7/y"'®)[(b/a~0.3)/(b/a~0.7)’]
fa, stag=1+2/3b

K = (Pr/Pr,,)*%, for liquid heating

K = (Pr/Pr,,)*"", for liquid cooling

K=(T/T,)"", for gases

Subscript w designates wall condition

Cengel (p. 417) and Incopera (p. 436) also give correlations for heat transfer coefficients for flow over ideal tubebanks.

Banks of radial high-fin tubes: ¢ = (bare tube surface)/(total surface of finned tube)

In line:
Nu =0.30Re%62%~0375p0333 5« o <12, 5000 < Re < 10°

Staggered: a=s,/d, b=s,/d, s=spacing of fins

Nu=0.19(a/b)*?(s/d)*"®(h/d)~**Re®**Pr®*, 100 < Re < 20,000

Banks of radial low-fin tubes: D =diameter of finned tube, s=distance between fins, h=height of fin; following correlation for

D=22.2mm, s=1.26mm, and h=1.4mm

Nu =0.0729Re®”*Pr®2¢, 5000 < Re < 35,000
Nu =0.137Re®®Pr%%, 35,000 < Re < 235,000

Nu =0.0511Re*”6Pr®3¢, 235,000 < Re < 10°

a7
(18)

(19)

(20
@n
22)

23

(24)
(25)
(26)
@7)

(28)

(29

(30)

(€]

(32)

(33)

(continued)
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TABLE 8.10.—(continued)

B. Condensation of Pure Vapors

On vertical tubes and other surfaces; I'= condensation rate per unit of periphery

2 1/3 . \-1/3
S /— =1.47<4—F> 34)
/ ﬂ/(l’/—l’g)gn U

Cengel (p. 585, Fig.10-26) and Incopera (p. 648, Fig. 10-13) also give a correlation for condensing heat transfer coeffiecients on vertical surfaces.
On a single horizontal tube: T = condensation rate per unit length of tube

|l

~

r ) 1173

.-1/3
L) I/ — =1.51<4—F) (35)
A _ﬂ/(ﬂ/‘ﬂg)gn_ un

On a bank of N horizontal tubes: I' = condensation rate per unit length from the bottom tube

- 11/3

2 . \-1/3
al___ M =1.51<4—F> N8 (36)
A /’/(/’/—Pg)gn_ ny

Cengel (p. 586) and Incopera (p. 652) also give a correlation for condensing heat transfer coefficients outside banks of horizontal tubes.

C. Boiling

Single immersed tube: ¢heat flux (W/m?), p, = critical pressure, bars, p,=p/p,

a=0.10004°7 p°%°[1.8p%"7 +4p}? +10p!°], W/m?K 37)
Kettle and horizontal thermosiphon reboilers

a=0.27 exp(—0.027BR)¢°” p>°p7 + ap, (38)
BR = difference between dew and bubblepoints (°K); if more than 85, use 85

= 250 W/m2 K, for hydrocarbons
"7 1 1000W/mK, for water

(39)
Critical heat flux in kettle and horizontal thermosiphon reboilers
G max =80, 700pcp)** (1= p,) "y, W/m? 40)
v, = (external peripheral surface of tube bundle)/(total tube area)if >0.45, use 0.45
Boiling in vertical tubes: thermosiphon reboilers
Critical heat flux: p critical pressure, bars; D; tube ID, m; L tube length, m
§ =393, 000(D? = L)f"35p§"61 p>®(1-p,), W/m? ()}
Heat transfer coefficient with Eqs. (42)-(48) and following procedure
Ay = pp + ¢ 42)
3 0.8 0.4
- C
a,=0.023 (M) (’7 P) A F 43)
m + /), D
ﬁ?'79 Cp0i45p?,49
— 0.24 0.75
anp =0.00122 (WW“/’%“ ATIZAPYPS (44)
F=1for1/X,<0.1 (45)
F=2.35(1/Xy +0.213)°7% for 1/X, > 0.1 (46)
S$=1/(1+253x10"°Re},”) (47)
w22 [(1=x)/X1"% (pg/ )" (m,/ng)*" (48)

(continued)



182 HEAT TRANSFER AND HEAT EXCHANGERS

TABLE 8.10.—(continued)

C. Boiling

Procedure for finding the heat transfer coefficient and required temperature difference when the heat flux g, mass rate of flow m and fraction

vapor x are specified

Find X, Eq. (48)

Evaluate F from Egs. (45), (46)

Calculate a, Eq. (43)

Calculate Rey,, = m F'2(1-x)D/n,

Evaluate S from Eq. (47)

Calculate o, for a range of values of AT,

Calculate ay, from Eq. (42) for this range of AT, values

ONoOGaRWN2

On a plot of calculated g =ay,ATs, against ay,, find the values of oy, and AT, corresponding to the specified ¢

@Special notation used in this table: a = heat transfer coefficient (W/m?K) (instead of h), 5 = viscosity (instead of x), and a = thermal

conductivity (instead of k).
(Based on HEDH, 1983).

transfer resulting in phase change, as in condensation and vapor-
ization, also is covered in this table. Some special problems that
arise in interpreting phase change behavior will be mentioned
following.

CONDENSATION

Depending largely on the nature of the surface, condensate may
form either a continuous film or droplets. Since a fluid film is a
partial insulator, dropwise condensation results in higher rates of
condensation. Promoters are substances that make surfaces non-
wetting, and may be effective as additives in trace amounts to the
vapor. Special shapes of condensing surfaces also are effective in
developing dropwise condensation. None of these effects has been
generally correlated, but many examples are cited in HEDH and else-
where. Condensation rates of mixtures are influenced by both heat
and mass transfer rates; techniques for making such calculations have

been developed and are a favorite problem for implementation on
computers. Condensation rates of mixtures that form immiscible
liquids also are reported on in HEDH. Generally, mixtures have
lower heat transfer coefficients in condensation than do pure
substances.

BOILING

This process can be nuclear or film type. In nuclear boiling, bub-
bles detach themselves quickly from the heat transfer surface. In
film boiling the rate of heat transfer is retarded by an adherent
vapor film through which heat supply must be by conduction.
Either mode can exist in any particular case. Transition between
modes corresponds to a maximum heat flux and the associated
critical temperature difference. A table of such data by McA-
dams (Heat Transmission, McGraw-Hill, New York, 1954, p.
386) shows the critical temperature differences to range from

ExampLE 8.4

Application of the Effectiveness and the 6 Method
Operating data of an exchanger are shown on the sketch. These
data include

UA =2000,
m’c’=1000, mc=3800,
C=Chin/ Cinax =0.8.

80
m'c' = 1000 T,
C
mc=28
UA = 2000 0o
Ts

The equation for effectiveness P is given by item 6 of Table 8.3 or
it can be read off Figure 8.5(a). Both P and @ also can be read off
Figure 8.4(a) at known N and R = C2/C1 = 0.8. The number of
transfer units is

N = UA/ Cyin = 2000/800 = 2.5,
C= Cmin/cmax =08,

D=+1+C?*=1.2806,
P= 2
1+ C+ D[l +exp(—ND)]/lexp(—ND)

0=P/N=0.2508,
AT, =6(200—80)=30.1,
Q= UA(AT),, =2000(30.1) = 60, 200,
=800(200 — T5) = 1000( T — 80),

=0.6271,

=T, =124.75,
T5=140.2.
T2 also may be found from the definition of P:
actual AT 200 — TZ — 06271,

~ maxpossible AT 200 — 80
S Ty=124.78.

With this method, unknown terminal temperatures are found
without trial calculations.




42-90°F and the maximum fluxes from 42-126 KBtu/(hr)(sqft)
for organic substances and up to 410 KBtu/(hr)(sqft) for water;
the nature of the surface and any promoters are identified. Equa-
tions (40) and (41) of Table 8.10 are for critical heat fluxes in ket-
tle and thermosyphon reboilers. Beyond the maximum rate, film
boiling develops and the rate of heat transfer drops off very
sharply.

Evaluation of the boiling heat transfer coefficient in vertical
tubes, as in thermosyphon reboilers, is based on a group of equa-
tions, (42)-(48), of Table 8.10. A suitable procedure is listed fol-
lowing these equations in that table.

EXTENDED SURFACES

When a film coefficient is low as in the cases of low pressure gases
and viscous liquids, heat transfer can be improved economically by
employing extended surfaces. Figure 8.6 illustrates a variety of
extended surfaces. Since the temperature of a fin necessarily
averages less than that of the bare surface, the effectiveness like-
wise is less than that of bare surface. For many designs, the
extended surface may be taken to be 60% as effective as bare sur-
face, but this factor depends on the heat transfer coefficient and
thermal conductivity of the fin as well as its geometry. Equations
and corresponding charts have been developed for the common geo-
metries and are shown, for example, in HEDH (1983, Sec. 2.5.3)
and elsewhere. One chart is given with Example 8.5. The efficiency
n of the extended surface is defined as the ratio of a realized heat
transfer to the heat transfer that would be obtained if the fin were
at the bare tube temperature throughout. The total heat transfer is
the sum of the heat transfers through the bare and the extended
surfaces:

0=0y+ Q.= UpAdp(1 +nA./Ap)(T} — Thuia)- (8.32)
Ab is the tube surface that is not occupied by fins. Example 8.5
performs an analysis of this kind of problem.

8.5. PRESSURE DROP IN HEAT EXCHANGERS

Although the rate of heat transfer to or from fluids is improved by
increase of linear velocity, such improvements are limited by the
economic balance between value of equipment saving and cost of
pumping. A practical rule is that pressure drop in vacuum conden-
sers be limited to 0.5-1.0 psi (25-50 Torr) or less, depending on the
required upstream process pressure. In liquid service, pressure
drops of 5-10 psi are employed as a minimum, and up to 15% or
so of the upstream pressure.

Calculation of tube-side pressure drop is straightforward, even
of vapor-liquid mixtures when their proportions can be estimated.
Example 8.6 employs the methods of Chapter 6 for pressure drop
in a thermosiphon reboiler.

The shell side with a number of segmental baffles presents
more of a problem. It may be treated as a series of ideal tube banks
connected by window zones, but also accompanied by some
bypassing of the tube bundles and leakage through the baffles.
A hand calculation based on this mechanism (ascribed to K.J. Bell)
is illustrated by Ganapathy (1982, pp. 292-302), but the calcula-
tion usually is made with proprietary computer programs, that of
HTRI for instance.

A simpler method due to Kern (1950, pp. 147-152) nomin-
ally considers only the drop across the tube banks, but actually
takes account of the added pressure drop through baffle windows
by employing a higher than normal friction factor to evaluate
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Figure 8.7. Plate and spiral compact exchangers. (a) Plate heat
exchanger with corrugated plates, gaskets, frame, and corner por-
tals to control flow paths. (b) Flow patterns in plate exchangers,
(1) parallel-counter flows; (ii) countercurrent flows; (iii) parallel
flows throughout. (c) Spiral exchanger, vertical, and horizontal
cross sections.
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pressure drop across the tube banks. Example 8.8 employs this
procedure. According to Taborek (HEDH, 1983, 3.3.2), the Kern
predictions usually are high, and therefore considered safe, by
a factor as high as 2, except in laminar flow where the results
are uncertain. In the case worked out by Ganapathy (1982,
pp. 292-302), however, the Bell and Kern results are essentially
the same.

8.6. TYPES OF HEAT EXCHANGERS

Heat exchangers are equipment primarily for transferring heat
between hot and cold streams. They have separate passages for
the two streams and operate continuously. They also are called
recuperators to distinguish them from regenerators, in which
hot and cold streams pass alternately through the same passages
and exchange heat with the mass of the equipment, which is
intentionally made with large heat capacity. Recuperators are
used mostly in cryogenic services, and at the other extreme of
temperature, as high temperature air preheaters. They will not
be discussed here; a detailed treatment of their theory is by Hau-
sen (1983).

Being the most widely used kind of process equipment is a
claim that is made easily for heat exchangers. A classified direc-
tory of manufacturers of heat exchangers by Walker (1982) has
several hundred items, including about 200 manufacturers of
shell-and-tube equipment. The most versatile and widely used
exchangers are the shell-and-tube types, but various plate and
other types are valuable and economically competitive or super-
ior in some applications. These other types will be discussed
briefly, but most of the space following will be devoted to the
shell-and-tube types, primarily because of their importance, but
also because they are most completely documented in the litera-
ture. Thus they can be designed with a degree of confidence
to fit into a process. The other types are largely proprie-
tary and for the most part must be process designed by their
manufacturers.

PLATE-AND-FRAME EXCHANGERS

Plate-and-frame exchangers are assemblies of pressed corrugated
plates on a frame, as shown on Figure 8.8(a). Gaskets in grooves
around the periphery contain the fluids and direct the flows into
and out of the spaces between the plates. Hot and cold flows are on
opposite sides of the plates. Figure 8.8(b) shows a few of the many
combinations of parallel and countercurrent flows that can be main-
tained. Close spacing and the presence of the corrugations result in
high coefficients on both sides—several times those of shell-and-tube
equipment—and fouling factors are low, of the order of 1-5x107°
Btu/(hr)(sqft)(°F). The accessibility of the heat exchange surface
for cleaning makes them particularly suitable for fouling services
and where a high degree of sanitation is required, as in food and
pharmaceutical processing. Operating pressures and temperatures
are limited by the natures of the available gasketing materials, with
usual maxima of 300 psig and 400°F.

Since plate-and-frame exchangers are made by comparatively
few concerns, most process design information about them is pro-
prietary but may be made available to serious enquirers. Friction
factors and heat transfer coefficients vary with the plate spacing
and the kinds of corrugations; a few data are cited in HEDH
(1983, 3.7.4-3.7.5). Pumping costs per unit of heat transfer are said
to be lower than for shell-and-tube equipment. In stainless steel
construction, the plate-and-frame construction cost is 50-70% that
of shell-and-tube, according to Marriott (Chem. Eng., April 5,
1971).

A process design of a plate-and-frame exchanger is worked
out by Ganapathy (1982, p. 368).

SPIRAL HEAT EXCHANGERS

As appears on Figure 8.8(c), the hot fluid enters at the center of the
spiral element and flows to the periphery; flow of the cold fluid is
countercurrent, entering at the periphery and leaving at the center.
Heat transfer coefficients are high on both sides, and there is no cor-
rection to the log mean temperature difference because of the true
countercurrent action. These factors may lead to surface require-
ments 20% or so less than those of shell-and-tube exchangers. Spiral
types generally may be superior with highly viscous fluids at moder-
ate pressures. Design procedures for spiral plate and the related
spiral tube exchangers are presented by Minton (1970). Walker
(1982) lists 24 manufacturers of this kind of equipment.

COMPACT (PLATE-FIN) EXCHANGERS

Units like Figure 8.6(h), with similar kinds of passages for the
hot and cold fluids, are used primarily for gas service. Typically
they have surfaces of the order of 1200 m*/m? (353 sqft/cuft), cor-
rugation height 3.8-11.8 mm, corrugation thickness 0.2-0.6 mm,
and fin density 230-700 fins/m. The large extended surface per-
mits about four times the heat transfer rate per unit volume that
can be achieved with shell-and-tube construction. Units have
been designed for pressures up to 80 atm or so. The close spa-
cings militate against fouling service. Commercially, compact
exchangers are used in cryogenic services, and also for heat
recovery at high temperatures in connection with gas turbines.
For mobile units, as in motor vehicles, the designs of Figures
8.6(h) and (i) have the great merits of compactness and light
weight. Any kind of arrangement of cross and countercurrent
flows is feasible, and three or more different streams can be
accommodated in the same equipment. Pressure drop, heat trans-
fer relations, and other aspects of design are well documented,
particularly by Kays and London (1984) and in HEDH (1983,
Sec. 3.9).

AIR COOLERS

In such equipment the process fluid flows through finned tubes and
cooling air is blown across them with fans. Figures 8.4(h) and
(i) show the two possible arrangements. The economics of applica-
tion of air coolers favors services that allow 25-40°F temperature
difference between ambient air and process outlet. In the range
above 10 MBtu/(hr), air coolers can be economically competitive
with water coolers when water of adequate quality is available in
sufficient amounts.

Tubes are 0.75-1.00 in. OD, with 7-11 fins/in. and 0.5-0.625 in.
high, with a total surface 15-20 times bare surface of the tube. Fans
are 4-12 ft/dia, develop pressures of 0.5-1.5 in. water, and require
power inputs of 2-5 HP/MBtu/hr or about 7.5 HP/100 sqft of
exchanger cross section. Spacings of fans along the length of the
equipment do not exceed 1.8 times the width of the cooler. Face
velocities are about 10 ft/sec at a depth of three rows and 8 ft/sec
at a depth of six rows.

Standard air coolers come in widths of 8, 10, 12, 16, or 20 ft,
lengths of 4-40 ft, and stacks of 3-6 rows of tubes. Example 8.8
employs typical spacings.

Two modes of control of air flow are shown in Figure 3.9.
Precautions may need to be taken against subcooling to the freez-
ing point in winter.
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Forced draft arrangement, from below the tubes, Figure 8.4(h),
develops high turbulence and consequently high heat transfer coeffi-
cients. Escape velocities, however, are low, 3 m/sec or so, and as a
result poor distribution, backmixing and sensitivity to cross currents
can occur. With induced draft from above the tubes, Figure 8.4(h),
escape velocities may be of the order of 10 m/sec and better flow dis-
tribution results. This kind of installation is more expensive, the
pressure drops are higher, and the equipment is bathed in hot air
which can be deteriorating. The less solid mounting also can result
in noisier operation.

Correlations for friction factors and heat transfer coefficients
are cited in HEDH. Some overall coefficients based on external bare

tube surfaces are in Tables 8.11 and 8.12. For single passes in cross
flow, temperature correction factors are represented by Figure 8.5(c)
for example; charts for multipass flow on the tube side are given in
HEDH and by Kays and London (1984), for example. Preliminary
estimates of air cooler surface requirements can be made with the
aid of Figures 8.9 and 8.10, which are applied in Example 8.9.

DOUBLE-PIPES

This kind of exchanger consists of a central pipe supported within
a larger one by packing glands [Fig. 8.4(a)]. The straight length is

TABLE 8.11. Overall Heat Transfer Coefficients in Air Coolers [U Btu/(hr)(°F)(sqft of outside bare tube surface)]

Liquid Coolers

Condensers

Heat-Transfer

Heat-Transfer Heat-Transfer

Coefficient, Coefficient, Coefficient,
Material [Btu/(hr)(ft?)(°F)] Material [Btu/(hr)(ft?)(°F)] Material [Btu/(hr)(ft?)(°F)]
Qils, 20° API 10-16 Heavy oils, 8-14° API Steam 140-150
200°F avg. temp 10-16 300°F avg. temp 6-10 Steam
300°F avg. temp 13-22 400°F avg. temp 10-16 10% noncondensibles 100-110
400°F avg. temp 30-40 Diesel oil 45-55 20% noncondensibles 95-100
Kerosene 55-60 40% noncondensibles 70-75
Oils, 30° API Heavy naphtha 60-65 Pure light hydrocarbons 80-85
150°F avg. temp 12-23 Light naphtha 65-70 Mixed light hydrocarbons 65-75
200°F avg. temp 25-35 Gasoline 70-75 Gasoline 60-75
300°F avg. temp 45-55 Light hydrocarbons 75-80 Gasoline-steam mixtures 70-75
400°F avg. temp 50-60 Alcohols and most organic Medium hydrocarbons 45-50
solvents
70-75 Medium hydrocarbons
w/steam
Oils, 40° API 55-60
150°F avg. temp 25-35 Ammonia 100-120 Pure organic solvents 75-80
200°F avg. temp 50-60 Brine, 75% water 90-110 Ammonia 100-110
300°F avg. temp 55-65 Water 120-140
400°F avg. temp 60-70 50% ethylene glycol and water 100-120
Vapor Coolers
Heat-Transfer Coefficient [Btu/(hr)(ft?)(°F)]
Material 10 psig 50 psig 100 psig 300 psig 500 psig
Light hydrocarbons 15-20 30-35 45-50 65-70 70-75
Medium hydrocarbons and organic solvents 15-20 35-40 45-50 65-70 70-75
Light inorganic vapors 10-15 15-20 30-35 45-50 50-55
Air 8-10 15-20 25-30 40-45 45-50
Ammonia 10-15 15-20 30-35 45-50 50-55
Steam 10-15 15-20 25-30 45-50 55-60
Hydrogen
100% 20-30 45-50 65-70 85-95 95-100
75% vol 17-28 40-45 60-65 80-85 85-90
50% vol 15-25 35-40 55-60 75-80 85-90
25% vol 12-23 30-35 45-50 65-70 80-85

[Brown, Chem, Eng. (27 Mar. 1978)].



TABLE 8.12. Overall Heat Transfer Coefficients in
Condensers, Btu/(hr)(sqft)(°F)?
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Liquid Coolants

Vapor

Air Coolers

Btu/(hr)(bare sqft)(°F) |

Coolant Btu/(hr)(sqgft)(°F) Vapor
Alcohol water 100-200 Ammonia 100-120
Dowtherm tall oil 60-80 Freons 60-80
Dowtherm Dowtherm 80-120 Hydrocarbons, light 80-100
Hydrocarbons Naphtha, heavy 60-70
high boiling under vacuum water 18-50 Naphtha, light 70-80
low boiling water 80-200 Steam 130-140
intermediate oil 25-40
kerosene water 30-65 ?Air cooler data are based on 50 mm tubes with aluminum fins
kerosene oil 20-30 16-18 mm high spaced 2.5-3 mm apart, coefficients based on bare
naphtha water 50-75 tube surface. (Excerpted from HEDH, 1983).
naphtha oil 20-40
Organic solvents water 100-200
Steam water 400-1000
Steam-organic azeotrope water 40-80
Vegetable oils water 20-50

limited to a maximum of about 20 ft; otherwise the center pipe will
sag and cause poor distribution in the annulus. It is customary to
operate with the high pressure, high temperature, high density,
and corrosive fluid in the inner pipe and the less demanding one
in the annulus. The inner surface can be provided with scrapers
[Fig. 8.4(b)] as in dewaxing of oils or crystallization from solutions.
External longitudinal fins in the annular space can be used to
improve heat transfer with gases or viscous fluids. When greater
heat transfer surfaces are needed, several double-pipes can be
stacked in any combination of series or parallel.

Double-pipe exchangers have largely lost out to shell-and-tube
units in recent years, although Walker (1982) lists 70 manufac-
turers of them. They may be worth considering in these situations:

1. When the shell-side coefficient is less than half that of the tube
side; the annular side coefficient can be made comparable to the
tube side.

2. Temperature crosses that require multishell shell-and-tube units can
be avoided by the inherent true countercurrent flow in double pipes.

3. High pressures can be accommodated more economically in the
annulus than they can in a larger diameter shell.

4. At duties requiring only 100-200 sqft of surface the double-pipe may
be more economical, even in comparison with off-the-shelf units.

The process design of double-pipe exchangers is practically
the simplest heat exchanger problem. Pressure drop calculation is
straightforward. Heat transfer coefficients in annular spaces have
been investigated and equations are cited in Table 8.10. A chapter
is devoted to this equipment by Kern (1950).

8.7. SHELL-AND-TUBE HEAT EXCHANGERS

Such exchangers are made up of a number of tubes in parallel and
series through which one fluid travels and enclosed in a shell
through which the other fluid is conducted.

CONSTRUCTION

The shell side is provided with a number of baffles to promote high
velocities and largely more efficient cross flow on the outsides of

the tubes. Figure 8.4(c) shows a typical construction and flow
paths. The versatility and widespread use of this equipment has
given rise to the development of industrywide standards of which
the most widely observed are the TEMA standards. Classifications
of equipment and terminology of these standards are summarized
on Figure 8.11.

Baffle pitch, or distance between baffles, normally is 0.2-1.0
times the inside diameter of the shell. Both the heat transfer coef-
ficient and the pressure drop depend on the baffle pitch, so that
its selection is part of the optimization of the heat exchanger.
The window of segmental baffles commonly is about 25%, but
it also is a parameter in the thermal-hydraulic design of the
equipment.

In order to simplify external piping, exchangers mostly are
built with even numbers of tube passes. Figure 8.12(c) shows some
possible arrangements, where the full lines represent partitions in
one head of the exchanger and the dashed lines partitions in the
opposite head. Partitioning reduces the number of tubes that can
be accommodated in a shell of a given size. Table 8.13 is of such
data. Square tube pitch in comparison with triangular pitch
accommodates fewer tubes but is preferable when the shell side
must be cleaned by brushing.

Two shell passes are obtained with a longitudinal baffle, type
Fin Figures 8.11(a) or 8.3(c). More than two shell passes normally
are not provided in a single shell, but a 4-8 arrangement is ther-
mally equivalent to two 2—4 shells in series, and higher combina-
tions are obtained with more shells in series.

ADVANTAGES

A wide range of design alternates and operating conditions is
obtainable with shell-and-tube exchangers, in particular:

o Single phases, condensation or boiling can be accommodated
in either the tubes or the shell, in vertical or horizontal
positions.

e Pressure range and pressure drop are virtually unlimited, and
can be adjusted independently for the two fluids.

e Thermal stresses can be accommodated inexpensively.
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Figure 8.10. Tubular Exchanger Manufacturers Association classi-
fication and terminology for heat exchangers. (a) TEMA terminol-
ogy for shells and heads of heat exchangers. (b) Terminology for
parts of a TEMA type AES heat exchanger. The three letters
A, E, and S come from part (a).
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e A great variety of materials of construction can be used and
may be different for the shell and tubes.

e Extended surfaces for improved heat transfer can be used on
either side.
A great range of thermal capacities is obtainable.
The equipment is readily dismantled for cleaning or repair.

TUBE SIDE OR SHELL SIDE

Several considerations may influence which fluid goes on the tube
side or the shell side.

The tube side is preferable for the fluid that has the higher
pressure, or the higher temperature or is more corrosive. The tube
side is less likely to leak expensive or hazardous fluids and is more
easily cleaned. Both pressure drop and laminar heat transfer can be
predicted more accurately for the tube side. Accordingly, when
these factors are critical, the tube side should be selected for that
fluid.

Turbulent flow is obtained at lower Reynolds numbers on the
shell side, so that the fluid with the lower mass flow preferably goes
on that side. High Reynolds numbers are obtained by multipassing
the tube side, but at a price.

DESIGN OF A HEAT EXCHANGER

A substantial number of parameters is involved in the design of a
shell-and-tube heat exchanger for specified thermal and hydraulic
conditions and desired economics, including: tube diameter, thick-
ness, length, number of passes, pitch, square or triangular; size of
shell, number of shell baffles, baffle type, baffle windows, baffle
spacing, and so on. For even a modest sized design program, Bell
(in HEDH, 1983, 3.1.3) estimates that 40 separate logical designs
may need to be made which lead to 2*° =1.10x 10'? different paths
through the logic. Since such a number is entirely too large for nor-
mal computer processing, the problem must be simplified with
some arbitrary decisions based on as much current practice as
possible.

A logic diagram of a heat exchanger design procedure appears
in Figure 8.12. The key elements are:

1. Selection of a tentative set of design parameters, Box 3 of
Figure 8.12(a).

2. Rating of the tentative design, Figure 8.12(b), which means
evaluating the performance with the best correlations and cal-
culation methods that are feasible.

3. Modification of some design parameters, Figure 8.12(c), then
rerating the design to meet thermal and hydraulic specifications
and economic requirements.

A procedure for a tentative selection of exchanger will be described
following. With the exercise of some judgement, it is feasible to
perform simpler exchanger ratings by hand, but the present state
of the art utilizes computer rating, with in-house programs, or
those of HTRI or HTFS, or those of commercial services. More
than 50 detailed numerical by hand rating examples are in the
book of Kern (1950) and several comprehensive ones in the book
of Ganapathy (1982).

TENTATIVE DESIGN

The stepwise procedure includes statements of some rules based on
common practice.
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Figure 8.11. Arrangements of cross baffles and tube-side passes. (a) Types of cross baffles. (b) Rod baffles for minimizing tube vibrations;
each tube is supported by four rods. (c) Tube-side multipass arrangements.
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TEMPERATURES—— RATING PROGRAM OUTLET TEMPERATURES
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PRESSURES ———————8~
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Figure 8.12. A procedure for the design of a heat exchanger, comprising a tentative selection of design parameters, rating of the perfor-
mance, modification of this design if necessary, and re-rating to meet specifications. (See also Bell, in Heat Exchanger Design Handbook,
Section 3.1.3, Hemisphere Publishing Company, 1983).



192 HEAT TRANSFER AND HEAT EXCHANGERS

TABLE 8.13. Tube Counts of Shell-and-Tube Heat Exchangers?

Heat Exchanger Tube Sheet Layout Count Table

37 35 33 31| 29) 271 25| 23v4 | 21v4 | 19V | 174 | 15V, | 1314 | 12| 10| 8 1.D. of Shell (In.)
1260 | 1143 | 1010 | 881 | 763 | 663 | 553 | 481 | 391 | 307 | 247 | 193 | 135|105 | 69| 33 2" on ¥’ A o
1127 | 1007 | 880 | 765 | 667 | 577 | 493 | 423 | 343 | 297 | 217 ] 157 | 117} 91 | 57} 33 Z4ronl” A =lo]
065 | 865 | 765 | 665 | 587 | 405 | 419 | 355 | 287 | 235 183 | 139 | 101 85] 53} 33 Yron 170 415

699 | 633 | 551 | 481 | 427 | 361 | 307 | 247} 205 | 163 | 133 | 103 731 57| 33| 15| 17on 14" A a&ls
505 | 545 | 477 | 413 |1 350 | 303 | 265 | 215 | 179 | 139 | 111 83 65| 45| 33| 17| 1"onl1l4" 0 é
1242 | 1088 | 964 | 846 | 734 | 626 | 528 | 452 | 370 | 300 | 2281 166 | 124 | 94| 58| 52| 34" on 1508”7

1088 | 972 | 858 | 746 | 646 | 556 | 463 | 398 | 326 | 204 | 203 | 154 | 110} 90| 564 28] HY"onl” A =
046 | 840 | 746 | 644 | 560 | 486 | 408 | 346 | 280 | 222§ 172 { 126 04| 78] 48| 26 3% "onl" O =7
G688 | 60R | 530 | 462 | 410 | 346 | 202 | 244 | 204 | 162 | 126 92 62| 521 32| 161700 1l4" A 2 aid
581 | 522 | 460 | 402 1348 | 208 | 248 | 218 | 172} 136 | 106 76 561 40| 26| 12)1"on 1" O Z
1126 1 1008 | 882 | 768 | 648 | 558 | 460 | 398 [ 304 | 234t 180 | 134 94 | 64 34 81 % on e e |2
1000 | 882 | 772 | 674 | 566 | 484 | 406 | 336 | 270 | 212 | 158 | 108 721 60| 26 81 3% "on1" A =5 |%
84 | 778 | 688 | 586 | 506 | 436 | 362 | 304 | 242 | 183 | 142 | 100 72| 521 30| 12| 3"gn1" O =

610 | 532 ] 466 | 306 | 340 | 284 | 234 | 192 | 154 | 120 84 58 421 26 8 XX|17on 14" A g

26 | 464 { 406 | 356 | 304 | 256 | 214 | 180 | 134 | 100 76 58 38| 22| 12| XX|1"en14" 00 o,
1172 | 1024 | 004 | 788 | 680 | 576 | 484 | 412 | 332 | 266 | 106 | 154 | 108 | 84| 48] XX | 3{"on i A
1024 | 912 ] 802|602 | 506 | 508 | 424 | 360 | 202 [ 232§ 180 | 134 06| 721 44| XX|{ 3% onl" A =3
880 | 778 | GRS | 500 | 510 | 440 | 366 | 308 | 242 | 192 | 142 | 126 881 721 48| XX |34 "on1" O >4
638 | 560 | 486 | 422 | 368 | 308 | 258 | 212 | 176 | 138 | 104 78 601 44| 24| XX |[1%0n 144" A &l
534 | 476 | 414 | 360 | 310 | 260 | 214 | 188 | 142} 110 84 74 481 40| 24 | XX|[1"on 14" 0O z
1002 | 076 | 8521|740 | 622 | 534 | 438 | 378 | 286 | 218 | 166 | 122 841 561 28| XN % on¥e" A | |7
068 | 852 | 744 1648 | 5421462 [ 386 | 318 | 254 198 | 146 98 64| 52| 20| XX|{3%"onl" A 5 s
S50 | 748 | 660 | 560 | 482 | 414 [ 342 | 286 | 226 174 | 130 90 64| 44| 24 [ XX|¥%"onl1" D c
384 | 508 | 444 | 376 | 322 | 266 | 218 | 178} 142 110 74 50 36| 20| XX|IXX|1"on1l4" A g
500 | 440 | 58413361286 {238 ) 198 | 166 122 90 66 50 32| 16 | XX | XX | 1"onll" O o,
1106 | 064 ] S44 | 7321632 532|440 | 3721 204 230! 174 | 116 80 | XN | XX | XX | 3%"0on 3" A
064 | 852 | T44 | 640 | 548 | 464 | 388 22 | 258 | 202 ] 156 | 104 66 | XX XXN|XX|3%"onl” A lc2]
SIS | 224 634|536 | 460 | 3904 | 324 | 266 | 212 | 158 | 116 78 54 | XX | XX | XX |34 on1" D 3]
586 | 514 ] 442 (3821338 | 274 [ 226 | 182 | 150 | 112 82 56 34 | XN | XX | XX|1"on 144" A 2 &ln
484 | 430 | 368 | 318 | 268 | 226 | 184 | 154 | 110 88 66 | 44 ] XX | XX | XX|XX|1"on1l3" O )

a0
1058 | 944 | 826 716 | 596 | 510 | 416 | 358 | 272 | 206 | 156 | 110 74 | XX | XXIXX|[34"one" A | |2
940 | 826 | 720626 | 518 | 440 { 366 | 300 | 238 | 184 | 134 88 56 | XX | XX | XX|3%"on1" A = |®
820 | 718 | 632 | 534 | 458 | 392 ] 322 | 268 | 210 | 160{ 118 80 5 | XX | XX | XX{3%"onl" O o
562 | 488 | 426 | 356 | 304 {1 252 [ 206 | 168 | 130 | 100 68 42 30 | XX | XX | XX 1"0on 14" A g
478 | 420! 362 | 316 [ 268 | 224 | 182 152 | 110 80 60 42 | XX | XX | XX | XX | 1"on1l4" O e,
1040 | 902 | 790 | 682 | 576 | 484 | 398 | 332 | 258 | 198 | 140 94 | XX | XX XX | XX]|3"on1%s" A
902 | 798 | 604 | 588 | 496 | 422 | 344 | 286 { 224 | 170 | 124 82 | XX | XX| XX|XX|3%"onl" A =
760 | 662 | 5761 400 | 414°| 352 | 286 | 228 | 174 | 132 04 | XX | XX|XX|XX|XX|3%"on1"0O -H
542 | 466 | 400 | 342 | 208 | 240 | 190 | 154 | 120 90 66 | XX| XX|XX|XX|XX|[1%70on1Y{" A s ez
438 | 388 | 334|280 230|192 150} 128 94 74| XX | XX| XX|XX|XX|[XX|1"on 1" O =
Ld
1032 | 916 | 796 | 6S8 | 578 | 490 | 398 | 342 | 254 | 190 | 142 | 102 68 | XX | XX { XX {3 on"e" A | 5
908 | 796 | 692 | 600 | 498 | 422 | 350 | 286 ] 226 | 170 | 122 82 52 | XX | XX | XX| 3% "on1" A o H
792 | 692 | 608 | 512 | 438 | 374 | 306 | 254 | 194 | 146 | 106 70 48 | XX | XX | XX | 3% on1" 0O = 1*
540 | 464 | 404 | 340 | 200 | 238 | 190 | 154 | 118 90 58 38 24 | XX [ XX | XX ! 1"on 1" A g
456 | 396 | 344 | 300 | 254 | 206 | 170 | 142 98 70 50 34| XX|XX[|XX|XX|1"onlly" O e,
37 35 33| 31| 29| 27| 2523V, | 21V, | 19V, | 17V, | 1514 | 1314 | 12| 10 8 | L.D. of Shell (in.)

1 Allowance made for Tie Rods.

2R.0.B. =2} x Tube Dia. Actual Number of “U"" Tubes is one-half the above figures.

a A 3/4in. tube has 0.1963 sqft/ft, a 1in. OD has 0.2618 sqft/ft. Allowance made for tie rods.
®R.0.B. =2} x tube dia. Actual number of “U” tubes is one-half the above figures.
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ExampLE 8.5

Sizing an Exchanger with Radial Finned Tubes
A liquid is heated from 150 to 190°F with a gas that goes from 250
to 200°F. The duty is 1.25 MBtu/hr. The inside film coefficient is
200, the bare tube outside coefficient is &, = 20 Btu/(hr)(sqft)(°F).
The tubes are 1 in. OD, the fins are { in. high, 0.038 in. thick,
and number 72/ft. The total tube length will be found with fins
of steel, brass, or aluminum:

LMTD = (60— 50)/1n (60/50) =54.8,

U, =(1/20+1/200)"" =18.18.
Fin surface:

A, =T72(2)(x/4)[(2.25* — 1)/144] =3.191 sqft /ft.
Uncovered tube surface:

Ay = (n/12)[1 = 72(0.038/12)] = 0.2021 sqft/ft,
A./A,=3.191/0.2021 =15.79,
v =half-fin thickness = 0.038 /2(12) =0.00158 ft.

Abscissa of the chart:
x = (e = 1)/l [k = [(2.25 — 1) /24] /20 000158k
=5.86/Vk,
re/ry=2.25,
Ay =Q/UAT(1+nA./Ay)
=1.25(10%)/18.18(54.8)(1 + 15.79)sqft.

Find 7 from the chart. Tube length, L = 4,/0.2021 ft.

k x N A, L

Steel 26 1.149 0.59 121.6 602
Brass 60 0.756 0.76 96.5 477
Al 120 0.535 0.86 86.1 426
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ExAMPLE 8.6

Pressure Drop on the Tube Side of a Vertical Thermosiphon

Reboiler
Liquid with the properties of water at 5 atm and 307°F is reboiled
at a feed rate of 2800 1b/(hr)(tube) with 30 wt % vaporization. The
tubes are 0.1 ft ID and 12 ft long. The pressure drop will be figured
at an average vaporization of 15%. The Lockhart-Martinelli,
method will be used, following Example 6.14, and the formulas
of Tables 6.1 and 6.8:

Liquid Vapor
m (lb/hr) 2380 420
u (Ib/ft hr) 0.45 0.036
p (Ib/cuft) 57.0 0.172
Re 67340 148544
f 0.0220 0.0203
APIL (psi/ft) 0.00295 0.0281

X =0.00295/0.0281 =0.1051,
C=20,
PE=1+20/X +1/X*=72.21,
(AP/L)two phase =72.21(0.00295) =0.2130,

AP=0.2130(12) =2.56 psi, 5.90 ft water.

—_————

1
T

Average density in reboiler tubes is

2800

Pn= 3380757 + 4200172 ~ 13 1o/cutt

Required height of liquid in tower above bottom of tube sheet

prh=2.56(144) +1.13(12),
h=382.2/57=6.7ft.
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ExampLE 8.7

Rating a Shell-and-Tube Heat Exchanger
12.3 gals of 100°C hot water will be used to heat 6.23 kg/s of 20°C
cold water in an ITT SSCF (stainless steel shell and ss tubes), unit
size 12072 (www.ittstandard.com). This exchanger has 188 3/8”
OD (0.00953m), 25 gauge (0.02” wall), 0.00851m ID with an out-
side surface area of 288 ft> (26.8m?). The shell ID = 12”. For the
tubeside coefficient, Eq. 11 of Table 8.10 will be used, and for
the shellside coefficient, Eq.’s 16 and 22 of Table 8.10 will be used.

Tubeside (use a pass exchanger)
(NN a2 Ja=(488 2 /4= 2
Af,_(Nt)ﬂd, /4_( . )(;;)(0.00851) /4—0.00694m
ve=m,/(P,)(Ap) =(12.3kg/s)(972kg/m*)(0.00694m*)=1.82m/s
Re,=v,d;P,/u,=(1.82)(0.00851)(972) /0.000333=42,500

Pr,=2.09 therefore Eq. 11 of Table 8.10 will be used.

Nv,=0.012(Re¥" — 280) Py (1 +[d/,] 2“) =hid, k,

2/3
Nv,=0.012(45,200°57 ~280)(2.09)"* (1+ [0'?088351] ) —182

hy=(182)k, /d,=(182)(0.67)/0.00851=14,300w/m’k

Shellside

The characteristics (i.e., parameters) of the ideal tube bundle must
be determined. Use a triangular, staggered tubesheet layout; thus
each tube occupies the following area:

A, = (s)sin (60)(s/2)2 = s sin (60)

All the tubes are contained within the shell, thus;

N(A, = N;s”sin (60) = zD? /4 = (x)(0.3048)* /4 =0.0723
s={0.0723/[4.88 sin (60)]}'"/* =0.0131 m

The pitch ratio of the tubebank is PR =0.0131/0.00953 = 1.37.
A baffle sapcing equal to the shell diameter will be used, thus B =
D, =0.3048m. B is the length of the ideal tubebank. The round
bundle will be transformed (i.e., “morphed”) into a square bundle
to obtain the width and height of the ideal tubebank, i.e.:

W, = [zD2/4]1/% = [£(0.03048)? /4]"/* =0.27m

From the mass flow on the tubeside and the face flow areas,
the face velocity into the tubebank (i.e., W in Eq. 15, Table 8.10)
can be obtained.

W =M,/PA, = (6.23)/(988)(0.3048)(0.027) = 0.0766 m /s
From Eq. 15 Re;=WL/yv=(W)(zdy/2)/[1-r/4(s/do)](us/ps)

| (1)(0.00953)

Re,=(0.0766) (M) (988)/ [ 0013 }0.000555:4,760

From Eq. 17, Nvy, =0.664Re/? Prl/* =0.664(4,760)'/*(357)"/° =
67.9 From Eq. 18,
0.037Re’* P, _ (0.037)(4,760)"*
[142.443Re; 01 (PP —1)]  [142.443(4,760)"' (3.57%° = 1)]
=48.4

From Eq. 16, Nvy=0.3+[Nvi, +Nvi]"?=03+[67.9° +
48.4%'? = 838 From Eq. 22, Nv,=f;Nv,/, where K=
(Pry/Pr,)"" ~ 1

(2)(0.00933)

Nvg=(1+2dy/38,)NVy /1= {1 T G00I

}83.8=131

hy=(NV,)k,/dy = (131)(0.644)/0.00953 = 8,852 W /m’K

Heat Balances
The tubeside and shellside outlet temperatures must be obtained to
equate the three heat balances, namely the heat flow through the
heat exchanger surface, Qs =FA(V(AT,,, the heat released by
the hot stream, Qy, = mcg((Ty1; — Tyo) and the heat gained by the
cold stream, Q. = MC,(Tso — Tsj).

Prior calculation has given T,y =93.4°C

Q,=(6.23)(4,181)(93.4—-20) = 1.91 x 10°W
Now the hot stream outlet temperature can be determined.

Q =1.91x10°=M,C,, (T, - Tyy) = (12.27)(4,210)(100 = T o)
T, 0=63°C

Now the ATy, and the crossflow correction factor, F, can be
determined.

ATy, =(63-20) — (100 -93.4)/In(43/6.6) = 19.4°C
And R can be determined from Eqs. 8.27 and 8.28.

p Tti=TH0 _100-63 _

T Tti—Tsi  100-20 =0.46

R=m,1Cy,/m,C,, = (12.27)(4,210)/(6.23)(4, 11) =2

From Fig. 8.5a for a 1-shell mass multi-tube pass exchanger,
F =0 and more shell passes must be used. From Fig. 8.5f, for 3
shell passes and multiples of six tube passes, F =0.84.

Q. =FA(V)ATe, = (0.84)(26.7)(4,400)(19.4) = 1.91 x 10°

This exchanger would suffice; however it could not be pur-
chased from ITT as a standard, off-the-shelf unit. It would have
to be designed as a specialty item.

The overall coefficient was used to calculate the duty through
the heat transfer surface. This calculation is given below:

7= =R+ Ryo+ Ry + Ry + R,
0

Assume zero fouling, so R¢o =0, then, from Eq. 8.20;

+In (d| dl‘
L1 ) 1,

V() h() k",- /1,' ri
0.00953 In <0.00953)
1 n 2 0.00851 1 0.00953

~8.852 14.9 14,300 0.0085
=0.000112 +0.0000362 4+ 0.0000783 = 0.000227

Vo=4,400 W /m*K
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ExampLE 8.8
Pressure Drop on the Shell Side with 25% Open Segmental
Baffles, by Kern’s Method (1950, p. 147)

Nomenclature and formulae:

1.1028P2/D, - D,,
1.2732P?/D, - D,

. triangular pitch,
hydraulic diameter D), = i
square pitch,

/ \

o

che

—

Dy = shell diameter,

B = distance between balffles,
N = number of baffles,

A = flow area = D;BC/P,,
G, = m /As, b/ (hr)(sqft),

Re =Dth/H,
£=0.0121Re™*" 300 < Re < 10°, 25% segmental baffles,
_fGID(N+1) _ fGID,(N+1)
28pDy, 5.22(10'%) D,
s=specific gravity.

AP

> )

Numerical example:

m = 43,800 1b/hr,

s =0.73 sp gr,
u = 0.097 Ib/ft hr,
D,=11in.,

P, = 1.25 in., triangular pitch,
C=125-1.00=0.25in.,
D, =21.25in., 1.77 ft.,
D, = 0.723 in., 0.0603 ft.,
B=5in.,
N = 38 baffles,
A, = 21.25(0.25)(5)/1.25(144) = 0.1476 sqft,
G, = 43,800/0.1476 = 296,810 Ib/(hr)(sqft),
Re = 0.0603(296,810)/0.97 = 18.450,
£=0.0121(18,450)"%" = 0.00187,
_0.00187(296,810)°(1.77)(39)
T 5.22(10')(0.73)(0.0603)

The shellside AP can also be calculated by methods given by
Cengal (p. 420) and Incopera (p. 442).

=4.95 psi.

1. Specify the flow rates, terminal temperatures and physical
properties.

2. Calculate the LMTD and the temperature correction factor F
from Table 8.3 or Figure 8.5.

3. Choose the simplest combination of shell and tube passes or
number of shells in series that will have a value of F above 0.8
or so. The basic shell is 1-2, one shell pass and two tube passes.

4. Make an estimate of the overall heat transfer coefficient from
Tables 8.4-8.7.

5. Choose a tube length, normally 8, 12, 16, or 20 ft. The 8 ft long
exchanger costs about 1.4 times as much as the 20 ft one per
unit of surface.

6. Standard exchanger tube diameters are 0.75 or 1 in. OD, with
pitches shown in Table 8.13.

7. Find a shell diameter from Table 8.13 corresponding to the
selections of tube diameter, length, pitch, and number of passes
made thus far for the required surface. As a guide, many heat
exchangers have length to shell diameter ratios between 6 and 8.

8. Select the kinds and number of baffles on the shell side.

The tentative exchanger design now is ready for detailed evaluation
with the best feasible heat transfer and pressure drop data. The results
of such a rating will suggest what changes may be needed to satisfy
the thermal, hydraulic, and economic requirements for the equip-
ment. Example 8.10 goes through the main part of such a design.

8.8. CONDENSERS

Condensation may be performed inside or outside tubes, in hori-
zontal or vertical positions. In addition to the statements made in

the previous section about the merits of tube side or shell side:
When freezing can occur, shell side is preferable because it is less
likely to clog. When condensing mixtures whose lighter compo-
nents are soluble in the condensate, tube side should be adopted
since drainage is less complete and allows condensation (and disso-
lution) to occur at higher temperatures. Venting of noncondens-
ables is more positive from tube side.

CONDENSER CONFIGURATIONS

The several possible condenser configurations will be described.
They are shown in Figure 8.7.

Condensation Inside Tubes: Vertical Downflow. Tube diameters
normally are 19-25 mm, and up to 50 mm to minimize critical pres-
sure drops. The tubes remain wetted with condensate which assists
in retaining light soluble components of the vapor. Venting of non-
condensables is positive. At low operating pressures, larger tubes
may be required to minimize pressure drop; this may have the effect
of substantially increasing the required heat transfer surface. A dis-
advantage exists with this configuration when the coolant is fouling
since the shell side is more difficult to clean.

Condensation Inside Tubes: Vertical Upflow. This mode is used
primarily for refluxing purposes when return of a hot condensate is
required. Such units usually function as partial condensers, with
the lighter components passing on through. Reflux condensers
usually are no more than 6-10 ft long with tube diameters of
25 mm or more. A possible disadvantage is the likelihood of flood-
ing with condensate at the lower ends of the tubes.
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Figure 8.13. Some arrangements of shell-and-tube condensers. (a) Condensate inside tubes, vertical upflow. (b) Inside tubes, vertical down-
flow. (c) Outside tubes, vertical downflow. (d) Condensate outside horizontal tubes. (HEDH, 1983, 3.4.3).

Condensation Outside Vertical Tubes. This arrangement
requires careful distribution of coolant to each tube, and requires
a sump and a pump for return to a cooling tower or other source
of coolant. Advantages are the high coolant side heat transfer coef-
ficient and the ease of cleaning. The free draining of condensate is
a disadvantage with wide range mixtures.

Condensation Inside Horizontal Tubes. This mode is employed
chiefly in air coolers where it is the only feasible mode. As conden-
sation proceeds, liquid tends to build up in the tubes, then slugging
and oscillating flow can occur.

Condensation Outside Horvizontal Tubes. Figure 8.13(d)
shows a condenser with two tube passes and a shell side pro-
vided with vertically cut baffles that promote side to side flow

of vapor. The tubes may be controlled partially flooded to
ensure desired subcooling of the condensate or for control of
upstream pressure by regulating the rate of condensation. Low-
fin tubes often are advantageous, except when the surface ten-
sion of the condensates exceeds about 40 dyn/cm in which event
the fins fill up with stagnant liquid. The free draining character-
istic of the outsides of the tubes is a disadvantage with wide con-
densing range mixtures, as mentioned. Other disadvantages are
those generally associated with shell side fluids, namely at high
pressures or high temperatures or corrosiveness. To counteract
such factors, there is ease of cleaning if the coolant is corrosive
or fouling. Many cooling waters are scale forming; thus they
are preferably placed on the tube side. On balance, the advan-
tages often outweigh the disadvantages and this type of conden-
ser is the most widely used.
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Figure 8.14. Model for partial condensation in the presence
of uncondensed material: U(T;—T.)=ho(T, — T;) + Akg(pg — pi).
[A.P. Colburn and O.A. Hougen, Ind. Eng. Chem. 26, 1178-1182
(1934)].

DESIGN CALCULATION METHOD

Data for condensation are described in Section 8.4 and given in
Tables 8.4-8.7, and a few additional overall coefficients are in
Table 8.12. The calculation of condensation of pure vapors is straight
forward. That of mixtures occurs over a range of temperatures and
involves mass transfer resistance through a gas film as well as heat
transfer resistance by liquid and fouling films. A model due to
Colburn and Hougen (1934) is represented by Figure 8.14. The overall
rate of heat transfer is regarded as the sum of the sensible heat transfer
through a gas film and the heat of condensation of the material trans-
ferred by diffusion from the gas phase to the interface. The equation of
this heat balance is, in terms of the notation of Figure 8.14,

U(T, - TL) zhg(Tg - T,) +ikg(pg - p,)
The temperature 7 of the coolant is related to the heat transfer Q by
dQ = Wl L CLdTL

(8.33)

8.8. CONDENSERS 197

or the integrated form

TL=TLO+AQ/r'nLCL. (834)
A procedure will be described for taking the vapor from its initial
dewpoint Ty to its final dewpoint corresponding to the required
amount of condensation. Gas temperatures are specified at inter-
mediate points and the heat balance is applied over one interval
at a time.

1. Prepare the condensing curve, a plot of the vapor temperature
T, against the amount of heat removed Q, by a series of isother-
mal flashes and enthalpy balances.

2. Starting at the inlet temperature Ty, specify a temperature T, a
few degrees less, and note the heat transfer AQ corresponding
to this temperature difference from the condensing curve.

3. Find the temperature 7 of the coolant with Eq. (8.38).

4. Assume an interfacial temperature 73, then find the correspond-
ing vapor pressure p; and latent heat A.

5. From available correlations, find values of the coefficients 7,,
ke, and U which are temperature- and composition-dependent,
although they sometimes may be taken as constant over some
ranges.

6. Check if these values satisfy the heat balance of Eq. (8.37). If
not, repeat the process with other estimates of 7; until one is
found that does satisfy the heat balance.

7. Continue with other specifications of the vapor temperature T,
one interval at a time, until the required outlet temperature is
reached.

8. The heat transfer area will be found by numerical integra-
tion of

_[¢__do
A_Jo U, -T7)

(8.35)
Examples of numerical applications of this method are in the origi-

nal paper of Colburn and Hougen (1934), in the book of Kern
(1950, p. 346) and in the book of Ludwig (1983, Vol. 3, p. 116).

ExampLE 8.9

Estimation of the Surface Requirements of an Air Cooler
An oil is to be cooled from 300 to 150°F with ambient air at 90°F,
with a total duty of 20 MBtu/hr. The tubes have 5/8 in. fins on 1 in.
OD and 2-5/16 in. triangular spacing. The tube surface is given by

A = 1.33NWL, sqft of bare tube surface,
N = number of rows of tubes, from 3 to 6,
W = width of tube bank, ft,

L = length of tubes, ft.

According to the data of Table 8.12, the overall coefficient may be
taken as U = 60 Btu/(hr)(°F)(sqft of bare tube surface). Exchangers
with 3 rows and with 6 rows will be examined.

Approach = 150 — 90 = 60°F,
Cooling range = 300 — 150 = 150°F,
From Figure 8.9(f), 3 rows,

A =160 sqft/MBtu/hr)

— 160(20) = 3200 sqft
=1.33(3) WL.

When W = 16 ft, L = 50 ft.

Two fans will make the ratio of section length to width,
25/16 = 1.56 which is less than the max allowable of 1.8. At 7.5
HP/100 sqft,

16(50)
P =———>7.5=60HP.
ower 100

From Figure 8.10(c), 6 rows,
A =185sqft/(MBtu/hr)

— 185(20) = 3700 sqft.
=1.33(6)WL.

When W =16 ft, L = 29 ft.
Since L/ W =1.81, one fan is marginal and two should be used:
Power =[16(29)/100]7.5=34.8 HP.

The 6-row construction has more tube surface but takes less
power and less space.
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THE SILVER-BELL-GHALY METHOD

This method takes advantage of the rough proportionality between
heat and mass transfer coefficients according to the Chilton-
Colburn analogy, and employs only heat transfer coefficients for
the process of condensation from a mixture. The sensible heat
Q,, of the vapor is transferred through the gas film

dQs,=hy(T, — T;)dA. (8.36)

In terms of an overall heat transfer coefficient U that does not
include the gas film, the total heat transfer Q that is made up of
the latent heat and the sensible heats of both vapor and liquid is

represented by
dQr=U(T, — T,)dA. (8.37)

When the unknown interfacial temperature 77 is eliminated and the
ratio Z of sensible and total heat transfers

Z=dQs,/dQr (8.38)
is introduced, the result is
U(T, - T.)
=————"dA .
d0r = +ZU/h, a, .39)
which is solved for the heat transfer area as
or 14+ZU/h,
= —240;. 8.40
J Or 40 (8.40)

Since the heat ratio Z, the temperatures and the heat transfer coef-
ficients vary with the amount of heat transfer Q7 up to a position
in the condenser, integration must be done numerically. The cool-
ant temperature is evaluated from Eq. (8.38). Bell and Ghaly
(1973) examine cases with multiple tube passes.

The basis of the method was stated by Silver (1947). A numer-
ical solution of a condenser for mixed hydrocarbons was carried

TABLE 8.14. A Guide to the Selection of Reboilers
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out by Webb and McNaught (in Chisholm, 1980, p. 98); compar-
ison of the Silver-Bell-Ghaly result with a Colburn-Hougen calcu-
lation showed close agreement in this case. Bell and Ghaly (1973)
claim only that their method predicts values from 0 to 100% over
the correct values, always conservative. A solution with constant
heat transfer coefficients is made in Example 8.11: A review of
the subject has been presented by McNaught (in Taborek et al.,
1983, p. 35).

8.9. REBOILERS

Reboilers are heat exchangers that are used primarily to provide
boilup for distillation and similar towers. All types perform partial
vaporization of a stream flowing under natural or forced circulation
conditions. Sketches of a kettle and two types of thermosiphon
reboilers are in Figure 8.4. Internal reboilers, with a tube bundle
built into the tower bottom, also have some application. Flow
through a vertical unit like that of Figure 8.4(f) may be forced with
a pump in order to improve heat transfer of viscous or fouling mate-
rials, or when the vaporization is too low to provide enough static
head difference, or when the tower skirt height is too low. A sum-
mary guide to the several types of reboilers is in Table 8.14.

KETTLE REBOILERS

Kettle reboilers consist of a bundle of tubes in an oversize shell.
Submergence of the tubes is assured by an overflow weir, typically
5-15 cm higher than the topmost tubes. An open tube bundle is
preferred, with pitch to diameter ratios in the range of 1.5-2.
Temperature in the kettle is substantially uniform. Residence time
is high so that kettles are not favored for thermally sensitive materi-
als. The large shell diameters make kettles uneconomic for high
pressure operation. Deentraining mesh pads often are incorporated.
Tube bundles installed directly in the tower bottom are inexpensive
but the amount of surface that can be installed is limited.

Reboiler Type

Horizontal Shell-Side

Vertical Tube-Side

Process Conditions Kettle or Internal Thermosiphon Thermosiphon Forced Flow
Operating pressure
Moderate E G B E
Near critical B-E R Rd E
Deep vacuum B R Rd E
Design AT
Moderate E G B E
Large B R G-Rd E
Small (mixture) F F Rd P
Very small (pure B F P P
component)
Fouling
Clean G G G E
Moderate Rd G B E
Heavy P Rd B G
Very heavy P P Rd B
Mixture boiling range
Pure component G G G E
Narrow G G B E
Wide F G B E
Very wide, with viscous F-P G-Rd P B
liquid

2Category abbreviations: B, best; G, good operation; F, fair operation, but better choice is possible; Rd, risky unless carefully designed,
but could be best choice in some cases; R, risky because of insufficient data; P, poor operation; E, operable but unnecessarily expensive.

(HEDH, 1983, 3.6.1).
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HORIZONTAL SHELL SIDE THERMOSIPHONS

The fraction vaporized in thermosiphon reboilers usually can be
made less than in kettles, and the holdup is much less. Less static
head difference is needed as driving force for recirculation in com-
parison with vertical units. Circulation rate can be controlled
by throttling the inlet line. Because of the forced flow, there is a
temperature gradient, from the inlet bubblepoint to the exit

bubblepoint, whereas in a kettle the boiling temperature is more
nearly uniform, at the exit bubblepoint. Consequently, for the
same percentage vaporization, the mean temperature difference
between shell and tube sides will be greater for thermosiphons than
for kettles. Or for the same mean temperature difference, the per-
centage vaporization can be made less. Large surface requirements
favor horizontal over vertical thermosiphons. Horizontal tube

ExampLE 8.10

Process Design of a Shell-and-Tube Heat Exchanger
An oil at the rate of 490,000 Ib/hr is to be heated from 100 to
170°F with 145,000 1b/hr of kerosene initially at 390°F. Physical
properties are

Qil 0.86sp gr, 3.5cP at 135°F, 0.49sp ht
Kerosene 0.82sp gr, 0.4 cP at 200°F, 0.61 sp ht

oil, 100 F 170 F
490000 pph
kerosene 390 F
f——
200 F
145000 pph

Kerosene outlet:

T =390 — (490, 000 = 145,000)(0.49/0.61)(170 — 100)
=200°F,

LMTD = (220-100)/In2.2=152.2,
P=(170-100)/(390 — 100) =0.241,
R=(390-200)/(170 — 100) =2.71.

From Figure 8.5(a), F=0.88, so a 1-2 exchanger is satisfactory:
AT =152.2(0.88)=133.9.

From Table 8.6, with average values for medium and heavy organics,
U=10*/(57+ 16450 +34)=63.7,
0 =490,000(0.49)(170 — 100) = 1.681(107) Btu 1 hr,
A=Q/UAT=1.681(10")/63.7(133.9) = 1970 sqft,
1970/0.2618 =7524.8 ft of 1 in. OD tubing.

Use 14 in. pitch, two tube pass. From Table 8.13,

Dshen (number of tubes)

Required
L (ft) No. Tubes Triangular Square
8 940 — —
12 627 35 (608) 37 (584)
16 470 31 (462) 33 (460)
20 376 29 (410) 31 (402)

Use 16 ft tubes on 11 in. square pitch, two pass, 33 in. shell
L/D=16/(33/12)=5.82,

which is near standard practice. The 20 ft length also is acceptable
but will not be taken.

The pressure drops on the tube and shell sides are to be
calculated.

Tube side: 0.875 in. ID, 230 tubes, 32 ft long: Take one velocity
head per inlet or outlet, for a total of 4, in addition to friction in the
tubes. The oil is the larger flow so it will be placed in the tubes.

rir =490,000,/230 = 2130.41b/ (hr) (tube).

Use formulae from Table 6.1

Re =6.314(2130.4) /0.875(3.5) = 4392,
£=1.6364/[In(5(1077)/0.875 +6.5/4392))* =0.0385,
AP;=5.385(10"%)(2130)*(32)(0.0385) /0.85(0.875)°
=0.691 psi.

Expansion and contraction:

AP, =4p(1/2q,) =4(53.04)(3.26)% /(64.4)(144) = 0.243 psi,
AP =0.691+0.243 =0.934 psi.

Shellside. Follow Example 8.8:

D, =1.2732(1.25/12)* = (1/12) = 1/12=0.0824 t,
B =1.25ft between baffles,
E =0.25/12 ft between tubes,
D, =33/12=2.75 ft shell diameter,
A;=2.75(1.25)(0.25/12)/(1.25/12) =0.6875 sqft,
G, =145,000/0.6875=210,909 1b/(hr)(sqft),
Re =0.0824(210,909)/0.4(2.42) = 17,952,
£=0.0121(17,952) """ =0.00188,
AP =0.00188(210,909)*(2.75)(13)/5.22(10')(0.82)(0.0824)
=0.85psi.
The pressure drops on each side are acceptable. Now it

remains to check the heat transfer with the equations of Table
8.10 and the fouling factors of Table 8.6.




bundles are easier to maintain. The usual arguments for tube side
versus shell side also are applicable.

VERTICAL THERMOSIPHONS

Circulation is promoted by the difference in static heads of supply
liquid and the column of partially vaporized material. The exit
weight fraction vaporized should be in the range of 0.1-0.35 for
hydrocarbons and 0.02-0.10 for aqueous solutions. Circulation
may be controlled with a valve in the supply line. The top tube sheet
often is placed at the level of the liquid in the tower. The flow area of
the outlet piping commonly is made the same as that of all the tubes.
Tube diameters of 19-25 mm diameter are used, lengths up to 12 ft
or so, but some 20 ft tubes are used. Greater tube lengths make for
less ground space but necessitate taller tower skirts.

Maximum heat fluxes are lower than in kettle reboilers.
Because of boiling point elevations imposed by static head, vertical
thermosiphons are not suitable for low temperature difference
services.

Shell side vertical thermosiphons sometimes are applied when
the heating medium cannot be placed on the shell side.

FORCED CIRCULATION REBOILERS

Forced circulation reboilers may be either horizontal or vertical.
Since the feed liquid is at its bubblepoint, adequate NPSH must be
assured for the pump if it is a centrifugal type. Linear velocities in
the tubes of 15-20 ft/sec usually are adequate. The main disadvan-
tages are the costs of pump and power, and possibly severe mainte-
nance. This mode of operation is a last resort with viscous or
fouling materials, or when the fraction vaporized must be kept low.

CALCULATION PROCEDURES

Equations for boiling heat transfer coefficients and maximum heat
fluxes are Eqs. (37) through (44) of Table 8.10. Estimating values
are in Tables 8.4-8.7. Roughly, boiling coefficients for organics
are 300 Btu/(hr)(sqft)(°F), or 1700 W/m? K; and for aqueous solu-
tions, 1000 Btu/(hr)(sqft)(°F), or 5700 W/m? K. Similarly, maxi-
mum fluxes are of the order of 20,000 Btu/(hr)(sqft), or 63,000
W/m?, for organics; and 35,000 Btu/(hr)(sqft) or 110,000 W/m?,
for aqueous systems.

The design procedure must start with a specific geometry and
heat transfer surface and a specific percentage vaporization. Then
the heat transfer coefficient is found, and finally the required area
is calculated. When the agreement between the assumed and calcu-
lated surfaces is not close enough, the procedure is repeated with
another assumed design. The calculations are long and tedious
and nowadays are done by computer. The most widely utilized
computer design program is supplied to their members by Heat
Transfer Research Inc. (HTRI, www.htri.net). Others (i.e., non-
members) can benefit from the use of these programs by submit-
ting equipment inquiries to member company fabricators; almost
all heat transfer equipment fabricators are members of HTRI.

Example 8.12 summarizes the results of such calculations
made on the basis of data in Heat Exchanger Design Handbook
(1983). Procedures for the design of kettle, thermosiphon and
forced circulation reboilers also are outlined by Polley (in
Chisholm, 1980, Chap. 3).

8.10. EVAPORATORS

Evaporators employ heat to concentrate solutions or to recover
dissolved solids by precipitating them from saturated solutions.
They are reboilers with special provisions for separating liquid

8.10. EVAPORATORS 201

and vapor phases and for removal of solids when they are precipi-
tated or crystallized out. Simple kettle-type reboilers [Fig. 8.4(d)]
may be adequate in some applications, especially if enough free-
board is provided. Some of the many specialized types of evapora-
tors that are in use are represented in Figure 8.16. The tubes may
be horizontal or vertical, long or short; the liquid may be outside
or inside the tubes, circulation may be natural or forced with
pumps or propellers.

Natural circulation evaporators [Figs. 18.15(a)—(e)] are the
most popular. The forced circulation type of Figure 18.15(f) is
most versatile, for viscous and fouling services especially, but also
the most expensive to buy and maintain. In the long tube vertical
design, Figure 8.15(d), because of vaporization the liquid is in
annular or film flow for a substantial portion of the tube length,
and accordingly is called a rising film evaporator. In falling film
evaporators, liquid is distributed to the tops of the individual
tubes and flows down as a film. The hydrostatic head is elimi-
nated, the pressure drop is little more than the friction of the
vapor flow, and heat transfer is excellent. Since the contact
time 1is short and separation of liquid and vapor is virtually com-
plete, falling film evaporation is suitable for thermally sensitive
materials.

Long tube vertical evaporators, with either natural or forced
circulation are the most widely used. Tubes range from 19 to 63 mm
diameter, and 12-30 ft in length. The calandria of Figure 8.15(b)
has tubes 3-5 ft long, and the central downtake has an area about
equal to the cross section of the tubes. Sometimes circulation in calan-
drias is forced with built in propellors. In some types of evaporators,
the solids are recirculated until they reach a desired size. In Figure 8.15
(f), fresh feed is mixed with the circulating slurry. In Figure 8.15(g)
only the clear liquid is recirculated, and small more nearly uniform
crystals are formed.

THERMAL ECONOMY

Thermal economy is a major consideration in the design and
operation of evaporators. This is improved by operating several
vessels in series at successively lower pressures and utilizing vapors
from upstream units to reboil the contents of downstream units.
Figure 8.17 shows such arrangements. Thermal economy is
expressed as a ratio of the amount of water evaporated in the
complete unit to the amount of external steam that is supplied.
For a single effect, the thermal economy is about 0.8, for two
effects it is 1.6, for three effects it is 2.4, and so on. Minimum cost
usually is obtained with eight or more effects. When high pressure
steam is available, the pressure of the vapor can be boosted with a
steam jet compressor [Fig. 8.16(c)] to a usable value; in this way
savings of one-half to two-thirds in the amount of external steam
can be achieved. Jet compressor thermal efficiencies are 20-30%.
A possible drawback is the contamination of condensate with
entrainment from the evaporator. When electricity is affordable,
the pressure of the vapor can be boosted mechanically, in compres-
sors with efficiencies of 70-75%.

Because of the elevation of boiling point by dissolved solids,
the difference in temperatures of saturated vapor and boiling solu-
tion may be 3-10°F which reduces the driving force available for
heat transfer. In backward feed [Fig. 8.17(b)] the more concen-
trated solution is heated with steam at higher pressure which
makes for lesser heating surface requirements. Forward feed under
the influence of pressure differences in the several vessels requires
more surface but avoids the complications of operating pumps
under severe conditions.

Several comprehensive examples of heat balances and surface
requirements of multiple effect evaporation are worked out by
Kern (1950).
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Figure 8.16. Forward and backward of liquid flow with respect to
steam flow in triple-effect evaporators. (a) Forward flow of liquid
by action of pressure differences in the vessels. (b) Backward-
pumped flow of liquid through the vessels.

SURFACE REQUIREMENTS

The data of Tables 8.4-8.7 and particularly Table 8.10 for boiling
liquids are applicable to evaporators when due regard is given the
more severe fouling that can occur. For example, cases have been
cited in which fouling presents fully half the resistance to heat
transfer in evaporators. Some heat transfer data specifically for
evaporators are in Figure 8.18. Forced circulation and falling film
evaporators have the higher coefficients, and the popular long tube
vertical, somewhat poorer performance.

With such data, an estimate can be made of a possible eva-
porator configuration for a required duty, that is, the diameter,
length, and number of tubes can be specified. Then heat transfer
correlations can be applied for this geometry and the surface recal-
culated. Comparison of the estimated and calculated surfaces will
establish if another geometry must be estimated and checked. This
procedure is described in Example 8.12.

8.11. FIRED HEATERS

High process temperatures are obtained by direct transfer of heat
from the products of combustion of fuels. Maximum flame tem-
peratures of hydrocarbons burned with stoichiometric air are
about 3500°F. Specific data are cited by Hougen, Watson, and
Ragatz (Chemical Process Principles, Vol. 1, Wiley, New York,
1954, p. 409) and in.... Marks’ Standard Handbook for Mechanical
Engineers (1996, p. 4-29, Table 4:1:9). With excess air to ensure
complete combustion the temperatures are lower, but still adequate
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Figure 8.17. Overall heat transfer coefficients in some types of
evaporators. (a) Water and sugar juice evaporators; (b) Sea water
evaporators. [F.C. Standiford, Chem. Eng., 157-176 (9 Dec.
1963)].

for the attainment of process temperatures above 2000°F when
necessary. Lower temperatures are obtained with heat transfer
media such as those of Table 8.2 which are in turn serviced in
direct-fired heaters.

DESCRIPTION OF EQUIPMENT

In fired heaters and furnaces, heat is released by combustion of fuels
into an open space and transferred to fluids inside tubes which are
ranged along the walls and roof of the combustion chamber.

The heat is transferred by direct radiation and convection and
also by reflection from refractory walls lining the chamber.

Three zones are identified in a typical heater such as that of
Figure 8.18(a). In the radiant zone, heat transfer is predominantly
(about 90%) by radiation. The convection zone is “out of sight”



Stack

Hood

Convection
section

Radiant

+—— Radiant tubes — section

Firebox

CO0O0O0O0O0QO0O0O0OO0

O000O0O0CO0OO0OO0O0

ls

~CONVEC T/ION

i | -RerrACTORY

4 / RRDIRNT TUBES —\ B

BURNERS

(c)

8.11. FIRED HEATERS 203

000000000000 000000000000C000

W
3

e e

OO

POOO000000000C00000V0000000000

[

N

N\
i
~
2
3
s

\]
A\

\ 60000000(&)0000000000«

Burners

00O

N\

Flue gas
fo stack

Recirevlaling
flue gas fan

A\

l o

Recirculating flve gase——

REFRACTORY STACK

COMVECTION

R T TR,

0000000000000

p DI AR I Y

=]

{d}

Figure 8.18. Some types of process fired heaters. (See also Fig. 17.16 for a radiation panel heater) (a) Radiant, shield, and convection sec-
tions of a box-type heater. (b) Heater with a split convection section for preheating before and soaking after the radiant section (Lobo and
Evans, 1939). (¢) Vertical radiant tubes in a cylindrical shell. (d) Two radiant chambers with a common convection section.

of the burners; although some transfer occurs by radiation because
the temperature still is high enough, most of the transfer here is by
convection.

The application of extended surfaces permits attainment of
heat fluxes per unit of bare surface comparable to those in the radi-
ant zone. Shield section is the name given to the first two rows or
so leading into the convection section. On balance these tubes
receive approximately the same heat flux as the radiant tubes
because the higher convection transfer counteracts the lesser radia-
tion due to lack of refractory wall backing. Accordingly, shield
tubes are never finned.

The usual temperature of flue gas entering the shield section is
1300-1650°F and should be 200-300°F above the process tempera-
ture at this point. The proportions of heat transferred in the radi-
ant and convection zones can be regulated by recirculation of hot
flue gases into the radiant zone, as sketched on Figure 8.18(b).
Such an operation is desirable in the thermal cracking of hydrocar-
bons, for instance, to maintain a proper temperature profile; a
negative gradient may cause condensation of polymeric products
that make coke on the tubes. Multiple chambers as in Figure 8.18(d)
also provide some flexibility. In many operations, about 75% of the
heat is absorbed in the radiant zone of a fired heater.
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ExampLE 8.11

Sizing a Condenser for a Mixture by the Silver-Bell-Ghatly

Method
A mixture with initial dewpoint 139.9°C and final bubblepoint
48.4°C is to be condensed with coolant at a constant temperature
of 27°C. The gas film heat transfer coefficient is 40 W = m’K
and the overall coefficient is 450. Results of the calculation of
the condensing curve are

T (°C) 139.9 121.6 103.3 85.0 66.7 48.4
QW) 0 2154 3403 4325 5153 5995

In the following tabulation, over each temperature interval are
shown the average gas temperature, the value of Z, and the

value of the integrand of Eq. (8.44). The integrand is plotted
following.

Interval 1 2 3 4 5
(Tg)m 130.75 112.45 94.15 75.85 57.4
10.1.1.1.2Z 0.1708 0.1613 0.1303 0.0814  0.0261
Integrand x (10°) 6.26 7.32 8.31 8.71 9.41

The heat transfer surface is the area under the stepped curve, which
is @ = 0.454 m”. A solution that takes into account the substantial
variation of the heat transfer coefficients along the condenser gives
the result 4 = 0.385 m? (Webb and McNaught, in Chisholm, 1980,
p. 98).
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Horizontal tube supports are made of refractory steel to with-
stand the high temperatures. Hangers for vertical tubes make for a
less expensive construction per unit of tube surface. Furnaces are
lined with shaped light weight refractory brick 5-8 in. thick. A 1
in. layer of insulating brick is placed between the lining and the
metal shell.

Differences of opinion exist among designers with respect to
housing shapes and tube arrangements. Nelson (Petroleum Refin-
ery Engineering, McGraw-Hill, New York, 1958, p. 587), for
example, describes a dozen types. The most common are cylindri-
cal shells with vertical tubes and cabin or box types with horizontal
tubes. Figures 8.18 and 17.16 are of typical constructions. Convec-
tion zones are most commonly at the top. Process fluid goes first
through the convection section and usually leaves the radiant tubes
at the top, particularly when vaporization occurs in them. In the
more complex flow pattern of Figure 8.19(b), some of the convec-
tion tubes are used for preheat and the remainder to maintain the
process fluid at a suitable reaction temperature that was attained in

the radiant tubes. Some of the convection zone also may be used
for steam generation or superheating or for other heat recovery
services in the plant.

Capacities of 10-200 MBtu/hr can be accommodated in heat-
ers with single radiant chambers, and three to four chambers with
a common convection section are feasible. Stoichiometric combus-
tion air requirements of typical fuels are tabulated:

Combustion Air

Fuel LHV (Btu/Ib) Ib/Ib

Ib/1000 Btu
Methane 21,500 17.2 0.800
Propane 19,920 15.2 0.763
Light fuel oil 17,680 14.0 0.792
Heavy fuel oil 17,420 13.8 0.792
Anthracite 12,500 4.5 0.360

Burners may be located in the floor or on the ends of the heat-
ers. Liquid fuels are atomized with steam or air or mechanically.
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Figure 8.19. Flowsketch of process of Example 8.16.

A particularly effective heater design is equipped with radiant panel
(surface combustion) burners, illustrated in Figure 17.16(a), (b).
The incandescent walls are located 2-3 ft from the tubes. The fur-
nace side of the panel may reach 2200°F whereas the outer side
remains at 120°F because of continual cooling by the air-gas mix-
ture. Radiant panel burners require only 2-5% excess air compared
with 10-20% for conventional burners. Heaters equipped with
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radiant panels cost more but provide better control of temperatures
of reactions such as pyrolysis of hydrocarbons to ethylene for
instance.

Distances between tube banks are of the order of 20 ft or so.
A rough guide to box size is about 4 cuft/sqft of radiant transfer
surface, but the ultimate criterion is sufficient space to avoid
impingement of flames on the tubes. Some additional notes on
dimensions are stated with the design procedure of Tables 8.16,
8.17, and 8.18.

Tubes are mounted approximately one tube diameter from the
refractory walls. Usual center-to-center spacing is twice the outside
tube diameter. Wider spacings may be employed to lower the ratio
of peak flux at the front of the tube to the average flux. For single
rows of tubes, some values of these ratios are

Center-to-center/diameter 1 1.5 2 2.5
Max flux/avg flux 3.1 2.2 1.8 1.5 1.2

Less is gained by extending the ratio beyond 2.0. Excessive
fluxes may damage the metal or result in skin temperatures that
are harmful to the process fluid.

A second row of tubes on triangular spacing contributes only
about 25% of the heat transfer of the front row. Accordingly, new
furnaces employ only the more economical one-row construction.
Second rows sometimes are justifiable on revamp of existing equip-
ment to marginally greater duty.

HEAT TRANSFER

Performance of a heater is characterized by the average heat flux in
the radiant zone and the overall thermal efficiency. Heat fluxes of
representative processes are listed in Table 8.15. Higher fluxes make
for a less expensive heater but can generate high skin temperatures

ExampLE 8.12

Comparison of Three Kinds of Reboilers for the Same Service Quantity Kettle Horizontal TS Vertical TS
The service is reboiling a medium boiling range hydrocarbon mix- Rated area (m2) 930 930 480
ture at 10 atm with a duty of 14,600 kW. The designs are calcu- Tube length (m) 6.1 6.1 4.9
lated in HEDH (1983, 3.6.5) and are summarized here. Tube OD (mm) 19 19 _
In each case a specific geometry and surface are assumed; then Tube ID (mm) — — 21.2
the heat transfer coefficients are evaluated, and the area is checked. Vaporization (%) 30 25 25
When agreement between assumed and calculated areas is not U (W/m? K) 674 674 928
close, another design is assumed and checked. (AT)m ) 25 44.8 44.8
Of the three sets of calculations summarized here, only that for Calculated area (mz) 866 483 350
Calculated gq(W/m?) 16,859 30,227 41,174
the kettle need not be repeated. Both the others should be repeated - 2
. . , b Grmax(W/m?) — — 67,760
since the assumed designs are too conservative to be economical.
160 C, 30% vap. 150C T g?/?,ap
25% vap °
190C bt
190 C
— — 190 C
190C 190C
S
190C 140C  165C 140C Fraoc
Kettle reboiler Horizontal Vertical

thermosiphon

thermosiphon
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TABLE 8.15. Typical Radiant Fluxes and Process Temperatures

Average Radiant Rate

Service (Btu/hr/ft?) (Based on OD) Temperature (°F)

Atmospheric crude heaters 10,000-14,000 400-700

Reboilers 10,000-12,000 400-550

Circulating oil heaters 8000-11,000 600

Catalytic reformer change and reheat 7500-12,000 800-1000

Delayed coking heater 10,000-11,000 925

Visbreaker heaters—-heating section 9000-10,000 700-950

Soaking section 6000-7000 950

Lube vacuum heaters 7500-8500 850

Hydrotreater and hydrocracker charge heaters 10,000 700-850

Catalytic-cracker feed heaters 10,000-11,000 900-1050

Steam superheaters 9000-13,000 700-1500

Natural gasoline plant heaters 10,000-12,000 —_

Ethylene and propylene synthesis 10,000-15,000 1300-1650
ExawmpLE 8.13 Center-to-center/diameter 1 15 2 25 3
Peak Temperatures Peak (°F) 1036 982 958 948  9.22

An average flux rate is 12,000 Btu/(hr)(sqft) and the inside film
coefficient is 200 Btu/(hr)(sqft)(°F). At the position where the aver-
age process temperature is 850°F, the peak inside film temperature
is given by T'=850+ 12,000°R/200. At the several tube spacings
the peak temperatures are:

For heavy liquid hydrocarbons the upper limit of 950°F often is
adopted.

inside and out. Thermal sensitivity of the process fluid, the strength
of the metal and its resistance to corrosion at elevated temperatures
are factors to be taken into account in limiting the peak flux.
Because of the refractory nature of water, however, allowable
fluxes in steam boilers may reach 130,000 Btu/(hr)(sqft), in compar-
ison with a maximum of about 20,000 in hydrocarbon service.
Example 8.13 is a study of the effect of tube spacing on inside film
peak temperatures.

A certain amount of excess air is needed to ensure complete
combustion. Typical minimum excess requirements are 10% for
gaseous fuels and 15-20% for liquids. Radiant panel burners may
get by with 2-5% excess air.

Efficiency is the ratio of total heat absorbed in radiant, convec-
tion, and heat recovery sections of the heater to the heat released by
combustion. The released heat is based on the lower heating value
of the fuel and ambient temperature. With standard burners, efficien-
cies may be in the range 60-80%; with radiant panels, 80-82%.
Within broad limits, any specified efficiency can be attained by con-
trolling excess air and the extent of recovery of waste heat.

An economical apportionment of heat absorption between the
radiant and convection zones is about 75% in the radiant zone.
This can be controlled in part by recirculation of flue gases into
the radiant chamber, as shown in Figure 8.18(b).

Because of practical limitations on numbers and possible loca-
tions of burners and because of variations in process temperatures,
the distribution of radiant flux in a combustion chamber is not uni-
form. In many cases, the effect of such nonuniformity is not impor-
tant, but for sensitive and chemically reacting systems it may need
to be taken into account. A method of estimating quickly a flux
distribution in a heater of known configuration is illustrated by
Nelson (1958, p. 610). A desired pattern can be achieved best in
a long narrow heater with a multiplicity of burners, as on Figure
17.16 for instance, or with a multiplicity of chambers. A procedure

for design of a plug flow heater is outlined in the Heat Exchanger
Design Handbook (1983, 3.11.5). For most practical purposes,
however, it is adequate to assume that the gas temperature and
the heat flux are constant throughout the radiant chamber. Since
the heat transfer is predominantly radiative and varies with the
fourth power of the absolute temperature, the effect of even sub-
stantial variation in stock temperature on flux distribution is not
significant. Example 8.14 studies this problem.

DESIGN OF FIRED HEATERS

The design and rating of a fired heater is a moderately complex
operation. Here only the completely mixed model will be treated.
For this reason and because of other generalizations, the method to
be described affords only an approximation of equipment size and
performance. Just what the accuracy is, it is hard to say. Even the
relatively elaborate method of Lobo and Evans (1939) is able to pre-
dict actual performance only within a maximum deviation of 16%.

Pertinent equations and other relations are summarized in
Table 8.16, and a detailed stepwise procedure is listed in Table
8.17. A specific case is worked out in detail in Example 8.15. Basi-
cally, a heater configuration and size and some aspects of the per-
formance are assumed in advance. Then calculations are made of
the heat transfer that can be realized in such equipment. Adjust-
ments to the design are made as needed and the process calcula-
tions repeated. Details are given in the introduction to Example
8.16. Figures 8.19, 8.20, and 8.21 pertain to this example. Some
of the approximations used here were developed by Wimpress
(1963); his graphs were converted to equation form for conveni-
ence. Background and more accurate methods are treated notably
by Lobo and Evans (1939) and more briefly by Kern (1950) and
Ganapathy (1982). Charts of gas emissivity more elaborate than
Figure 8.23 appear in these references.



An early relation between the heat absorption Q in a radiant
zone of a heater, the heat release Qy the effective surface 4., and
the air/fuel ratio R Ib/lb is due to Wilson, Lobo, and Hottel [/nd.
Eng. Chem. 24, 486, (1932)]:

Qr/Q=1+(R/4200)\/ O/ Acp-

Although it is a great simplification, this equation has some uti-
lity in appraising directional effects of changes in the variables.
Example 8.16 considers changes in performance with changes in
excess air.

Heat transfer in the radiant zone of a fired heater occurs lar-
gely by radiation from the flue gas (90% or so) but also signifi-
cantly by convection. The combined effect is represented by

(8.41)

Q/A=h(T; =T} +he(T,—T)), (8.42)
where T, and T are absolute temperatures of the gas and the receiv-
ing surface. The radiative properties of a gas depend on its chemical
nature, its concentration, and the temperature. In the thermal range,
radiation of flue gas is significant only from the triatomic molecules
H,0, CO,, and SO,, although the amount of the last is small and
usually neglected. With fuels having the composition C,H,,, the
ratio of partial pressures is py,0/pco, = 1. In Figure 8.23, the emis-
sivity of such a gas is represented as a function of temperature and
the product PL of the partial pressures of water and carbon diox-
ide and the path of travel defined by the mean beam length. Item 8
of Table 8.16 is a curve fit of such data.

When other pertinent factors are included and an approxima-
tion is introduced for the relatively minor convection term, the
heat transfer equation may be written

0/ad,,F=1730((T,/1000)*(T,/1000)*] + 7(T, - T.). (8.43)
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ExampLE 8.14

Effect of Stock Temperature Variation
A combustion chamber is at 2260°R, a stock enters at 1060°R and
leaves at 1360°R. Accordingly, the heat fluxes at the inlet and outlet
are approximately in the ratio (2.26*—1.06%)/(2.26*—1.36*)=
1.095. The small effect of even greater variation in flux on a mild
cracking operation is illustrated in Figure 8.22.

Here the absorptivity depends on the spacing of the tubes and is
given by item 5 of Table 8.16. The cold plane area 4, is the product
of the number of tubes by their lengths and by the center-to-center
spacing. The combination a4, is equal to the area of an ideal black
plane that has the same absorptivity as the tube bank, and is called
the equivalent cold plane area. Evaluation of the exchange factor F
is explained in item 9 of Table 8.16. It depends on the emissivity of
the gas and the ratio of refractory area 4,, to the equivalent cold
plane area ad,,. In turn, 4,,= A — 4,,, where A4 is the area of the
inside walls, roof, and floor that are covered by refractory.

In the convection zone of the heater, some heat also is trans-
ferred by direct radiation and reflection. The several contributions
to overall heat transfer specifically in the convection zone of fired
heaters were correlated by Monrad [Ind. Eng. Chem. 24, 505
(1932)]. The combined effects are approximated by item 10 of
Table 8.16, which is adequate for estimating purposes. The relation
depends on the temperature of the gas film which is taken to be the
sum of the average process temperature and one-half of the log
mean temperature difference between process and flue gas over
the entire tube bank. The temperature of the gas entering the con-
vection zone is found with the trial calculation described in Steps
22-23 of Table 8.17 and may utilize the computer program of
Table 8.18.

TABLE 8.16. Equations and Other Relations for Fired Heater Design

1. Radiant zone heat transfer

Qs _ Ty +460\* (T, +460\* B
aARF_1730{< 1000 100 ) |T7Te=T0

2. Radiant zone heat balance

Qg Q, (1 Q O Q Qg)

aArF ~ aAgF

Qg is the enthalpy absorbed in the radiant zone, Q, is the enthalpy of the entering air, Qrthat of the entering fuel, Q, is the enthalpy loss to
the surroundings, Qg is the enthalpy of the gas leaving the radiant zone; Q, and Qrare neglected if there is no preheat, and Q,/Q,, is about

0.02-0.03; Q, is the total enthalpy released in the furnace
3. Enthalpy Q, of the stack gas, given by the overall heat balance

Qs/on =1 + (1/0,,)(0,3 + Qf - OL - QR - oconvection)
4. Enthalpy Qg of the flue gas as a function of temperature, °F

Q,/Q,=[a+b(T/1000-0.1)](T/1000-0.1)
z=fraction excess air
a=0.22048 - 0.35027z + 0.923442°
b=0.016086 + 0.293937 — 0.481392°

(continued)
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TABLE 8.17.—(continued)

5. Absorptivity, a, of the tube surface with a single row of tubes

a=1-1[0.0277+0.0927(x — 1)}(x — 1)
x = (center-to-center spacing)/(outside tube diameter)

6. Partial pressure of CO, +H,0

P =0.288 — 0.229x + 0.090x?
x =fraction excess air

7. Mean beam lengths L of radiant chambers

Dimensional Ratio? Mean Length L (ft)

Rectangular Furnaces

1. 1-1-1 to 1-1-3 2/3\3/furnacevolume, ()
1-2-1 to 1-2-4

2.1-1-4 10 1-1-c0 1.0 x smallestdimension

3.1-2-5 to 1-2-8 1.3 x smallestdimension

4. 1-3-3 to 1-00-00 1.8 x smallestdimension

Cylindrical Furnaces

5.dxd 2/3diameter

6. dx2d to dxcod 1 x diameter

?Length, width, height in any order.

8. Emissivity ¢ of the gas (see also Fig. 8.20).
¢=a+b(PL)+c(PL)
PL =product of the partial pressure (6) and the mean beam length (7)
z=(T4+460)/1000
a=0.47916 —0.19847z +0.0225692°
b=0.047029 + 0.0699z — 0.015282
¢ =0.000803 — 0.007262z + 0.0015972

9. Exchange factor F
F=a+bg+cd?
¢ =gas emissivity, (8)
z=An/aAg
a=0.00064 +0.0591z+0.001012°
b=1.0256 + 0.4908z + 0.0582>
c=—0.144-0.552z + 0.0402

10. Overall heat transfer coefficient U, in the convection zone
U,=(a+bG+cG*)(4.5/d)°®
G=fluegasflowrate, Ib/(sec)(sqftopen cross section)
d =tube outside diameter, (in.)
z=T;/1000, average outside film temperature
a=2.461-0.759z + 1.6252°
b=0.7655 +21.373z — 9.66252
©=9.7938 — 30.809 + 14.3337°

11. Flue gas mass rate Gy
106@ 840 +8.0x, withfueloil
Q, ~ |822+7.78x, withfuelgas

Ib/MBtu heatrelease

x = fraction excess air
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TABLE 8.17. Procedure for the Rating of a Fired Heater, Utilizing the Equations of Table 8.16

1.

Choose a tube diameter corresponding to a cold oil velocity of 5-6 ft/sec

2. Find the ratio of center-to-center spacing to the outside tube diameter. Usually this is determined by the dimensions of available return

w

No oA

©

10.
11.
12.

13.
14.

15.

16.
17.

18.

19.
. The product PL is found with the results of Steps 18 and 19
21.

22,

23.

24.
25.

26.
27.

bends, either short or long radius

Specify the desired thermal efficiency. This number may need modification after the corresponding numbers of tubes have been
found

Specify the excess combustion air

Calculate the total heat absorbed, given the enthalpies of the inlet and outlet process streams and the heat of reaction

Calculate the corresponding heat release, (heat absorbed)/efficiency

Assume that 75% of the heat absorption occurs in the radiant zone. This may need to be modified later if the design is not entirely
satisfactory

Specify the average radiant heat flux, which may be in the range of 8000-20,000 Btu/(hr)(sqft). This value may need modification after the
calculation of Step 28 has been made

Find the needed tube surface area from the heat absorbed and the radiant flux. When a process-side calculation has been made, the
required number of tubes will be known and will not be recalculated as stated here

Take a distance of about 20 ft between tube banks. A rough guide to furnace dimensions is a requirement of about 4 cuft/sqft of radiant
transfer surface, but the ultimate criterion is sufficient space to avoid flame impingement

Choose a tube length between 30 and 60 ft or so, so as to make the box dimensions roughly comparable. The exposed length of the tube,
and the inside length of the furnace shell, is 1.5 ft shorter than the actual length

Select the number of shield tubes between the radiant and convection zones so that the mass velocity of the flue gas will be about 0.3-
0.4 Ib/(sec)(sqft free cross section). Usually this will be also the number of convection tubes per row

The convection tubes usually are finned

The cold plane area is

A, = (exposed tube length)(center-to-center spacing) (number of tubes exclusive of the shield tubes)
The refractory area A,, is the inside surface of the shell minus the cold plane area A, of Step 14
Ay =2[W(H+L)+(HxL)]-Ayp

where W, H, and L are the inside dimensions of the shell
The absorptivity o is obtained from Eq. (5) when only single rows of tubes are used. For the shield tubes, a=1
The sum of the products of the areas and the absorptivities in the radiant zone is

aAg = Ashield + @Acp

For the box-shaped shell, the mean beam length L is approximated by

L= % (furnace volume)"/?

The partial pressure P of CO, +H,O0 is given in terms of the excess air by Eq. (6)

The mean tube wall temperature T;in the radiant zone is given in terms of the inlet and outlet process stream temperatures by

T;=100+0.5(T; + T)

The temperature T, of the gas leaving the radiant zone is found by combining the equations of the radiant zone heat transfer [Eq. (1)] and
the radiant zone heat balance [Eq. (2)]. With the approximation usually satisfactory, the equality is

Q0 (1 nny Qo) _ Ty +460\ (T, 4460\ B
aARF(1 0.02 Q, =1730 {500 1000 ) | t7(Te= T

The solution of this equation involves other functions of Ty, namely, the emissivity ¢ by Eq. (8), the exchange factor F by Eq. (9) and the
exit enthalpy ratio Q; = Q, by Eq.(4)

The four relations cited in Step 22 are solved simultaneously by trial to find the temperature of the gas. Usually it is in the range 1500-
1800°F. The Newton-Raphson method is used in the program of Table 8.18. Alternately, the result can be obtained by interpolation of a
series of hand calculations

After T, has been found, calculate the heat absorbed Qg by Eq. (1)

Find the heat flux

O/A = OR/Aradiant

and compare with value specified in Step 8. If there is too much disagreement, repeat the calculations with an adjusted radiant

surface area

By heat balance over the convection zone, find the inlet and outlet temperatures of the process stream

The enthalpy of the flue gas is given as a function of temperature by Eq. (4). The temperature of the inlet to the convection zone was found
in Step 23. The enthalpy of the stack gas is given by the heat balance [Eq. (3)], where all the terms on the right-hand side are known. Q;/Q,
is given as a function of the stack temperature T by Eq. (4). That temperature is found from this equation by trial

(continued)
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TABLE 8.17.—(continued)

28. The average temperature of the gas film in the convection zone is given in terms of the inlet and outlet temperatures of the process stream

and the flue gas approximately by

(Tg1 = T1a) = (Ts = Tuo)

Te=05|Tn+ T+
T I (T = T /(Te = Too)

The flow is countercurrent

29. Choose the spacing of the convection tubes so that the mass velocity is G=0.3-0.41b/(sec)(sqft free cross section). Usually this spacing is
the same as that of the shield tubes, but the value of G will not be the same if the tubes are finned

30. The overall heat transfer coefficient is found with Eq. (10)
31. The convection tube surface area is found by

A, =Q,/U,(LMTD)

and the total length of bare of finned tubes, as desired, by dividing A, by the effective area per foot
32. Procedures for finding the pressure drop on the flue gas side, the draft requirements and other aspects of stack design are presented

briefly by Wimpress.

(Based partly on the graphs of Wimpress, 1963).

ExampLE 8.15

Design of a Fired Heater
The fuel side of a heater used for mild pyrolysis of a fuel oil will be
analyzed. The flowsketch of the process is shown in Figure 8.20,
and the tube arrangement finally decided upon is in Figure 8.21. Only
the temperatures and enthalpies of the process fluid are pertinent to
this aspect of the design, but the effect of variation of heat flux along
the length of the tubes on the process temperature and conversion is
shown in Figure 8.22. In this case, the substantial differences in heat
flux have only a minor effect on the process performance.

Basic specifications on the process are the total heat release
(102.86 MBtu/hr), overall thermal efficiency (75%), excess air
(25%), the fraction of the heat release that is absorbed in the radi-
ant section (75%), and the heat flux (10,000 Btu/(hr)(sqft).

In the present example, the estimated split of 75% and a radi-
ant rate of 10,000 lead to an initial specification of 87 tubes, but 90
were taken. The final results are quite close to the estimates, being
77.1% to the radiant zone and 9900 Btu/(hr)(sqft) with 90 tubes. If
the radiant rate comes out much different from the desired value,
the number of tubes is changed accordingly.

Because of the changing temperature of the process stream,
the heat flux also deviates from the average value. This variation
is estimated roughly from the variation of the quantity

B=1730(T; - T}) +7.0(T, - Ty),

where the gas temperature 7, in the radiant zone is constant and 7,
is the temperature of the process stream, both in °R. In comparison
with the average flux, the effect is a slightly increased preheat rate
and a reduced flux in the reaction zone. The inside skin temperature
also can be estimated on the reasonable assumptions of heat transfer
film coefficients of more than 100 before cracking starts and more
than 200 at the outlet. For the conditions of this example, with
0/A=9900and T, =2011°R, these results are obtained:

T, (°F) B/B724 h Tskin (°F)
547 1.093 >100 <655
724 1 >100 <823
900 1.878 >200 <943

The equation numbers cited following are from Table 8.16. The step
numbers used following are the same as those in Table 8.17:

1. Flow rate =195,394/3600(0.9455)(62.4) =0.9200 cfs, velocity =
5.08 fpsin 6-5/8 in. OD Schedule 80 pipe.

. Short radius return bends have 12 in. center-to-center.

n=0.75.

. Fraction excess air =0.25.

. From the API data book and a heat of cracking of
332 Btu/(Ib gas + gasoline):

3 IR

Hog =0.9(590) +0.08(770) + 0.02(855) = 609.6 Btu/Ib,
Ororal = 195, 394(609.6 — 248) + 19, 539(332) = 77.14(EG).

6. Heat released:
On=77.14/0.75=102.86(E6)Btu =1b.
7. Radiant heat absorption:

0r=0.75(77.14)(E6) = 57.86(EG).

-]

. (Q/A)rad=10,000 Btu/(hr)(sqft), average.
9. Radiant surface:

A=57.86(E6)/10,000 = 5786 sqft.

10-11. Tube length =5786/1.7344 =3336ft 40 foot tubes have an
exposed length of 38.5 ft; N=3336/38.5=86.6, say 92
radiant tubes.

12. From Eq. (11) the flue gas rate is

G, =102.85(1020) = 104,907 Ib/hr.

With four shield tubes, equilateral spacing and 3 in. distance to
walls,

104,907(12)
=—— 7 =(.3251 ft.
3600(38.5)(27.98) b/seesdft
13. The 90 radiant tubes are arranged as shown on Figure 8.22:
4 shields, 14 at the ceiling, and 36 on each wall. Dimensions
of the shell are shown.
14. 4,,=(38.5)(1)(90 —4) =3311sqft.

(continued)
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ExampLE 8.15—(continued)
15. Inside surface of the shell is

A;=2[20(37+38.5) +37(38.5)] = 5869 sqft.
Refractory surface,
A,, =5869 — 3311 =2558 sqft.
16. (Center-to-center)/OD =12/6.625=1.81,
a=0.917, single rows of tubes [Eq.(5)].
17. Effective absorptivity:

adr=4(38.5)(1)+0.917(3311) = 3190 sqft,
A, =aAr=2558/3190=0.8018.

18. Mean beam length:

L=(2/3)(20x37x38.5)"* =20.36.
19. From Eq. (6), with 25% excess air,
P=0.23.
20. PL=0.23(20.36) =4.68 atm ft.
21. Mean tube wall temp: The stream entering the radiant section
has absorbed 25% of the total heat.
H;=248+0.25(77.14)(E6) = 195,394 = 346.7,
T, = 565°F,
T, =100+ (565+900)/2 = 832.5.
22-25. Inputdata are summarized as:
PL =4.68,
D, =0.8018,
Dz =0.25,
T, =832.5,
01=0,/adr=102.86(E6) =3190=132,245.
From the computer program listed in Table 8.18,
Tg=1553.7,
F=0.6496 [Eq.(9)],
T,+460\* (T, +460\"
QR‘“ARF{173O {( 1000 ) - ( 1000

=3190(0.6496)(28, 679) = 59.43(EG).

+7(Tg - Tr)

Compared with estimated 57.86(E6) at 75% heat absorption in
the radiant section. Repeat the calculation with an estimate of
60(E6)

H, =248+ (77.14— 60)(E6) /195,394 = 335.7,

T, =542,
T,=100+0.5(542 +900) =821,
T,=1550.5,
F=0.6498,
Qr=3190(0.6498)(28,727) = 59.55(E6).
Interpolating,
o-assumed T1 Tt Tg Q(:al(:d O/A
57.86 565 832.5 1553.7 59.43
60.00 542 821 1550.5 59.55
Interpolation [647 1551.2 59.5 9900]
26-27.

Qeony = (77.14 — 59.50) (E6)
=17.64(E6).

Fraction lost in stack gas
0,/0,=1-0.02-0.75=0.23.
From (Eq. (4),
Ts=920°F.
28-31.

LMTD = 735.6
mean gas film temp is

Ty =0.5(400 + 547 +735.6) =841.3.

Since G =0.3251b/(sec)(sqft),
V.=5.6Btu/(hr)(sqft)(°F)[Eq.(10)],

17.64(E6)

ZLOMEY) _ 482 5ft,
735.6(5.6) s

ACDHV =

42821

1.7344(38.5) 64.1 bare tubes

or 16 rows of 4 tubes each. Spacing the same as of the shield tubes.
Beyond the first two rows, extended surfaces can be installed.

Totalrows=2+14/2=09.

8.12. INSULATION OF EQUIPMENT

Equipment at high or low temperatures is insulated to conserve
energy, to keep process conditions from fluctuating with ambient
conditions, and to protect personnel who have occasion to approach
the equipment. A measure of protection of the equipment metal
against atmospheric corrosion also may be a benefit. Application

of insulation is a skilled trade. Its cost runs to 8-9% of purchased
equipment cost.

In figuring heat transfer between equipment and surroundings, it
is adequate to take account of the resistances of only the insulation and
the outside film. Coefficients of natural convection are in Table 8.9 and
properties of insulating materials at several temperature levels are in
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ExampLE 8.16

Application of the Wilson-Lobo-Hottel Equation
In the case of Example 8.15, 25% excess air was employed, corre-
sponding to 19.0 1b/air/lb fuel, the heat release was Qy = 102.86
(106)Btu/hr, and ad,, = 3036. The effect will be found of changing
the excess air to 10% (16.72 1b air/lb fuel) on the amount of fuel to
be fired while maintaining the same heat absorption.

Ratioing Eq. (8.45) to yield the ratio of the releases at the two
conditions,

0p  _ 1+(1672/4200),/0/3036
102.86(106) 1 | (19.0/4200),/102.86(10) /3036
140.07224/ 0/ (107)
- 1.8327

.07, =95.82(10°)Btuy/hr,
which is the heat release with 10% excess air.

With 25% excess air, Q/Q;=1/1.8327=0.5456,
With 10% excess air, Q/Q,=0.5456(102.86/95.82) =0.5857,

which shows that approximately 7% more of the released heat is
absorbed when the excess air is cut from 25% down to 10%.

Tables 8.19-8.21, except all asbestos has been removed from insulation
in developed countries. Outdoors under windy conditions, heat losses
are somewhat greater than indoors at natural convections.... Perry’s
Chemical Engineers’ Handbook (McGraw-Hill, 2008, pp. 11.73 to
11.75) suggests 10-20% greater thickness of insulation is justified at
wind velocities of 7.4 miles/hr; temperature ranges of 150-1200°F,
and energy costs of 1-8 dollars/million Btu are also considered.

The optimum thickness of insulation can be established by eco-
nomic analysis when all of the cost data are available, but in practice
a rather limited range of thicknesses is employed. Table 8.22 of piping
insulation practice in one instance is an example.

The procedure for optimum selection of insulation thicknesses
is exemplified by Happel and Jordan [Chem. Process Economics,
380 (1975)]. They take into account the costs of insulation and fuel,
payout time, and some minor factors. Although their costs of fuel
are off by a factor of 10 or more, their conclusions have some valid-
ity if it is recognized that material costs likewise have gone up by
roughly the same factor. They conclude that with energy cost of
$2.5/million Btu (adjusted by a factor of 10), a payout time of
2 years, for pipe sizes of 2-8 in., the optimum thicknesses in insula-
tion depend on the process temperature according to:

T(°F) 200 400 600
Thickness (in.) 0.5 1.0 1.25

The data of Table 8.22 are roughly in agreement with these
calculations. Optimum thicknesses of pipe insulation also are given
in Perry’s Chemical Engineers’ Handbook (1997, pp. 11-70 to 73,
Tables 11-21 & 22)

For very large tanks storing volatile liquids and subject to
pressure buildup and breathing losses, it is advisable to find eco-
nomic thickness of insulation by economic analysis. The influence
of solar radiation should be taken into account; a brief treatment
of this topic is in the book of Threlkeld (Thermal Environmental
Engineering, Prentice-Hall, Englewood Cliffs, NJ, 1970). In at least
one application, rigid urethane foam sprayed onto storage tanks in
2 in. thickness and covered with a 4 mil thickness of neoprene rub-
ber for weather proofing was economically attractive.

Figure 8.20. Tube and box configuration of the fired heater of
Example 8.16.

.10 4900}

TEMPERATURE T

0 20 4o 60
TUBE NUMBER

X =
s

Figure 8.21. Effects of three modes of heat flux distribution on tem-
perature and conversion in pyrolysis of a fuel oil: (1) two levels,
12,500 and 7500; (2) linear variation between the same limits; (3) con-
stant at 10,000 Btu/(hr)(sqft). Obtained by method of Example 8.16.
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Figure 8.22. Total emissivity of carbon dioxide and water with
o0=Pco,=1 and a total pressure of 1 atm. [Hadvig, J. Inst.
Fuel 43, 129 1970)].

Although resistance to heat transfer goes up as the thickness
of pipe insulation is increased, the external surface also increases;
a thickness may be reached at which the heat transfer becomes a
minimum and then becomes larger. In accordance with this kind
of behavior, heat pickup by insulated refrigerated lines of small dia-
meters can be greater than that of bare lines. In another instance,
electrical transmission lines often are lagged to increase the rate of
heat loss. An example worked out by Kreith (Principles of Heat
Transfer, Intext, New York, 1973, p. 44) reveals that an insulated
0.5 in. OD cable has a 45% greater heat loss than a bare one.

LOW TEMPERATURES

Insulation suited to cryogenic equipment are characterized by mul-
tiple small spaces or pores that occlude more or less stagnant air of
comparatively low thermal conductivity. Table 8.19 lists the most
common of these materials. In application, vapor barriers are pro-
vided in the insulating structure to prevent inward diffusion of
atmospheric moisture and freezing on the cold surface with result-
ing increase in thermal conductivity and deterioration of the insu-
lation. Sealing compounds of an asphalt base are applied to the
surface of the insulation which then is covered with a weatherproof
jacket or cement coating. For truly cryogenic operations such as
air liquefaction and rectification in which temperatures as low as
—300°F are encountered, all of the equipment is enclosed in a
box, and then the interstices are filled with ground cork.

MEDIUM TO HIGH TEMPERATURES

Up to about 600°F, 85% magnesia has been the most popular
material. It is a mixture of magnesia and inorganic fibers so con-
structed that about 90% of the total volume is dead air space. Such
insulants are applied to the equipment in the form of slabs or blan-
kets which are held in place with supports and clips spotwelded to
the equipment. They are covered with cement to seal gaps and fin-
ished off with a canvas cover that is treated for resistance to the
weather. A galvanized metal outer cover may be preferred because
of its resistance to mechanical damage of the insulation.

Table 8.20 lists several materials which can be used above 500°F.
A mixture of diatomaceous earth and an asbestos binder is suitable
for temperatures up to the range of 1600-1900°F. Johns-Manville
“Superex” is one brand. Since this material is more expensive than
85% magnesia, a composite may be used to save money: sufficient thick-
ness of the high temperature resistant material to bring its external sur-
face to below 600°F, finished off with 85% magnesia in appropriate
thickness. Table 8.22(c) is one standard specification of this type.

8.12. INSULATION OF EQUIPMENT 213

TABLE 8.18. Program for Finding the Radiant Gas
Temperature by Steps 22 and 23 of Table 8.17

10 ! Example 8.16. Design of a fired heater. Radiant gas temp by
step 22. Program “FRN - 1", tape 2
20 ! P = PL, product of partial pressures of CO, + H,O and mean
beam length
30 ! D1 = Aw/aAr
40 ! D2 = fraction excess air
50 ! T1 = tube surface temperature
60 ! Q1 = Qn/aAr
70 1 Q2 = Qa/Qn, Eq. 8
80 ! F1 = emissivity, Eq. 6
90 ! F = exchange factor, Eq. 7
100 ! J = RHS-LHS of step 22
110 SHORT T
120 READ P, D1, D2, T1, Q1
130 DATA 4. 1, 9605, .25,672, 42828
140 INPUT T
150 GOSUB 270
160 J1=1J
170 T =1 .0001*T
180 GOSUB 270
190J2=J
200 DISP T
210 H = .0001*T*J1=(J2-J1)
220 T = T/1.0001-H
230 IF ABS(H/T) <= .0001 THEN 250
240 GOTO 150
250 PRINT “RADIANT GAS TEMP ="; T
260 END
270 21 = (T + 460)/1000
280 A1 = .47916 — .19847 * Z1 + .022569 * Z1 " 2
290 B1 =.047029 + .0699 * Z1 + .01528 * Z1 " 2
300 C1 = -.000803 - .00726 * Z1 + .001597 * Z1 ~ 2
310F1=A1+B1*P+C1*P~2
320 Z2 = D1
330 A2 =.00064 + .0591 * Z2 + .00101 * Z2 ~ 2
340 B2 = 1.0256 + .4908 * Z2 + .058 * Z2 "~ 2
350 C2 =-.144 - 552 * 72 + .04 * Z2 ~ 2
360 F=A2+B2*F1+C2*F1~2
370 Z3 =D2
380 A3 =.22048 — .35057 * Z3 + .92344 * Z3 " 2
390 B3 =.016086 + .29393 * Z3 .48139 * Z3 " 2
400 Q2 = (A3 + B3 * (T/1000 - .1)) * (T/1000 .1)
410 J =—(Q1/F * (.98 — Q2)) + 1730 * (((T + 460)/1000) ~ 4 —
((T1 + 460)/1000) ~ 4) + 7 * (T - T1)
420 RETURN

Table 8.22 give thickness specifications for 8§5% magnesia and
mobled diatomecous earth piping insulation.

REFRACTORIES

Equipment made of metal and subject to high temperatures or abra-
sive or corrosive conditions often is lined with ceramic material.
When the pressure is moderate and no condensation is likely,
brick construction is satisfactory. Some of the materials suited to
this purpose are listed in Table 8.21. Bricks are available to with-
stand 3000°F. Composites of insulating brick next to the wall
and stronger brick inside are practical. Continuous coats of insu-
lants are formed by plastering the walls with a several inch thick-
ness of concretes of various compositions. “Gunite” for instance
is a mixture of 1 part cement and 3 parts sand that is sprayed onto
walls and even irregular surfaces. Castable refractories of lower
density and greater insulating powers also are common. With both
brickwork and castables, an inner shell of thin metal may be pro-
vided to guard against leakage through cracks that can develop
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TABLE 8.19. Thermal Conductivities of Insulating Materials for Low Temperatures [k Btu/(hr)(sqft)(°F/ft)]

Bulk/Density,

Bulk Density,

Material (Ib/cuft) Temp (°F) h Material (Ib/cuft) Temp (°F) h
Corkboard 6.9 100 0.022 Rubber board, 4.9 100 0.018
-100 0.018 expanded,
-300 0.010 “Rubatex’’

Fiberglas with 11.0 100 0.023 Silica aerogel, 5.3 100 0.013
asphalt coating -100 0.014 powder 0 0.012
(board) -300 0.007 “Santocel” -100 0.010

Glass blocks, 10.6 100 0.036 Vegetable fiber-
expanded, —-100 0.033 board, asphalt
“Foamglas” -300 0.018 coating

14.4 100 0.028
-100 0.021
-300 0.013

Mineral wool 14.3 100 0.024 Foams: 2.9 -100 0.015
board, -100 0.017 Polystyrene? 5.0 -100 0.019
“Rockcork” -300 0.008 Polyurethane®

aTest space pressure, 1.0 atm; k = 0.0047 at 10~ mm Hg.
bTest space pressure, 1.0 atm; k = 0.007 at 10~3 mm Hg.
(Marks Mechanical Engineers Handbook, 1978, pp. 4.64).

in the refractory lining. For instance, a catalytic reformer 4 ft OD
designed for 650 psig and 1100°F has a shell 1.5 in. thick, a light
weight castable lining 4-5/8 in. thick and an inner shell of metal
1/8 in. thick. A catalytic cracker 10 ft dia designed for 75 psig
and 1100°F has a 3 in. monolithic concrete liner and 3 in. of blan-
ket insulation on the outside. Ammonia synthesis reactors that
operate at 250 atm and 1000°F are insulated on the inside to keep
the wall below about 700°F, the temperature at which steels begin
to decline in strength, and also to prevent access of hydrogen to the
shell since that causes embrittlement. An air gap of about 0.75 in.
between the outer shell and the insulating liner contributes signifi-
cantly to the overall insulating quality.

8.13. REFRIGERATION

Process temperatures below those attainable with cooling water or
air are attained through refrigerants whose low temperatures are
obtained by several means:

1. Vapor compression refrigeration in which a vapor is com-
pressed, then condensed with water or air, and expanded to a
low pressure and correspondingly low temperature through a
valve or an engine with power takeoff.

2. Absorption refrigeration in which condensation is effected by
absorption of vapor in a liquid at high pressure, then cooling
and expanding to a low pressure at which the solution becomes
cold and flashed.

3. Steam jet action in which water is chilled by evaporation in a
chamber maintained at low pressure by means of a steam jet
ejector. A temperature of 55°F or so is commonly attained,
but down to 40°F may be feasible. Brines also can be chilled
by evaporation to below 32°F.

The unit of refrigeration is the ton which is approximately the
removal of the heat of fusion of a ton of ice in one day, or
288,000 Btu/day, 12,000 Btu/hr, 200 Btu/min. The reciprocal of
the efficiency, called the coefficient of performance (COP) is the

TABLE 8.20. Thermal Conductivities of Insulating Materials for High Temperatures [k Btu/(hr)(sqft)°F/ft)]

Max

Bulk Density, Temp
Material Ib/cuft (°F) 100°F 300°F 500°F 1000°F 1500°F 2000°F
Asbestos paper, laminated 22 400 0.038 0.042
Asbestos paper, corrugated 16 300 0.031 0.042
Diatomaceous earth, silica, powder 18.7 1500 0.037 0.045 0.053 0.074
Diatomaceous earth, asbestos and 18 1600 0.045 0.049 0.053 0.065

bonding material

Fiberglas block, PF612 2.5 500 0.023 0.039
Fiberglas block, PF614 4.25 500 0.021 0.033
Fiberglas block, PF617 9 500 0.020 0.033
Fiberglas, metal mesh blanket, #900 — 1000 0.020 0.030 0.040
Glass blocks, average values 14-24 1600 — 0.046 0.053 0.074
Hydrous calcium silicate, “Kaylo” 11 1200 0.032 0.038 0.045
85% magnesia 12 600 0.029 0.035
Micro-quartz fiber, blanket 3 3000 0.021 0.028 0.042 0.075 0.108 0.142
Potassium titanate, fibers 715 — — 0.022 0.024 0.030
Rock wool, loose 8-12 — 0.027 0.038 0.049 0.078
Zirconia grain 113 3000 — — 0.108 0.129 0.163 0.217

(Marks" Standard Handbook for Mechanical Engineers, 1996, pp. 4-84, Table 4.4.6).



TABLE 8.21. Properties of Refractories and Insulating Ceramics?

(a) Chemical Composition of Typical Refractories

Resistance to

Siliceous High-lime Fused Coal-

No. Refractory Type SiO, Al,O3 Fe,03 TiO, CaO MgO Cr,03 SiC Alkalies Steel-Slag Steel-Slag  Mill-Scale Ash Slag
1 Alumina (fused) 8-10 85-90 1-1.5 1.56-2.2 — — — 0.8-1.37 E G F G
2 Chrome 6 23 15° — — 3 — — G E E G
3 Chrome (unburned) 5 18 12 — — 30 — — G E E G
4 Fire clay (high-heat duty) 50-57 36-42 1.56-25 1.5-25 — — — 1-3.5° F P P F

5 Fire clay (super-duty) 52 43 1 2 — — — — 2¢ F P F F

6 Forsterite 34.6 0.9 7.0 — 1.3 55.4

7 High-alumina 22-26 68-72 1-1.5 3.5 — — — — 1-1.5°¢ G F F F
8 Kaolin 52 45.4 0.6 1.7 0.1 0.2 — — — F P G¢ F

9 Magnesite 3 2 6 — 3 86 — — — P E E E
10 Magnesite (unburned) 5 7.5 8.5 — 2 64 10 — — P E E E
11 Magnesite (fused) — — — — — — — — — F E E E
12 Refractory porcelain 25-70 25-60 — — — — — — 1-5 G F F F
13 Silica 96 1 1 — — — — E P F P
14 Silicon carbide (clay bonded) 7-9 2-4 0.3-1 1 — — — 85-90 — E G F E
15 Sillimanite (mullite) 35 62 0.5 15 — — — — 0.5°¢ G F F F
16 Insulating fire-brick (2600°F) 57.7 36.8 2.4 15 0.6 0.5 — — — P P G°® P

(b) Physical Properties of Typical Refractories?

Fusion Point

- Deformation under Load (%

Repeat Shrinkage

Wt. of Straight

Refractory No. °F Pyrometric Cone at °F and Ib/in.) Spalling Resistance’ after 5 hr (% °F) 9 in. Brick (Ib)
1 3390+ 39+ 1 at 2730 and 50 G +0.5 (2910) 9-10.6
2 3580+ 41+ shears 2740 and 28 P (0.5-1.0 (3000) 11.0
3 3580+ 41+ shears 2955 and 28 F (0.5-1.0 (3000) 11.3
4 3060-3170 31-33 2.5-10 at 2460 and 25 G +0-1.5 (2550) 7.5
5 3170-3200 33-34 2-4 at 2640 and 25 E +0-1.5 (2910) 8.5
6 3430 40 10 at 2950 F — 9.0
7 3290 36 1-4 at 2640 and 25 E (2-4 (2910) 7.5
8 3200 34 0.5 at 2640 and 25 E (0.7-1.0 (2910) 7.7
9 3580+ 41+ shears 2765 and 28 P (1-2 (3000) 10.0
10 3580+ 41+ shear 2940 and 28 F (0.5-1.5 (3000) 10.7
1 3580+ 41+ F — 10.5
12 2640-3000 16 + 30 G

13 3060-3090 31-32 shears 2900 and 25 P +0.5-0.8 (2640) 6.5
14 3390 39 0-1 at 2730 and 50 E +2 (2910) 8-9.3
15 3310-3340 37-38 0-0.5 at 2640 and 25 E (0-0.8 (2910) 8.5
16 2980-3000 29-30 0.3 at 2200 and 10 G (0.2 (2600) 2.25

“Divide by 12 to obtain the units k Btu/(hr)(sqft)(°F/ft).

bAs FeO.

‘Includes lime and magnesia.

9Excellent if left above 1200°F.

°Oxidizing atmosphere.

E = Excellent. G = Good. F = Fair. P = Poor.

9[Some data from Trostel, Chem. Met. Eng. (Nov. 1938)].

(Marks” Standard Handbook for Mechanical Engineers, 1996, pp. 6-152 & 153; Tables 6.8.13 & 14.)
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TABLE 8.22. Comparative Refrigerant Performance per Kilowatt at Various Evaporating and Condensing Temperatures

Refrigerant

Chemical Specific
Name or Evaporator Net Refrigerant Volume of Compressor Power
Composition Suction Pressure, Condenser Compression  Refrigerating Circulated, Suctign Gas, Displacement, Consumption,
No. (% by mass) Temp., K MPa Pressure, MPa Ratio Effect, kJ/kg g/s m>/kg L/s kw
183 K Saturated Evaporating, 0 K Suction Superheat, 233 K Saturated Condensing
1150 Ethylene 183 0.211 1.446 6.84 330.40 3.03 0.2422 0.733 0.373
170 Ethane 183 0.093 0.774 8.31 364.21 2.75 0.5257 1.443 0.347
13 Chlorotrifluoromethane 183 0.062 0.607 9.72 106.49 9.39 0.2263 2.125 0.358
23 Trifluoromethane 183 0.062 0.706 11.41 184.56 5.42 0.3438 1.863 0.372
508A  R-23/116 (39/61) 183 0.087 0.843 9.69 102.63 9.74 0.167 1.635 0.369
508B  R-23/116 (46/54) 183 0.086 0.847 9.85 110.49 9.05 0.179 1.620 0.368
213 K Saturated Evaporating, 0 K Suction Superheat, 258 K Saturated Condensing
1150  Ethylene 213 0.755 2.859 3.79 272.31 3.67 0.0729 0.268 0.314
170 Ethane 213 0.377 1.623 4.31 322.65 3.10 0.1430 0.443 0.279
23 Trifluoromethane 213 0.311 1.628 5.23 162.02 6.17 0.0756 0.467 0.296
13 Chlorotrifluoromethane 213 0.282 1.325 4.70 91.63 10.91 0.0549 0.600 0.293
125 Pentafluoroethane 213 0.056 0.404 7.20 117.76 8.49 0.2561 2.175 0.271
290 Propane 213 0.042 0.291 6.91 342.79 2.92 0.9343 2.726 0.254
22 Chlorodifluoromethane 213 0.037 0.296 7.90 195.80 5.11 0.5364 2.740 0.253
717 Ammonia 213 0.022 0.234 10.83 1242.9 0.81 4.7738 3.822 0.265
12 Dichlorodifluoromethane 213 0.023 0.183 8.09 138.57 7.22 0.6396 4.615 0.248
134a  Tetrafluoroethane 213 0.016 0.163 10.36 181.3 5.52 1.0904 6.012 0.251
410A  R-32/125 (50/50) 213 0.065 0.481 7.40 215.99 4.63 0.364 1.691 0.255
407C  R-32/125/134a (23/25/52) 213 0.034 0.300 8.82 202.07 4.95 0.608 3.017 0.255
277 K Saturated Evaporating, 0 K Suction Superheat, 310 K Saturated Condensing
T25 Pentafluoroethane 277 0.756 1.858 2.46 84.51 11.83 0.0210 0.249 0.165
290 Propane 277 0.533 1.272 2.39 279.91 3.57 0.0863 0.308 0.145
22 Chlorodifluoromethane 277 0.566 1.390 2.46 160.57 6.23 0.0415 0.258 0.142
717 Ammonia 277 0.494 1.423 2.88 1120.41 3.13 0.2606 0.817 0.137
500 R-12/152a (73.8/26.2) 277 0.413 1.053 2.55 141.50 7.07 0.0501 0.354 0.145
12 Dichlorodifluoromethane 277 0.352 0.891 2.53 117.99 8.48 0.0493 0.417 0.145
134, Tetrafluoroethane 277 0.336 0.934 2.78 149.15 23.57 0.0608 1.433 0.144
124 Chlorotetrafluoroethane 277 0.188 0.543 2.89 126.55 7.90 0.0840 0.663 0.141
600a Isobutane 277 0.181 0.493 2.73 270.81 3.69 0.2072 0.765 0.145
600 Butane 277 0.119 0.347 2.91 301.82 3.31 0.3170 1.050 0.141
11 Trichlorofluoromethane 277 0.047 0.156 3.33 158.67 22.15 0.3484 7.717 0.133
123 Dichlorotrifluoroethane 277 0.039 0.139 3.57 146.61 23.97 0.3790 9.083 0.135
113 Trichlorotrifluoroethane 277 0.018 0.070 3.87 127.46 7.85 0.6720 5.274 0.134
10A R-32/125 (50/50) 277 0.916 2.286 2.5 160.67 6.22 0.0284 0.177 0.153
407C  R-32/125/134a (23/25/52) 277 0.581 1.551 2.67 159.54 6.27 0.0404 0.254 0.148

*The book by Walker (Appendix D, 1982) has a guide to the literature of heat transfer in book form and describes the proprietary services HTFS (Heat Transfer and Fluid Services)

and HTRI (Heat Transfer Research Inc.).
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term employed to characterize the performances of refrigerating
processes:

_ energy absorbed by the refrigerant at the low temperature

COP - -
energy input to the refrigerant

A commonly used unit of COP is (tons of refrigeration)/(horse-
power input). Some of the refrigerants suited to particular tem-
perature ranges are listed in Tables 8.23, and 8.24.

COMPRESSION REFRIGERATION

A Dbasic circuit of vapor compression refrigeration is shown in Figure
8.23(a). After compression, vapor is condensed with water cooling
and then expanded to a low temperature through a valve in which
the process is essentially at constant enthalpy. In large scale installa-
tions or when the objective is liquefaction of the “permanent” gases,
expansion to lower temperatures is achieved in turbo-expanders from
which power is recovered; such expansions are approximately isen-
tropic. The process with expansion through a valve is represented
on a pressure-enthalpy diagram in Figure 8.23(b).

A process employing a circulating brine is illustrated in Figure
8.23(c); it is employed when cooling is required at several points
distant from the refrigeration unit because of the lower cost of cir-
culation of the brine, and when leakage between refrigerant and
process fluids is harmful.

For an overall compression ratio much in excess of four or so,
multistage compression is more economic. Figure 8.23(d) shows
two stages with intercooling to improve the capacity and efficiency
of the process.

1
Condenser

}% Expansion vaive

2

Load Compressor

(a)

Refrigerant

Load

Brine pump

(c)
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Many variations of the simple circuits are employed in the
interest of better performance. The case of Example 8.17 has two
stages of compression but also two stages of expansion, a scheme
due originally to Windhausen (in 1901). The flashed vapor of the
intermediate stage is recycled to the high pressure compressor.
The numerical example shows that an improved COP is attained
with the modified circuit. In the circuit with a centrifugal compres-
sor of Figure 8.24, the functions of several intermediate expansion
valves and flash drums are combined in a single vessel with appro-
priate internals called an economizer. This refrigeration unit is
used with a fractionating unit for recovering ethane and ethylene
from a mixture with lighter substances.

Low temperatures with the possibility of still using water for final
condensation are attained with cascade systems employing coupled cir-
cuits with different refrigerants. Refrigerants with higher vapor pres-
sures effect condensation of those with lower vapor pressures. Figure
8.25 employs ethylene and propylene in a cascade for servicing the con-
denser of a demethanizer which must be cooled to —145°F. A similar
process is represented on a flowsketch in the book of Ludwig (1983,
Vol. 1, p. 249). A three element cascade with methane, ethylene and
propylene refrigerants is calculated by Bogart (1981, pp. 44-47); it
attains 240°F with a maximum pressure of 527 psia.

REFRIGERANTS

Several refrigerants commonly used above —80°F or so are compared
in Table 8.23. Ethylene and butane also are in use, particularly in
refineries where they are recoverable from the process streams. Prop-
erties of the freons (also known by the trade name genetrons) are
listed in Table 8.24. Freon 12 is listed in both tables so some

Critical point Saturated liquid line

Saturated vapor line )
Discharge
Liquid subcooling superheat

(3]
2 1 1,/ Condensation /4 %
@ - o
2 0
2 Expansion &
a- .

Evaporation

2 - /3' 3
Enthalpy, h (Btu/lb)
(b)

Condenser

Intercooler

Load First Second
stage stage
(d)

Figure 8.23. Simpler circuits of compression refrigeration (see also Example 8.17). (a) Basic circuit consisting of a compressor, condenser,
expansion valve and evaporator (load). (b) Conditions of the basic circuit as they appear on a pressure-enthalpy diagram; the primed points
are on the vapor-liquid boundary curve. (c) Circuit with circulation of refrigerated brine to process loads. (d) Circuit with two-stage

compression and intercooling.
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Evaporator Economizer Condenser
1.2 MBtu/hr 30" dia. by 6
560 lbmol/hr
—45F
270 psia S0 F
2psia 98 F

~75F 145 F

v 147 F 36 F

Centrifugal  Desuperheater  Reciprocating
compressor compressors
450 HP 450 HP
Figure 8.24. A refrigeration system for the overhead condenser of a fractionator for recovering ethane and ethylene. Freon-12 is the refrig-
erant. The economizer combines the functions of several expansion valves and flash drums for intermediate recycle of flashed vapors.

Process Ethylene 3-stage Process Ethylene
compressor condenser
-93F —145 F ~30F 88 F
-68 F 149 F 35F

27 psia 238 psia 234 psia

-127 F, 80 psia Ethylene

-9F, 16 psia Propylene
128 F 230 F 116 F -9F
88 psia 250 psia 245 psia 71 psia

100 F
Propylene 2-stage water Processes
compressor

Figure 8.25. A cascade refrigeration system employing ethylene and propylene for condensing the overhead of a demethanizer at —145°F.
The diagram is somewhat simplified.

Condenser
0.92 MBtu/hr
Absorber @ 45 psia
95% equilibrium
0.96 MBtu/hr Reflux ratio
— fa—  1/D=05

99.5% NH, Intercooler
100 F 120 F 0.65 MBtu/hr
210 psia Stripper @ 210 psia

}FIBO F -

100 F
45 psia rz

Reboiler

\I/ 1.28 MBtu/hr

20% NH,

Load Pump
600,000 Btu/hr 1.1 HP

Figure 8.26. An ammonia absorption refrigeration process for a load of 50 tons at 30°F. The conditions were established by Hougen,
Watson, and Ragatz. (Thermodynamics, Wiley, New York, 1959, pp. 835-842).



TABLE 8.23. Comparative Refrigerant Performance per Kilowatt of Refrigeration

Refrigerant Specific
Net Volume  Compressor Power
Chemical Name Evaporator Condenser  Compr- Refrigerating Refrigerant _Liquid of Suction Displace-  Consump- Coefficient Comp.
or Composition Pressure, Pressure, ession Effect, Circulated, Circulated, as, ment, tion, o Discharge

No. (% by mass) MPa MPa Ratio kJ/kg g/s L/s m~/kg L/s kw Performance Temp.,
170 Ethane 1.623 4.637 2.86 162.44 6.16 0.0232 0.0335 0.206 0.364 2.74 324
744 Carbon dioxide 2.291 7.208 3.15 134.24 7.45 0.0123 0.0087 0.065 0.338 2.96 343
13B1 Bromotrifluoromethane 0.536 1.821 3.39 66.14 15.12 0.0101 0.0237 0.358 0.274 3.65 313
1270 Propylene 0.362 1.304 3.60 286.48 3.49 0.0070 0.1285 0.449 0.221 4.54 375
290 Propane 0.291 1.077 3.71 279.88 3.57 0.0074 0.1542 0.551 0.211 4.74 320
502 R-22/115 (48.8/51.2) 0.349 1.319 3.78 104.39 9.58 0.0080 0.0500 0.479 0.226 4.43 310
507A R-125/143a (50/50) 0.381 1.465 3.84 109.98 9.09 0.0089 0.0506 0.461 0.239 4.18 308
404A R-125/143a/134a (44/52/4) 0.367 1.426 3.88 113.93 8.78 0.0086 0.0534 0.470 0.237 4.21 309
410A R-32/125 (50/50) 0.481 1.88 3.91 167.68 5.96 0.0058 0.0542 0.318 0.227 4.41 324
125 Pentafluoroethane 0.400 1.570 3.93 87.76 11.39 0.0098 0.0394 0.449 0.272 3.68 315
22 Chlorodifluoromethane 0.296 1.190 4.02 163.79 6.09 0.0052 0.0785 0.478 0.215 4.65 327

12 Dichlorodifluoromethane 0.183 0.745 4.07 116.58 8.58 0.0066 0.0914 0.784 0.213 4.69 311

500 R-12/152a (73.8/26.2) 0.214 0.879 4.11 140.95 7.09 0.0062 0.0938 0.665 0.213 4.69 314
407C R-32/125/134a (23/25/52) 0.290 1.264 4.36 162.28 6.16 0.0055 0.0796 0.492 0.222 4.51 320
600a Isobutane 0.089 0.407 4.60 262.84 3.80 0.0070 0.4029 1.5633 0.220 4.55 318
134a Tetrafluoroethane 0.164 0.770 4.69 149.95 6.66 0.0056 0.1223 0.814 0.217 4.60 309
124 Chlorotetrafluoroethane 0.090 0.440 4.89 118.49 8.44 0.0063 0.1705 1.439 0.224 4.47 305
717 Ammonia 0.236 1.164 4,94 1102.23 0.91 0.0015 0.5106 0.463 0.207 4.84 371

600 Butane 0.056 0.283 5.05 292.01 3.42 0.0060 0.6641 2.274 0.214 4.68 318
114 Dichlorotetrafluoroethane? 0.047 0.252 5.41 99.19 10.08 0.0070 0.2700 2.722 0.225 4.44 303
1 Trichlorofluoromethane 0.020 0.126 6.24 156.22 6.40 0.0044 0.7641 4.891 0.196 5.09 313
123 Dichlorotrifluoroethane 0.016 0.110 7.06 142.76 7.00 0.0048 0.8953 6.259 0.205 4.86 305
113 Trichlorotrifluoroethane? 0.007 0.054 7.84 127.34 7.85 0.0051 1.6793 13.187 0.205 4.88 303

Notes: Data based on 258 K evaporation, 303 K condensation, 0 K subcool, and 0 K superheat.
“Saturated suction except R-113 and R-114. Enough superheat was added to give saturated discharge.
(2001 ASHRAE Handbook, Fundamentals, p. 19.8, Table 7).
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ExampLE 8.17

Two-Stage Propylene Compression Refrigeration with

Interstage Recycle
A propylene refrigeration cycle operates with pressures of 256, 64,
and 16 psia. Upon expansion to 64 psia, the flashed vapor is recycled
to the suction of the high pressure stage while the liquid is expanded
to 16 psia to provide the needed refrigeration at —9°F. The ratios of
refrigeration to power input will be compared without and with inter-
stage recycle.

Basis: 1 1b of propylene to the high pressure stage. Conditions
are shown on the pressure-enthalpy and flow diagrams. Isentropic
compression and isenthalpic expansion are taken. Without recycle,

High pressure

stage
256 psia
1.0lb
64 psia
o
0.2477 b ]
Q
Flash 64 psia e
0.7523 Ib a
<
o

Low pressure
Load stage

256 ¢

64¢

i6e

refrigeration = 452 — 347 = 105 Btu/lb,
work = 512 — 452 = 60 Btu/lb,
COP = 105/60 = 1.75.
With recycle,
interstage vapor = (347 — 305)/(468 — 305) = 0.2577 1b/lb,
refrigeration = (452 — 305)0.7423 = 109.1 Btu/lb,
work = (495 — 468)0.2577 + (512 + 452)0.7423 = 51.5 Btu/lb,
COP = 109.1/51.5 = 2.12,

which points out the improvement in coefficient of performance by
the interstage recycle.

512

Enthalpy

comparisons of all of these refrigerants is possible. The refrigerants of
Table 8.23 have similar performance. When ammonia or some
hydrocarbons are made in the plant, their election as refrigerants is
logical. Usually it is preferred to operate at suction pressures above
atmospheric to avoid inleakage of air. The nonflammability and non-
toxicity of the freons is an attractive quality. Relatively dense vapors
such as Ref-12, -22, and -500 are preferred with reciprocating com-
pressors which then may have smaller cylinders. For most equipment
sizes, Ref-12 or -114 can be adopted for greater capacity with the
same equipment. Ref-22 and -500 are used with specially built centri-
fugals to obtain highest capacities. The physical properties and per-
formance characteristics of Freon 134a can be found in the 2001
ASHRAE Hand book, Fundamentals, pp. 19.8 and 19.9.

Ammonia absorption refrigeration is particularly applicable
when low level heat is available for operation of the stripper reboi-
ler and power costs are high. Steam jet refrigeration is the large
scale system of choice when chilled water is cold enough, that is,
above 40°F or so.

ABSORPTION REFRIGERATION

The most widely used is ammonia absorption in water. A flow-
sketch of the process is in Figure 8.26. Liquid ammonia at a high
pressure is obtained overhead in a stripper, and then is expanded
through a valve and becomes the low temperature vapor-liquid
mixture that functions as the refrigerant. The low pressure vapor
is absorbed in weak liquor from the bottom of the stripper. Energy
input to the refrigeration system is primarily that of the steam to

the stripper reboiler and a minor amount of power to the pump
and the cooling water circulation.

This kind of system has a useful range down to the atmo-
spheric boiling point of ammonia, —28°F or —33°C, or even lower.
Two or three stage units are proposed for down to 94°F. Sizing of
equipment is treated by Bogart (1981).

Another kind of absorption refrigerant system employs aqu-
eous lithium bromide as absorbent and circulating water as the
refrigerant. It is used widely for air conditioning systems, in units
of 600-700 tons producing water at 45°F.

CRYOGENICS

This term is applied to the production and utilization of tempera-
tures in the range of liquid air, —200°F and lower. A great deal
of information is available on this subject of special interest, for
instance in Chemical Engineers Handbook (2008, 11.99-11.110)
and in the book of Arkhanov et al. (1981).
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DRYERS AND COOLING TOWERS

he processes of the drying of solids and the

evaporative cooling of process water with air have

a common foundation in that both deal with

interaction of water and air and involve
simultaneous heat and mass transfer. Water cooling is
accomplished primarily in packed towers and also in spray
ponds or in vacuum spray chambers, the latter for
exceptionally low temperatures. Although such equipment
is comparatively simple in concept, it is usually large and
expensive, so that efficiencies and other aspects are
considered proprietary by the small number of
manufacturers in this field.

In contrast, a great variety of equipment is used for
the drying of solids. Thomas Register and Chemical
Engineering Buyers’ Guide (2003) list many manufacturers
of drying equipment, classified according to the type of
equipment or the nature of the material being dried. An
indication of the difficulty of any process is the vast amount
of equipment available, and drying is a good example.
Dryers may perform additional tasks besides the handling
and transporting of the product being dried. For example,
perforated belt conveyors and pneumatic conveyors
through which hot air is blown transport material, while
other models have the ability to cool, react, heat treat,
calcinate, humidify, agglomerate, sublime, or roast. These
processes can be done separately or, if required, combined

with each other. Solids being dried cover a range of sizes
from micron-sized particles to large slabs and may have
varied and distinctive drying behaviors. As in some other
long-established industries, drying practices of necessity
have outpaced drying theory. In the present state of the
art, it is not possible to design a dryer by theory without
experience, but a reasonably satisfactory design is possible
from experience plus a little theory.

Performances of dryers with simple flow patterns
can be described with the aid of laboratory drying rate
data. In other cases, theoretical principles and correlations
of rate data are of value largely for appraisal of the
effects of changes in some operating conditions when
a basic operation is known. The essential required
information is the residence time in the particular kind
of dryer under consideration. Along with application of
available rules for vessel proportions and internals to
ensure adequate contact between solids and air, material
and energy balances complete a process design of a
dryer.

In order to aid in the design of dryers by analogy,
examples of dimensions and performances of the most
common types of dryers are cited in this chapter. Theory
and correlation of heat and mass transfer are treated in
detail elsewhere in this book, but their use in the description
of drying behavior will be indicated here.

9.1. INTERACTION OF AIR AND WATER

Drying is a complex operation involving simultaneous heat and
mass transfer.

Besides the obvious processes of humidification and dehumidifi-
cation of air for control of environment, interaction of air and water
is a major aspect of the drying of wet solids and the cooling of water
for process needs. Heat and mass transfer then occur simultaneously.
For equilibrium under adiabatic conditions, the energy balance is

kg’l(ps_p) :h(T_ Tw)s (91)
Where k, = mass transfer coefficient

A = latent heat of vaporization
h = heat transfer coefficient
ps = partial pressure of water at saturation
p = partial pressure of water at operating conditions
T = absolute temperature
T, = wet bulb temperature

All the symbols must be in consistent set of units, be they
English or SI.

The moisture ratio, H 1b water/lb dry air, is related to the par-
tial pressure of the water in the air by

18

~ —

29

18 p

=575, 9.2)

L
P’

where p = partial pressure of water
P = total pressure on system
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the approximation being valid for relatively small partial pressures.
Accordingly, the equation of the adiabatic saturation line may be
written

H,—H = (h/2k)(T - T,)
= (C/AT -T)).

9.3)
9.4)

where H, = humidity at adiabatic saturation conditions
T, = adiabatic saturation temperature

For water, numerically C =~ h/k, so that the wet bulb and adiabatic
saturation temperatures are identical. For other vapors, this conclu-
sion is not correct and C must be determined.

For practical purposes, the properties of humid air are
recorded on psychrometric (or humidity) charts such as those of
Figures 9.1 and 9.2, but tabulated data and equations also are
available for greater accuracy. A computer version is available
(Wiley Professional Software, Wiley, New York). The terminal
properties of a particular adiabatic humification of air are located
on the same saturation line, one of those sloping upwards to the
left on the charts. For example, all of these points are on the same
saturation line: (7, H) = (250, 0.008), (170, 0.026) and (100, 0.043);
the saturation enthalpy is 72 Btuw/Ib dry, but the individual enthal-
pies are less by the amounts 2.5, 1.2, and 0, respectively.

Properties such as moisture content, specific volume, and
enthalpy are referred to unit mass of dry air. Figures 9.1 and 9.2
are psychometric charts in English units of Ib, cuft, F, and Btu.
The data are for standard atmospheric pressure. How to correct
them for minor deviations from standard pressure is explained
for example in Chemical Engineers’ Handbook (1999). An example
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Figure 9.2. Psychometric chart for a wide temperature range, 32-600°F (Proctor and Schwartz, Inc., Horsham, PA; Walas, 1988).
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of reading the charts is with the legend of Figure 9.1. Definitions of
common humidity terms and their units are given as follows:

1. Humidity is the ratio of mass of water to the mass of dry air,

H=W,/W, 9.5)
where W,, =mass of water
W, =mass of air

2. Relative humidity or relative saturation is the ratio of the prevail-
ing humidity to the saturation humidity at the same temperature,
or the ratio of the partial pressure to the vapor pressure expressed
as a percentage,

%RH = 100H /H, = 100p/p;. 9.6)
3. The relative absolute humidity is
P Ds
(H/HY)absolule = (P_—p> / (rpé) .7

4. Vapor pressure of water is given as a function of temperature by
ps =exp(11.9176 = 7173.9/(T + 389.5)), atm, °F. 9.8)

5. The humid volume is the volume of 1 lb of dry air plus the
volume of its associated water vapor,

Vi, =0.73(1/29 + h/18)(T +459.6) /P,

. 9.9
cuft/(Ib dry air).
where V), = humid volume
6. Humid specific heat is
C,=C,+C,H=024+0.45H,
9.10)

Btu/(F)(1b dry air).

where Cj;, = humid specific
C,, = specific heat of air
C,, = specific heat of water

7. The wet bulb temperature 7, is attained by measurement under
standardized conditions. For water, 7,, is numerically nearly
the same as the adiabatic saturation temperature 7.

8. The adiabatic saturation temperature 7y is the temperature
attained if the gas were saturated by an adiabatic process.
9. With heat capacity given by item 6, the enthalpy of humid air is

h=024T +(0.45T + 1100)H. ©.11)

where i = enthalpy of humid air.

On the psychrometric chart of Figure 9.1, values of the saturation
enthalpy 4, and a correction factor D are plotted. In these terms
the enthalpy is

h=h,+D. 9.12)
In Figure 9.2, the enthalpy may be found by interpolation between
the lines for saturated and dry air.

In some periods of drying certain kinds of solids, water is
brought to the surface quickly so that the drying process is essen-
tially evaporation of water from the free surface. In the absence
of intentional heat exchange with the surrounding or substantial
heat losses, the condition of the air will vary along the adiabatic
saturation line. Such a process is analyzed in Example 9.1.

For economic reasons, equilibrium conditions cannot be
approached closely. In a cooling tower, for instance, the efflu-
ent air is not quite saturated, and the water temperature is not
quite at the wet bulb temperature. Percent saturation in the vici-
nity of 90% often is feasible. Approach is the difference between
the temperatures of the water and the wet bulb. It is a signifi-
cant determinant of cooling tower size as these selected data
indicate:

Approach (°F) 5 10 15 20 25
Relative tower volume 2.4 1.6 1.0 0.7 0.55

Other criteria for dryers and cooling towers will be cited later.

9.2. RATE OF DRYING

In a typical drying experiment, the moisture content and possibly
the temperature of the material are measured as functions of the
time. The inlet and outlet rates and compositions of the gas also
are noted. From such data, the variation of the rate of drying with
either the moisture content or the time is obtained by mathematical
differentiation. Figure 9.3(d) is an example. The advantage of
expressing drying data in the form of rates is that their dependence

ExampLE 9.1

Conditions in an Adiabatic Dryer
The air to a dryer has a temperature of 250°F and a wet bulb
temperature of 101.5°F and leaves the process at 110°F. Water is

i ; T,=100F
T,=250F Air Air 2
‘ Out H = 0.043 lb/lb dry air

T,o=101.5F In
100HM, = 73%

H=0.010 l/Ib dry air
i ) V, = 15.3 cuft/lb dry air
V, = 18.2 cuft/Ib dry air Product

Water 1500 Ib/hr j

evaporated off the surface of the solid at the rate of 1500 Ib/hr.
Linear velocity of the gas is limited to a maximum of 15 ft/sec.
The diameter of the vessel will be found.

Terminal conditions of the air are read off the adiabatic satura-
tion line and appear on the sketch:

o 1500 _
Dry air = 00430010 = 45,4551b/hr
45,455(18.2)
W = 2298 CfS,

D = \/229.8/15(x/4) = 4.4ft.
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copyright 1926.) (c) Rate of drying as a function of % saturation at low (subscript 1) and high (subscript 2) drying rates: (A) glass spheres,
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of Newitt et al., Trans. Inst. Chem. Eng. 27, 1, 1949). (d) Moisture content, time and drying rates in the drying of a tray of sand with super-
heated steam; surface 2.35 sqft, weight 27.125 1b. The scatter in the rate data is due to the rough numerical differentiation (Wenzel, Ph. D.
thesis, University of Michigan, 1949). (e) Temperature and drying rate in the drying of sand in a tray by blowing air across it. Dry bulb
76.1°C, wet bulb 36.0°C (Ceaglske and Hougen, Trans. AIChE 33, 283, 1937). (f) Drying rates of slabs of paper pulp of several thicknesses
[after McCready and McCabe, Trans. AIChE 29, 131 (1933)]. (g) Drying of asbestos pulp with air of various humidities / McCready and
McCabe, Trans. AIChE 29, 131 (1933)]. (h) Effect of temperature difference on the coefficient K of the falling rate equation —dW/d0 =
KW [Sherwood and Comings, Trans. AIChE 27, 118 (1932)]. (i) Effect of air velocity on drying of clay slabs. The data are represented by
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228 DRYERS AND COOLING TOWERS

- 0.4 T TT1 80 040
£3 T 1
g 8 = RATE rym °,é B8
@ 02 =y g - / 4
- ¢ o = L o030
& Ti £ v
i o2 - s T 1.08 mm
: °0 > / 6.48 mm
<
P~ ol E-SURFACE TEMPERATURE § _1—020
§ o 1% [ I A A I I 40 2 E /
s L 2 @ / 23.7 mm
o
[ s 10 15 20 25 30 3 2 610 /
FREE MOISTURE CONTENT, Gm.H,0 PER GM.DRY SAND z =
o
te) «
0
0 05 10 15 2.0
X, FREE MOISTURE, LB/LB DRY SOLID
(f)
04
T,°C  Typ °C
80 36
— < 70 36 o
A 65 36
o 55 36
0.3
~N
k=~
= / L
3 -~
» 02 % s
5 L //
5 N L o
0.1 ’F// /
!/ /D/P,
1/// Vs
)/ 1
‘///
0
0 0.05 0.10 0.15 0.20 o T = % 0
Average free moisture content, Ib/Ib Time in Minutes = 60
(g) (h)
40.0 »
300
Bl
Tzo‘o A
/ d
71

¥

g

040506 10 2

0 30405060 100

Air Velocity, Meters per Second

(i)

Figure 9.3.—(continued)



on thermal and mass transfer driving forces is more simply corre-
lated. Thus, the general drying equation may be written
1 dw

- = =T, =T)=k,(P—P,) =ky(H—-H,),

< 9.13)

where subscript g refers to the gas phase and H is the moisture
content, (kg/kg dry material), corresponding to a partial or vapor
pressure P. Since many correlations of heat and mass transfer coef-
ficients are known, the effects of many changes in operating condi-
tions on drying rates may be ascertainable. Figures 9.3(g) and (h)
are experimental evidence of the effect of humidity of the air and
(i) of the effect of air velocity on drying rates.

Other factors, however, often complicate drying behavior.
Although in some ranges of moisture contents the drying process
may be simply evaporation from a surface, the surface may not
dry uniformly and consequently the effective amount of surface
may change as time goes on. Also, resistance to diffusion and capil-
lary flow of moisture may develop for which there are no adequate
correlations to describe these phenomena. Furthermore, shrinkage
may occur on drying, particularly near the surface, which hinders
further movement of moisture outwards. In other instances,
agglomerates of particles may disintegrate on partial drying.

Some examples of drying data appear in Figure 9.3. Commonly
recognized zones of drying behavior are represented in Figure 9.3(a).
Equilibrium moisture contents assumed by various materials in con-
tact with air of particular humidities is represented by (b). The shapes
of drying rate curves vary widely with operating conditions and the
physical state of the solid; (b) and others are some examples. No cor-
relations have been developed or appear possible whereby such data
can be predicted. In higher ranges of moisture content of some mate-
rials, the process of drying is essentially evaporation of moisture off
the surface, and its rate remains constant until the surface moisture
is depleted as long as the condition of the air remains the same. Dur-
ing this period, the rate is independent of the nature of the solid. The
temperature of the evaporate assumes the wet bulb temperature of
the air. Constant rate zones are shown in (d) and (e), and (e) indicates
that temperatures are truly constant in such a zone.

The moisture content at which the drying rate begins to decline is
called critical moisture content. Some of the variables on which the
transition point depends are indicated in Figures 9.3(c) and (g)—
for example, the nature of the material, the average free moisture
content, and so on. The shape of the falling rate curve sometimes
may be approximated by a straight line, with equation

aw

T :k(W_ WL’)’

70 9.14)
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where W, is the equilibrium moisture content. When W, is zero as
it often is of nonporous granular materials, the straight line goes
through the origin. (d) and (h) illustrate this kind of behavior.
The drying time, 6, is found by integration of the rate plots or
equations. The process is illustrated in Example 9.2 for straight
line behavior. Other cases require numerical integration. Each of
the examples of Figure 9.3 corresponds to a particular substan-
tially constant gas condition. This is true of shallow bed drying
without recirculation of humid gas, but in other kinds of drying
equipment the variation of the rate with time and position in the
equipment, as well as with the moisture content, must be taken
into account.

An approximation that may be justifiable is that the critical
moisture content is roughly independent of the drying conditions
and that the falling rate curve is linear. Then the rate equations
may be written

L aw k(Hs—H,), W.<W<W,,

—— —— =1 k(H,—H,) (W -W,) 9.15)
A do ! £ ¢ , .
Wo— W , W.<W<W,

Examples 9.3 and 9.4 apply these relations to a countercurrent
dryer in which the humidity driving force and the equilibrium
moisture content vary throughout the equipment.

LABORATORY AND PILOT PLANT TESTING

The techniques of measuring drying of stationary products, as on
trays, are relatively straightforward. Details may be found in the
references made with the data of Figure 9.3. Mass transfer resis-
tances were eliminated by Wenzel (1951) through use of super-
heated steam as the drying medium.

In some practical kinds of dryers, the flow patterns of gas and
solid are so complex that the kind of rate equation discussed in this
section cannot be applied readily. The sizing of such equipment is
essentially a scale-up of pilot plant tests in similar equipment.
Some manufacturers make such test equipment available. The tests
may establish the residence time and the terminal conditions of the
gas and solid.

In an effort to reduce exhaust to the atmosphere, save heat,
minimize pollutant discharges, and keep costs at a minimum, par-
tial recycle is used (Cook, 1996).

Walas (1988) presented minimum sizes of laboratory and pilot
plant drying equipment for full-size plant equipment. Scale-up fac-
tors as small as 2 may be required in critical cases; however, factors

ExampLE 9.2

Drying Time over Constant and Falling Rate Periods with Constant

Gas Conditions
The data of Figure 9.3(d) were obtained on a sample that con-
tained 27.125 1b dry sand and had an exposed drying surface of
2.35 sqft. Take the case of a sample that initially contained 0.168 1b
moisture/lb dry material and is to be dried to W = 0.005 1b/lb.
In these units, the constant rate shown on the graph is transformed
to —(1/2.35)(dW /d®) = [(constant drying rate, 1b/hr sqft)/(Ib dry
solid)]

1 dw _ 0.38
335 do 27125 (Ib/1b) (hr)(sqft),

which applies down to the critical moisture content W, = 0.04 1b/lb.
The rate behavior over the whole moisture range is

_dw _ [0.03292,  0.04< W <0.168,
do ~ 0823 W, W<0.04 '

Accordingly, the drying time is

0= Soms * s ™ (57
_0168-004, L, (0.04)

0.03292 +OA823 110005
= 6.42hr.

This checks the drying time from the plot of the original data on
Figure 9.3(d).
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ExampLE 9.3

Drying with Changing Humidity of Air in a Tunnel Dryer
A granular material deposited on trays or a belt is moved through
a tunnel dryer countercurrently to air that is maintained at 170°F
with steam-heated tubes. The stock enters at 1400 Ib dry/hr with
W=1.161b/lb and leaves with 0.1 1b/lb. The air enters at 5% rela-
tive humidity (H, = 0.0125Ib/Ib) and leaves at 60% relative humid-
ity at 170°F (H,=0.2031b/lb). The air rate found by a moisture
balance is 7790 Ib dry/hr:

7790 Ib/hr
170F, H_=
ST™M e
170 F, H, = 0.203 1{/\1l_ 0.0125
- ——————————
—
1400 Ib/hr W =0.10
W=1.16

Drying tests reported by Walker, Lewis, McAdams, and Gilliland,
Principles of Chemical Engineering, McGraw-Hill, New York,
(1937, p. 671) may be represented by the rate equation

W.< W< W,
0.28((1b/1b) /b, <<
—IOOdW— 0.58< W <1.16
do ~ W,<W<W.
0.28(W —W,)/(0.58 = W,),
W,< W <0.58
1

The air was at 95°F and 7% relative humidity, corresponding to a
humidity driving force of H; — H,=0.0082. Equilibrium moisture
content as a function of the fraction relative humidity (RH), and
assumed independent of temperature, is represented by

W, = 0.0036 +0.1539(RH) — 0.097(RH)>. @

The critical moisture content is assumed independent of the drying
rate. Accordingly, under the proposed operating conditions, the
rate of drying will be

0.28(H, - H,)
el iy 2 0.58< W <1.16,
—IOOd—W : 0.0082 3)
- 28(H, - H, —We
4o 0.28(H, — H,)(W - W,) W, < W <0.58.

0.0082(0.58 —0.014) °

With moisture content of the stock as a parameter, the humidity of
the air is calculated by moisture balance from

H, =0.0125+ (1400/7790)(W —0.1). @)

The corresponding relative humidities and wet bulb temperatures
and corresponding humidities H are read off a psychrometric
chart. The equilibrium moisture is found from the relative
humidity by Eq. (2). The various corrections to the rate
are applied in Eq. (3). The results are tabulated, and the time is
found by integration of the rate data over the range 0.1 <
W < 1.16.

w Hqg H¢ RH W, Rate 1/Rate
1.16 0.203 0.210 0.239 4.184
1.00 0.174 0.182 0.273 3.663
0.9 0.156 0.165 0.303 3.257
0.8 0.138 0.148 0.341 2.933
0.7 0.120 0.130 0.341 2.933
0.58 0.099 0.110 0.335 0.044 0.356 2.809
0.50 0.084 0.096 0.29 0.040 0.333 3.003
0.4 0.066 0.080 0.24 0.035 0.308 3.247
0.3 0.048 0.061 0.18 0.028 0.213 4.695
0.2 0.030 0.045 0.119 0.021 0.162 6.173
0.1 0.0125 0.0315  0.050 0.011 0.102 9.804

The drying time is

010
0= / DY — 421 hr,by trapezoidal rule.
116 rate

The length of tunnel needed depends on the space needed to
ensure proper circulation of air through the granular bed. If the
bed moves through the dryer at 10 ft/hr, the length of the dryer
must be at least 42 ft.

Length of dryer = (4.21 hr)(10ft/hr) = 42.1ft

Air

TR 7 X R R
A L AN i AW ]I aY /1 AW StOCk

— d v LI L L I

of 5 or more often are practicable, particularly when analyzed by
experienced persons. Moyers (1992) presented information on the
testing of small quantities of solids and the reliability of scale up
from these tests. Tray, plate, and fluid-bed units can be tested
using small quantities of material and the scale up is reliable; how-
ever, rotary, flash, and spray dryers do not provide for reliable
scale up from small quantities of solids.

9.3. CLASSIFICATION AND GENERAL CHARACTERISTICS
OF DRYERS

Removal of water from solids is most often accomplished by
contacting them with air of low humidity and elevated tempera-
ture. Less common, although locally important, drying processes
apply heat radiatively or dielectrically; in these operations as
in freeze drying, the role of any gas supply is that of entrainer of
the humidity.

The nature, size, and shape of the solids, the scale of the
operation, the method of transporting the stock and contacting
it with gas, the heating mode, etc. are some of the many factors

that have led to the development of a considerable variety of
equipment.

Elaborate classification of dryers has been presented by Kroll
(1978) and Keey (1972) but less comprehensive (but perhaps more
practical) classifications are shown in Table 9.1. In this table, the
method of operation, physical form of the stock, scale of produc-
tion, special features, and drying time are presented. Two other
classifications of dryers may be found in Perry (1999) and Wenzel
(1951). One classifies the equipment on the basis of heat transfer
(Figure 12-45) and the other on the basis of the material handled
(Table 12-9) [in Perry (1999)].

In a later section, the characteristics and performances of the
most widely used equipment will be described in some detail.
Many types are shown in Figure 9.4. Here some comparisons are
made. Evaporation rates and thermal efficiencies are compared
in Table 9.2, while similar and other data appear in Table 9.3.
The wide spreads of these numbers reflect the diversity of indivi-
dual designs of the same general kind of equipment, differences
in moisture contents, and differences in drying properties of var-
ious materials. Fluidized bed dryers, for example, are operated as
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ExampLE 9.4

Effects of Moist Air Recycle and Increase of Fresh Air Rate in

Belt Conveyor Drying
The conditions of Example 9.3 are taken except that recycle of
moist air is employed and the equilibrium moisture content is
assumed constant at W,=0.014. The material balance in terms
of the recycle ratio R appears on the sketch:

A=7790R
W=15814R
A=7790 A =7790
W=1581.4 W =97.4
-+ 170°F o -
S=1400 |I\/l S =1400
W =140 W=1624

A = air, W = water, S = dry solid

Humidity of the air at any point is obtained from the water
balance

_ 1581.4R+97.4+1400(W —0.1)

H, = 1
¢ 7790(R+1) M
The vapor pressure is
ps =exp[11.9176 = 7173.9/ (T + 389.5)]atm. 2)

The saturation humidity is
Hy = (18/29)p,/(1 - py). @A)
The heat capacity is

C =024+0.45H,. @

With constant air temperature of 170°F, the equation of the adia-
batic saturation line is

1707, = £ (H, — Hy) = 22 (H, ~ H,). 5)
The drying rate equations above and below the critical moisture

content of 0.58 are

aw
100 0

R=0

w Ts 1/Rate

1.16 150.21 3.9627

1.00 145.92 3.4018
.90 142.86 3.1043
.80 139.45 2.8365
.70 135.62 2.5918
.60 131.24 2.3680
.50 126.19 2.5187
.40 120.25 2.8795
.30 113.08 3.5079
.20 104.15 4.8223
.10 92.45 9.2092

_ J3415(R+1)"*(H, - Hy), 0.58<W<l1.16, (6)
60.33(R+1)"*(H,— H,)(W —0014), W <0.58. (7)

When fresh air supply is simply increased by a factor R + 1 and no
recycle is employed, Eq. (1) is replaced by

_ 97.4(R+1)+1400(W —0.1)
He = 7790(R+1) ®

The solution procedure is:

1. Specify the recycle ratio R (Ibs recycle/lb fresh air, dry air basis).

2. Take a number of discrete values of W between 1.16 and 0.1.
For each of these find the saturation temperature 7 and the
drying rates by the following steps.

. Assume a value of 7.

. Find H,, p, H,, and C from Egs. (1)—(4).

. Find the value of 7, from Eq. (5) and compare with the
assumed value. Apply the Newton-Raphson method with
numerical derivatives to ultimately find the correct value of T
and the corresponding value of H,.

6. Find the rate of drying from Egs. (6), (7).

7. Find the drying time by integration of the reciprocal rate as in

Example 9.3, with the trapezoidal rule.

AW

A computer program may be written to solve this problem for resi-
dence times as a function of the recycle ratio, R. The above outline
of the solution procedure may be programmed using MATHCAD,
TK SOLVER, FORTRAN, or any other method. The printouts
below show the saturation temperature, Ty, and reciprocal rates,
1/Rate, for recycle ratios of R=0, 1, and 5, and for R =1 with only
the fresh air rate increased, using Eq. 8. When there is no recycle, use
Eq. (1a) instead of Eq. (1). The residence times for the four cases are:

R =0, moistair, 6 = 3.667hrs
= 1, moist air, =2.841
= 5, moist air, =1.442
= 1, fresh air, =1.699.

Although recycling of moist air does reduce the drying time because
of the increased linear velocity, an equivalent amount of fresh air is
much more effective because of its lower humidity. The points in
favor of moist air recycle, however, are saving in fuel when the fresh
air is much colder than 170°F and possible avoidance of case harden-
ing or other undesirable phenomena resulting from contact with very
dry air.

R =1, fresh air

w Ts 1/Rate
1.16 132.62 1.3978
1.00 128.81 1.2989

.90 126.19 1.2395

.80 123.35 1.1815

.70 120.25 1.1248

.60 116.85 1.0693

.58 116.12 1.0582

.50 113.08 1.1839

.40 108.89 1.4112

.30 104.15 1.7979

.20 98.74 2.6014

.10 92.45 5.2893

(continued)
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ExAmMPLE 9.4—(continued )

R =1, moist air

w Ts 1/Rate
1.16 150.21 2.2760
1.00 148.15 2.1043

.90 146.77 2.0088

.80 145.33 1.9181

.70 143.81 1.8323

.60 142.21 1.7509

.58 141.88 1.7351

.50 140.52 1.9534

.40 138.72 2.3526

.30 136.82 3.0385

.20 134.79 4.4741

.10 132.62 9.3083

R =5, moist air

w Ts 1/Rate
1.16 150.21 .9451
1.00 149.54 .9208

.90 149.11 .9060

.80 148.68 .8916

.70 148.24 .8776

.60 147.79 .8630

.58 147.70 .8604

.50 147.33 .9918

.40 146.87 1.2302

.30 146.40 1.6364

.20 145.92 2.4824

.10 145.43 5.3205

batch or continuous, for pharmaceuticals or asphalt, at rates of
hundreds or many thousands of pounds per hour.

An important characteristic of a dryer is the residence time
distribution of solids in it. Dryers in which the particles do not
move relative to each other provide uniform time distribution. In
spray, pneumatic conveying, fluidized bed, and other equipment
in which the particles tumble about, a substantial variation in resi-
dence time develops. Accordingly, some particles may overdry and
some remain wet. Figure 9.5 shows some data. Spray and pneu-
matic conveyors have wide time distributions; rotary and fluidized
bed units have narrower but far from uniform ones. Differences in
particle size also lead to nonuniform drying. In pneumatic convey-
ing dryers particularly, it is common practice to recycle a portion
of the product continuously to ensure adequate overall drying. In
other cases recycling may be performed to improve the handling
characteristics when the feed materials are very wet.

PRODUCTS

More than one kind of dryer may be applicable to a particular pro-
duct, or the shape and size may be altered to facilitate handling in
a preferred kind of machine. Thus, application of through-circula-
tion drying on tray or belt conveyors may require prior extrusion,
pelleting, or briquetting. Equipment manufacturers know the cap-
abilities of their equipment, but they are not always reliable guides
to comparison with competitive kinds since they tend to favor
what they know best. Industry practices occasionally change over
a period of time. For example, at one time rotary kilns were used
to dry and prepare fertilizer granules of a desired size range by
accretion from concentrated solutions on to the mass of drying
particles. Now this operation is performed almost exclusively in
fluidized bed units because of economy and controlability of dust
problems.

Typical examples of products that have been handled success-
fully in particular kinds of dryers are listed in Table 9.4. The per-
formance data of later tables list other examples.

COSTS

Differences in thermal economies are stated in the comparisons of
Table 9.2 and other tables. Some equipment cost data are in Chap-
ter 21. When the capacity is large enough, continuous dryers are
less expensive than batch units. Those operating at atmospheric

pressure cost about 1/3 as much as those at vacuum. Once-through
air dryers are one-half as expensive as recirculating gas equipment.
Dielectric and freeze driers are the most expensive and are justifi-
able only for sensitive and specialty products. In the range of
1-50 M tons/yr, rotary, fluidized bed and pneumatic conveying
dryers cost about the same, although there are few instances where
they are equally applicable.

EQUIPMENT SELECTION AND SPECIFICATION

In selecting a dryer, there are a number of items to consider. For
example, a process often dictates whether a process is batch or con-
tinuous. Beyond this selection, then one must decide upon a drying
method, direct or indirect drying. In the former process, drying is
accomplished by direct contact between the product and the heat
transfer medium. Air (or an inert gas) vaporizes the liquid and car-
ries the vapor out of the unit. Due to heat sensitivity of a product,
this method may not be desirable. If this is the case, then indirect
drying is used in which the heating medium and the product are
separated by a wall.

Kimball (2001) presented several tables that can aid in the
preliminary screening for the selection of a dryer. They are:

Table 1—Dryer selection as a function of feedstock form
Table 2—Solids exposure to heat as a function of time
Table 3—Discrete particle exposure to air stream

Table 4—Nature of solids during heat transfer

Another important consideration when selecting a process is safety.
McCormick (1988) suggested that the following significant points
to consider are:

Can the wet material be sent through the dryer selected without
releasing toxic or dangerous fumes or without catching fire or
exploding?

Can the material be dried without endangering the health or safety
of the operating personnel?

Specification information relating to dryer selection and design is
in Table 9.5. A sample of a manufacturer’s questionnaire is found
in Appendix C.

A listing of key information relating to dryer selection and
design is in Table 9.5. Sample questionnaires of manufacturers of
several kinds of dryers are in Appendix C.
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TABLE 9.1. Classification of Dryers by Several Criteria®

(a}

Classification of dryers based on method of operation

Drrer

Batch Continuous
Conduction Convection Conduction Convection
Vacuum  Atmos. Vacuum Atmos.
. Through- Fluid Indirect . Fluid Direct Through-
T Agitat T . > P ic . ”
ray gitated Y 1 Lirculation| bed Band Drum rotary Spray P bed rotary Band Tray circulation
Paste Liquid Paste Preform || Preform Slurry Liquid Hard Liquid Paste Paste Granular Paste Paste Preform
Preform Sturry Preform| | Granular | {Granular Paste Slurry | }Granular || Slurry Preform | |Preform | | Fibrous| | Preform| | Preform| i Granular
Hard Paste Hard Fibrous || Fibrous Paste Fibrous Paste Granular | [Granular Hard Hard Fibrous
Granular |} Granular { |Granular Sheet Fibrous | {Fibrous Sheet Granular]
Fibrous Fibrous Fibrous
Sheet Sheet Sheet
{b) Classification of dryers based on physicai form of feed
Wet feed
Evapoiate Evaporate Press Grind Grind
or back-mix or preform
Liquid Pumpabile slurry Soft paste Hard paste Free-flowing Fibrous Sheet
or suspension or siudge Of matrx granuiar or sohid
rer, (o crystaliine
Oy y soid
Preformed
paste
Liquid Slurry Paste Preform Hard Granular Fibrous Sheet
Agitated batch Agitated batch Vacuum tray Vacuum tray VYacuum tray Vacuum tray Vacuum tray Vacuum tray
Drum Vacuum band Agitated batch Convection tray Convection tray Agitated batch Convection tray Convection tray
Spray Drum Convection tray Batch through- Indirect rotary Convection tray Batch through- Drum
Spray Ftuid bed circuiation Cont. tray Batch through- circulation Cont. tray
Vacuum band Fluid bed circulation Fluid bed
Drum Pneumatic Fluid bed Indirect rotary
Spray Convection band Indirect rotary Pneumatic
Pneumatic Cont. tray Pneumatic Direct rotary
Convection band Cont. through- Direct rotary Convection band
Cont. tray circulation Cont. tray Cont. tray
Cont. through- Cont. through-
circulation circulation
(continued)

PERFORMANCE OF DRYERS

There are many variables that affect dryer performance but one of
the most significant is energy. Cook and DuMont (1988) gave tips
on improving dryer efficiency by reducing energy requirements.

They are:

Raise inlet air temperature
Reduce outlet air temperature

Reduce evaporation load
Preheat the feed with other process streams
Reduce air leakage
Preheat supply air with exhaust air
Use two-stage drying

Use an internal heat exchanger

Recycle exhaust air

Consider alternate heat sources

Insulate drying zone of equipment
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TABLE 9.1. —(continued)

{c) Classification of dryers by scale of production

Process

-

Small scale Medium scale Large scale
to 20/50 kg/h 50 to 1000 kg/h tonnes/h
Batch Batch Continuous Continuous
Vacuum tray Agitated Fluid bed Indirect rotary
Agitated Through-circulation Vacuum band Spray
Convection tray Fluid bed Indirect rotary Pneumatic
Through-circulation Spray Direct rotary
Fluid bed Pneumatic Fluid bed
Band
Tray
Through-circulation

{d) Classification of dryers by suitability for special features
Process
Hazards Sensitive product
| Special form Low capital
of product cost per unit
! ’ 1 I ' of output
Dust Toxic Flame Temperature Mechanical Oxidation
Agitated batch Agitated batch Agitated batch Agitated batch Through-circulation| Vacuum tray Through-circulation Fluid bed
Yacuum band Vacuum band Vacuum band ' Through-circulation Vacuum band Vacuum band Vacuum band Direct rotary
Indirect rotary Fluid bed Cont. band Spray Spray
- Vacuum band Cont. tray -_— Drum
Pneumatic

4See Figure 9.4 for sketches of dryer types.
(Items (a)-(d) by Nonhebel and Moss, 1971, pp. 45, 48-50).
(Walas, 1988).

9.4. BATCH DRYERS

Materials that require more than a few minutes drying time or are
in small quantity are treated on a batch basis. If it is granular, the
material is loaded on trays to a depth of 1-2in. with spaces of
approximately 3in. between the trays. Perforated metal bottoms
allow drying from both sides with improved heat transfer. Hot
air is blown across or through the trays. Cross velocities of 1000
ft/min are feasible if dusting is not a problem. Since the rate of eva-
poration increases roughly with the 0.8 power of the linear velo-
city, high velocities are desirable and are usually achieved by
internal recirculation with fans. In order to maintain humidity at
operable levels, venting and fresh air makeup are provided at rates
of 5-50% of the internal circulation rate. Rates of evaporation of
0.05-0.4 1b/(hr) (sqft tray area) and steam requirements of 1.5-
2.3 1b. steam/Ib. of evaporated water (solvent) are realized.
Drying under vacuum is commonly practiced for sensitive
materials. Figure 9.6 shows cross and through circulation tray
arrangements. The typical operating data of Table 9.6 cover a wide

range of drying times, from a fraction of an hour to many hours.
Charging, unloading, and cleaning are labor-intensive and time-
consuming, as much as 5-6 hr for a 200-tray dryer, with trays
about 5sqft and 1-1.51in. deep, a size that is readily handled manu-
ally. They are used primarily for small productions of valuable and
thermally sensitive materials. Performance data are in Tables 9.6
(b) and (c). Standard sizes of vacuum shelf dryers may be found
in Perry’s (1997, p.12.46).

Through circulation dryers employ perforated or open screen
bottom tray construction and have baffles that force the air
through the bed. Superficial velocities of 150 ft/min are usual, with
pressure drops of 1 in. or so of water. If it is not naturally granular,
the material may be preformed by extrusion, pelleting, or briquet-
ting so that it can be dried in this way. Drying rates are greater
than in cross flow. Rates of 0.2-2 1b/(hr)(sqft tray area) and ther-
mal efficiencies of 50% are realized. Table 9.6(d) has performance
data.

Several types of devices that are used primarily for mixing of
granular materials have been adapted to batch drying. Examples
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Figure 9.4. Types of dryers cited in Tables 9.1 and 9.2. (a) Tray or compartment. (b) Vacuum tray. (c) Vertical agitated batch vacuum
drier. (d) Continuous agitated tray vertical turbo. (¢) Continuous through circulation. (f) Direct rotary. (g) Indirect rotary. (h) Agitated
batch rotary (atmos or vacuum). (i) Horizontal agitated batch vacuum drier. (j) Tumble batch dryer. (k) Splash dryer. (1) Single drum.
(m) Spray. (n) Fluidized bed dryer. (0) Pneumatic conveying. (Mostly after Nonhebel and Moss, 1971). (Walas, 1988).
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TABLE 9.2. Evaporation Rates and Thermal Efficiencies of Dryers

Equipment Figure 9.4 (Ib/hr)/sq ft (Ib/hr)/cu ft Efficiency? (%)
Belt conveyor e 46-58
Shelf
Flow through a 0.02-2.5 18-41
Flow past a 0.02-3.1 18-41
Rotary
Roto-louvre 7.2-15.4 23-66
Parallel current direct fired 6.1-16.4 65
Parallel current warm air f 6.1-16.4 50
Countercurrent direct fired 6.1-16.4 60
Countercurrent warm air f 6.1-16.4 45
Steam tube h 6.1-16.4 85
Indirect fired g 6.1-16.4 25
Tunnel 36-42
Pneumatic
0.5 mm dia granules o 6.2 26-63
1.0mm 1.2 26-63
5mm 0.25 26-63
Spray m 0.1-3 21-50
Fluidized bed n 50-160 20-55
Drum | 1.4-5.1 36-73
Spiral agitated
High moisture i 1-3.1 36-63
Low moisture i 0.1-0.5 36-63
Splash paddle k 5.6 65-70
Scraped multitray d 0.8-1.6
?Efficiency is the ratio of the heat of evaporation to the heat input to the dryer. (Walas, 1988).
TABLE 9.3. Comparative Performances of Basic Dryer Types
Basic Dryer Type
Tray Conveyor Rotary Spray Flash Fluid Bed
Product filter cake clay sand TiO, spent grain coal
Drying time (min) 1320 9.5 12 <1.0 <1.0 2.0
Inlet gas temperature (°F) 300 420 1650 490 1200 1000
Initial moisture (% dry basis) 233 25 6 100 150 16
Final moisture (% dry basis) 1 5.3 0.045 0 14 7.5
Product loading (lb dry/ft?) 3.25 16.60 N.A. N.A. N.A. 21in. deep
Gas velocity (ft/min) 500 295 700 50 2000 1000
Product dispersion in gas slab packed bed gravity flow spray dispersed fluid bed
Characteristic product shape thin slab extrusion granules spherical drops grains l—in.
particles
Capacity [Ib evap./(h)(dryer area)] 0.34 20.63 1.357 0.277 107 285
Energy consumed (Btu/Ib evap.) 3000 1700 2500 1300 1900 2000
Fan [hp/(Ib evap./h)] 0.042 0.0049 0.0071 0.019 0.017 0.105

%lb evap./(h)(dryer, volume).

(Wentz and thygeson, 1979: tray dryer from Perry, Chemical Engineers’ Handbook, 4th ed., p. 20-7; conveyor and spray
dryers from proctor and Schwartz, Inc.; rotary, Flash, and fluid bed dryers from Williams-Gardner, 1971, pp. 75, 149, 168, 193).

(Walas, 1988).

appear in Figure 9.8. They are suited to materials that do not stick
to the walls and do not agglomerate during drying. They may be
jacketed or provided with heating surfaces in the form of tubes
or platecoils, and are readily arranged for operation under vacuum
when handling sensitive materials. The double-cone tumbler has
been long established. Some operating data are shown in Table
9.7. It and V-shaped dryers have a gentle action that is kind to fra-
gile materials, and are discharged more easily than stationary
cylinders or agitated pans. The fill proportion is 50-70%. When
heated with 2 atm steam and operating at 10 Torr or so, the eva-
poration rate is 0.8-1.0 Ib/(hr)(sqft of heating surface).

Fixed cylinders with rotating ribbons or paddles for agitation
and pans with vertical agitators are used to a limited extent in
batch operation. Pans are used primarily for materials that become

sticky during drying. Table 9.7 and Figure 9.7 are concerned with
this kind of equipment.

A detailed example of capital and operating costs of a
jacketed vacuum dryer for a paste on which they have laboratory
drying data is worked out by Nonhebel and Moss (1971, p. 110).

Fluidized bed dryers are used in the batch mode on a small
scale. Table 9.14(a) has some such performance data.

Papagiannes (1992) presented tips on how best to choose
among rotary, spray, flash, and fluid-bed dryers.

9.5. CONTINUOUS TRAY AND CONVEYOR BELT DRYERS

Trays of wet material loaded on trucks may be moved slowly
through a drying tunnel: When a truck is dry, it is removed at
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Figure 9.5. Residence time distribution in particle dryers. (a) Four
types of dryers (McCormick, 1979). (b) Residence time distribution
of air in a detergent spray tower; example shows that 27% (difference
between the ordinates) has a residence time between 24 and 32 sec
[Place et al., Trans. Inst. Chem. Eng. 37, 268 (1959)]. (c) Fluidized
bed drying of two materials (Vanacek et al., Fluidized Bed Drying,
1966). (Walas, 1988).

one end of the tunnel, and a fresh one is introduced at the other
end. Figure 9.6(c) represents such equipment. Fresh air inlets and
humid air outlets are spaced along the length of the tunnel to suit
the rate of evaporation over the drying curve. This mode of opera-
tion is suited particularly to long drying times, from 20 to 96 hr for
the materials of Table 9.6(¢).
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TABLE 9.4. Examples of Products Dried in Specific Kinds of
Equipment

1. Spray dryers: rubber chemicals, sulfonates, inorganic
phosphates, ceramics, kaolin, coffee, detergents,
pharmaceuticals, pigments, inks, lignosulfonate wood waste,
melamine and urea formaldehyde resins, polyvinyl chloride,
microspheres, skim milk, eggs, starch, yeast, silica gel, urea,
salts

2. Drum dryers: potatoes, cereals, buttermilk, skim milk, dextrins,
yeasts, instant oat meal, polyacylamides, sodium benzoate,
propionates, acetates, phosphates, chelates, aluminum oxide,
m-disulfuric acid, barium sulfate, calcium acetate-arsenate-
carbonate-hydrate-phosphate, caustic, ferrous sulfate, glue, lead
arsenate, sodium benzene sulfonate, and sodium chloride

3. Vacuum drum dryers: syrups, malted milk, skim milk, coffee,
malt extract, and glue

4. Vacuum rotary dryers: plastics, organic polymers, nylon chips,
chemicals of all kinds, plastic fillers, plasticizers, organic
thickeners, cellulose acetate, starch, and sulfur flakes

5. Belt conveyor dryers: yeast, charcoal briquettes, synthetic
rubber, catalysts, soap, glue, silica gel, titanium dioxide, urea
formaldehyde, clays, white lead, chrome yellow, and metallic
stearates

6. Pneumatic conveyor dryers: yeast filter cake, starch, whey,
sewage sludge, gypsum, fruit pulp, copper sulfate, clay, chrome
green, synthetic casein, and potassium sulfate

7. Rotary multitray dryer: pulverized coal, pectin, penicillin, zinc
sulfide, waste slude, pyrophoric zinc powder, zinc oxide pellets,
calcium carbonate, boric acid, fragile cereal products, calcium
chloride flakes, caffein, inorganic fluorides, crystals melting near
100°F, prilled pitch, electronic grade phosphors, and solvent-wet
organic solids

8. Fluidized bed dryer: lactose base granules, pharmaceutical
crystals, weed killer, coal, sand, limestone, iron ore, polyvinyl
chloride, asphalt, clay granules, granular desiccant, abrasive
grit, and salt

9. Freeze dryers: meat, seafood, vegetables, fruits, coffee,
concentrated beverages, pharmaceuticals, veterinary
medicines, and blood plasma

10. Dielectric drying: baked goods, breakfast cereals, furniture
timber blanks, veneers, plyboard, plasterboard, water-based
foam plastic slabs, and some textile products

11. Infrared drying: sheets of textiles, paper and films, surface
finishes of paints and enamels, and surface drying of bulky
nonporous articles.

In the rotating tray assembly of Figure 9.8(a), material enters
at the top and is scraped onto successive lower trays after making a
complete revolution. A leveler on each tray, shown in Figure 9.8(b),
ensures uniform drying. Although the air flow is largely across the
surface of the bed, the turnover of the material as it progresses
downward makes the operation more nearly through-circulation.
A cooling zone is readily incorporated in the equipment. The con-
tacting process is complex enough that laboratory tray drying tests
are of little value. A pilot plant size unit was cited in Section 9.2
of Walas (1998). Some industrial data on rotary tray drying are
given in Table 9.8(a), and some other substances that have been
handled successfully in this equipment are listed in Table 9.4.

Krauss Maffei Corporation manufactures an indirectly heated
plate dryer with arms and plows that transfer the material to be
dried from the top of the unit to the discharge at the bottom, being
conveyed downward in a spiral fashion by a rotating shaft to
which stationary plates are attached. An illustration of this dryer
is found in Figure 9.8(c). The heating medium may be steam, hot
water, or hot oil. Moyers (2003) performed an interesting study
for rating continuous tray and plate dryers for new services
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TABLE 9.5. Specification Form for a Dryer?

1. Operation mode batch/continuous
operating cycle h
2. Feed (a) material to be dried
(b) feed rate kg/h
(c) nature of feed solution/slurry/sludge/granular/fibrous/sheet/bulky
(d) physical properties of solids:
initial moisture content kg/kg
hygroscopic-moisture content ka’kg
heat capacity kJ/kg°C
bulk density, wet kg/m?®
particle size mm
(e) moisture to be removed:
chemical composition .
boiling point at 1 bar °C
heat of vaporization MJ/kg
heat capacity kJ/kg°C
(f) feed material is scaling/corrosive/toxic/abrasive/explosive
(g) source of feed
3. Product (a) final moisture content kg/kg
(b) equilibrium-moisture content at 60% r.h. kg/kg
(c) bulky density kg/m?®
(d) physical characteristics granular/flaky/fibrous/powdery/sheet/bulky
4. Design restraints (a) maximum temperature when wet °C
when dry °C

(b) manner of degradation

(c) material-handling problems,

when wet
when dry

(d) will flue-gases contaminate product?

(e) space limitations

(a) steam available at
maximum quantity
costing

(b) other fuel
at
with heating value
costing

(c) electric power
frequency
phases
costing

5. Utilities

6. Present method of drying
7. Rate-of-drying data under constant external conditions:

or data from existing plant

8. Recommended materials of construction

(a) parts in contact with wet material
(b) parts in contact with vapors

bar pressure (10° N/m
kg/h
__ $kg

%)

kg/h
MJ/kg
$/kg

Vv

hz
$/kWh

?Questionnaires of several manufacturers are in Appendix C.

combining simulation and the specific drying rate equation com-
paring the Krauss Maffei plate dryer and the Wyssmont tray dryer.
Equipment developed essentially for movement of granular
solids has been adapted to drying. Screw conveyors, for instance,
have been used but are rarely competitive with belt conveyors, par-
ticularly for materials that tend to degrade when they are moved.
From the point of view of drying, belt conveyors are of two types:
with solid belts and air flow across the top of the bed, called con-
vection drying, or with perforated belts and through circulation of
the air. The screw conveyor of Figure 9.8(g) has indirect heating.
Solid belts are used for pastes and fine powders. Through circu-
lation belts are applied to granules more than about 3 mm in narrow-
est dimension. When the feed is not in suitable granular form, it is

converted in a preformer to a size range usually of 3—15 mm. Belts
are made of chain mail mesh or metal with 2 mm perforations or slots
of this width. Steam-heated air is the most common heat transfer
medium; however, combustion gases may be used. A temperature
limit of 620°F is recommended (Perry’s, 1997, p. 12.48) because of
problems lubricating the conveyor, chain, and roller drives.

Several arrangements of belt dryers are shown in Figures 9.8
(d)—(f). In the wet zone, air flow usually is upward, whereas in
the drier and cooling zones it is downward in order to minimize
dusting. The depth of material on the belt is 1-8in. Superficial
air velocities of 5ft/sec usually are allowable. The multizone
arrangement of Figure 9.8(f) takes advantage of the fact that the
material becomes lighter and stronger and hence can be loaded
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Figure 9.6. Tray dryer arrangements, batch and continuous. Per-
formance data are in Table 9.5. (a) Air flow across the surfaces
of the trays. (b) Air circulation forced through the beds on the
trays (Proctor and Schwartz Inc.). (c) Continuous drying of trays
mounted on trucks that move through the tunnel; air flow may
be in parallel or countercurrent (P.W. Kilpatrick, E. Lowe, and
W.B. Van Arsdel, Advances in Food Research, Academic, New
York, 1955, Vol. VI, p. 342). (Walas, 1988).

more deeply as it dries. Each zone also can be controlled separately
for air flow and temperature. The performance data of Table 9.9
cover a range of drying times from 11 to 200 min, and thermal effi-
ciencies are about 50%.

Laboratory drying rate data of materials on trays are best
obtained with constant air conditions. Along a belt conveyor or
in a tray-truck tunnel, the moisture contents of air and stock
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change with position. Example 9.3 shows how constant condition
drying tests can be adapted to belt conveyor operation. The effects
of recycling moist air and of increasing the air velocity beyond that
studied in the laboratory tests are studied in Example 9.4. Recy-
cling does reduce drying time because of the increased air velocity,
but it is not as effective in this regard as the same increase in the
amount of fresh air. Recycling is practiced, however, to reduce
heat consumption when the fresh air is cold and to minimize pos-
sible undesirable effects from over-rapid drying with low humidity
air. Parallel current operation also avoids overrapid drying near
the end. For parallel flow, the moisture balance of Example 9.4
becomes

97.4(R+1)+1400(1.16 — W)
H, = 7790(R+ 1) ©.16)
and would replace Eq. 1 in any computer program.
The kind of data desirable in the design of through-circulation
drying are presented for a particular case by Nonhebel and Moss
(1971, p. 147). They report on effects of extrusion diameters of
the original paste, the bed depth, air linear velocity, and air inlet
humidity, and apply these data to a design problem.

9.6. ROTARY CYLINDRICAL DRYERS

Rotating cylindrical dryers are suited for free-flowing granular
materials that require drying times of the order of 1hr or less.
Materials that tend to agglomerate because of wetness may be pre-
conditioned by mixing with recycled dry product.

Such equipment consists of a cylindrical shell into which the
wet material is charged at one end and dry material leaves at the
other end. Figure 9.9 shows some examples. Drying is accom-
plished by contact with hot gases in parallel or countercurrent flow
or with heat transfer through heated tubes or double shells.
Designs are available in which the tubes rotate with the shell or
are fixed in space.

Diameters typically are 4-10ft and lengths are 4-15 dia-
meters. The product of rpm and diameter is typically between 25
and 35. Superficial gas velocities are 5-10 ft/sec; but lower values
may be needed for fine products, and rates up to 35 ft/sec may be
allowable for coarse materials. To promote longitudinal travel of
the solid, the shell is mounted on a slope of 1 in 40 or 20.

In a countercurrent dryer the exit temperature of the solid
approaches that of the inlet gas. In a parallel flow dryer, the exit
gas is 10—20°C above that of the solid. For design purposes the tem-
perature of the exit solid in parallel flow may be taken as 100°C.

Flights attached to the shell lift up the material and shower it as
a curtain through which the gas flows. Cross sections of some dryers
are shown in Figure 9.10. The shape of flights is a compromise
between effectiveness and ease of cleaning. The number is between
2 and 4 times the diameter of the shell in feet, and their depth is
between ﬁ and % of the diameter. Holdup in the dryer depends on
details of design and operation, but 7-8% is a usual figure. Cross-
sectional holdup is larger at the wet end than at the dry end. An
85% free cross section commonly is adopted for design purposes;
the rest is taken up by flights and settled and cascading solids.

Residence time depends on the nature of the material and
mechanical features of the dryer. The performance data of Table
9.10 show a range of 7-90min. A formula cited by Williams—
Gardner (1971, p. 133) for the geometrical residence time 6, is

0 = kL/nDS, 9.17)
where L is the length, D is the diameter, » is rpm, and S is the slope
(in./ft). The coefficient k varies from 3 to 12 for various countercurrent
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TABLE 9.6. Performance Data of Batch Tray and Tray-Truck Dryers

(a) Cross-Flow Operation

Coated Tablets PTFE Aspirin Base Granules Stearates Chalk Filter Cake Filter Cake Filter Cake
Capacity, wet charge (Ib) 120 80 56 20,000 1800 3000 2800 4300
Number of trays 40 20 20 320 72 80 80 80
Tray area (ft?) 140 70 70 4800 1130 280 280 280
Depth of loading (in.) 0.5 1.0 0.5 2.0 2.0 1.0 1.0 1.5
Initial moisture (% w/w basis) 25 25-30 15 71 46 70 70 80
Final moisture (% w/w basis) nil 0.4 0.5 0.5 2.0 1.0 1.0 0.25
Maximum air temperature (°F) 113 284 122 200 180 300 200 200
Loading (Ib/t2) 0.9 1.2 0.4 0.9 0.91 3.25 3.04 11.7
Drying time (hr) 12 5.5 14 24 4.5 22 45 12
Overall drying rate (Ib/hr) 2.6 5.3 0.84 62.5 185 96.6 43.0 90
Evaporative rate (lb/hr/ft?) 0.0186 0.05 0.008 0.013 0.327 0.341 0.184 0.317
Total installed HP 1 1 1 45 6 4 2 2

(Williams-Gardner, 1971, p. 75, Table 12: first three columns courtesy Calmic Engineering Co.; last five columns courtesy A.P.V.—Mitchell

(Dryers) Ltd.). (Walas, 1988).

(b) Vacuum Dryers with Steam Heated Shelves

Soluble Paint Ferrous Ferrous Lithium Tungsten  Stabilized
Aspirin Pigment Glutinate  Succinate Hydroxide Alloy Diazamin
Capacity, wet product (lb/h) a4 30.5 41.6 52.5 36.8 12.8 4.6
Tray area (ft?) 108 108 108 108 54 215 172
Depth of loading (in.) 1 2 0.5 1 1 0.5 0.75
Initial moisture (% w/w basis) 724 49.3 25 374 59 1.6 22.2
Final moisture (% w/w basis) 1.25 0.75 0.5 18.8 0.9 nil 0.5
Max temp (°F) 104 158 203 203 122 239 95
Loading [Ib charge (wet) ft2] 6.1 102 2.3 1.94 3.08 7.16 1.22
Drying time (hr) 15 36 6 4 4.5 12 48
Overall drying rate (Ib moisture evaporated/ft?/hr) 0.293 0.14 0.11 0.11 0.034 0.013 0.0058
Total installed HP 6 6 6 6 3 2 5
Vacuum (in. Hg) 29.5 28 27 27 27 29 22-23
(Williams-Gardner, 1971, p. 88, Table 15: courtesy Calmic Engineering Co.). (Walas, 1988).
(c) Vacuum Dryers with Steam-Heated Shelves
Material Sulfur Black Calcium Carbonate Calcium Phosphate
Loading (kg dry material/m?) 25 17 33
Steam pressure (kPa gauge) 410 410 205
Vacuum (mm Hg) 685-710 685-710 685-710
Initial moisture content (%, wet basis) 50 50.3 30.6
Final moisture content (%, wet basis) 1 1.15 4.3
Drying time (hr) 8 7 6
Evaporation rates (kg/sec m?) 89 x 107 7.9 x 107 6.6 x 1074
(Chemical Engineers’ Handbook, 1999, Table 12.13, p. 12.46).
(d) Through Circulation Dryers
Kind of Material Granular Polymer Vegetable Vegetable Seeds
Capacity (kg product/hr) 122 425 27.7
Number of trays 16 24 24
Tray spacing (cm) 43 43 43
Tray size (cm) 91.4 x 104 91.4 x 104 85 x 98
Depth of loading (cm) 7.0 6 4
Physical form of product crumbs 0.6-cm diced cubes washed seeds
Initial moisture content (%, dry basis) 111 669.0 100.0
Final moisture content (%, dry basis) 0.1 5.0 9.9
Air temperature (°C) 88 77 dry-bulb 36
Air velocity, superficial (m/sec) 1.0 0.6-1.0 1.0
Tray loading (kg product/m?) 16.1 5.2 6.7
Drying time (hr) 2.0 8.5 5.5
Overall drying rate (kg water evaporated/hr m?) 0.89 11.86 1.14
Steam consumption (kg/kg water evaporated) 4.0 2.42 6.8
Installed power (kW) 7.5 19 19

(Proctor and Schwartz Co.). (Walas, 1988).
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(e) Tray and Tray-Truck Dryers
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Material Color Chrome Yellow Toluidine Red Half-Finished Titone Color
Type of dryer 2-truck 16-tray dryer 16-tray 3-truck 2-truck
Capacity (kg product/hr) 11.2 16.1 1.9 56.7 4.8
Number of trays 80 16 16 180 120
Tray spacing (cm) 10 10 10 7.5 9
Tray size (cm) 60 x 75 x 4 65 x 100 x 2.2 65 x 100 x 2 60 x 70 x 3.8 60 x 70 x 2.5
Depth of loading (cm) 2.5-5 3 3.5 3
Initial moisture (%, bone-dry basis) 207 46 220 223 116
Final moisture (%, bone-dry basis) 4.5 0.25 0.1 25 0.5
Air temperature (°C) 85-74 100 50 95 99
Loading (kg product/m?) 10.0 33.7 7.8 14.9 9.28
Drying time (hr) 33 21 41 20 96
Air velocity (m/sec) 1.0 2.3 2.3 3.0 2.5
Drying (kg water evaporated/hr m?) 0.59 65 0.41 1.17 0.11
Steam consumption (kg/kg water evaporated) 2.5 3.0 — 2.75
Total installed power (kW) 1.5 0.75 0.75 2.25 15
(Proctor and Schwartz Co.). (Walas, 1988).
TABLE 9.7. Performance of Agitated Batch Dryers (See Fig. 9.7)
(a) Double-Cone Tumbler
Prussian
Tungsten Polyester Blue
Carbide Resin Penicillin Hydroquinone Pigment
Volatile ingredient naphtha water acetone water water
Physical nature of charge heavy slurry pellets powder powder filtercake
Dryer dia (ft) 2 2 2 2 2
Dryer capacity (ft°) 2.5 25 25 25 25
Method of heating hot water steam hot water hot water steam
Heating medium temperature (°F) 180 240 140 150 225
Vacuum (mm Hg abs) 40-84 12-18 40 50-100 40-110
Initial volatile content (% w/w basis) 18.0 0.34 27.9 5.0 83
Final volatile content (% w/w basis) nil 0.01 nil 0.25 4.8
Weight of charge (lIb) 640 130 55 61 142.5
Bulk density of charge (Ib/ft®) 256 51.5 215 26.5 58.5
Drying time (min) 155 215 90 50 480
(Courtesy Patterson Division, Banner Industries Inc.; Williams-Gardner, 1971). (Walas, 1988).
(b) Paddle, Ribbon, and Pan?
Mean
Size of Dryer (mm) Initial Absolute Overall
Type ————— Driving Wet Moisture Pressure Jacket Drying Coeff.
of Motor charge Filling Content in Dryer Temp Time U,
Material Dryer Length Dia (HP) (kg Ratio (%, Wet Basis) (mb) (°C) (hr) (W/me°C)
Organic paste HCRP 5500 1200 4000 0.36 30 200 80 15 35
Different fine HCRP 3800 1350 15 2260 0.2 68 265 125 6 45
aromatic organic HCRP 3800 1350 15 4660 0.4 75 265 125 8 60
compound crystals HCRP 5500 1200 2100 0.2 6 200 125 4 25
Anthracene
(water and pyridine)  HCRP 8900 1800 35 37000 0.72 76 665-1000 170 16 75
Dyestuff paste HCSB 2750 1200 10 2000 0.3 70 265 105 14 30
Different organic PVP 1800 15 1080 0.4 a1 1000 125 32 35
paste PVP 2450 25 800 0.4 35 665 125 73 25
Different dyestuff PVP 1800 15 1035 0.4 61 1000 125 11 135
paste } PVP 2450 20-30 2400 0.7 64 470 125 12 115

?HCRP = paddle agitator; HCSP = ribbon agitator; PVP = pan with vertical paddles.
(Nonhebel and Moss, 1971). (Walas, 1988).

(continued)
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TABLE 9.7.—(continued)
(c) Pan Dryer

Sodium Thiosulphate

Potassium Zeolite Arsenic Pentoxide

Dryer diameter

Dryer depth

Capacity (Ib product)

Initial moisture (% w/w basis)
Final moisture (% w/w basis)
Method of heating
Atmospheric (a) or vacuum (b)
Drying temperature: material (°F)
Drying temperature: shelf (°F)
Bulk density product (Ib/ft®)
Drying time (hr/batch)

Material of construction

6ft0in. 2ft 3in. 8ft0in.
2ft0in. 1t Oin. 2ft0in.
12 cwt 14 1b 2}ton/day
37 40 35
0 1 2-3
steam steam steam
(b) 26 Hg (a) 60 Ib/in.?/gauge (b)
153 C
5 3 8
Ss MS Ss

[Courtesy A.P.V.—Mitchell (Dryers) Ltd., Williams-Gardner, 1971]. (Walas, 1988).
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Figure 9.7. Tumbling and agitated heated dryers for atmospheric and vacuum batch operation. (a) Double cone tumbler; performance data in
Table 9.7(a) (Pennsalt Chem. Co.). (b) V-shaped tumbler. (c) Ribbon agitated cylinder; performance data in Table 9.7(b). (4) jacketed shell;
(B) heads; (C) charging connections; (D) discharge doors; (E) agitator shaft; (F) stuffing box; (G) shaft bearings; (H) agitator blades; (/) vapor

outlets; (K) steam inlets; (L) condensate outlets;

(M) discharge siphon for shaft condensate (Buflovak Equip. Div., Blaw Knox Co.). (d) Paddle

agitated cylinder. Performance data in Table 9.7(b). (e) Horizontal pan with agitator blades. Data are Table 9.7(b). (Walas, 1988).

single shell dryers. The formula may be of some value in predicting
roughly the effects of changes in the quantities included in it.

The only safe way of designing a rotary dryer is based on pilot
plant tests or by comparison with known performance of similar
operations. Example 9.5 utilizes pilot plant data for upscaling a

dryer. The design of Example 9.6 also is based on residence time
and terminal conditions of solid and air established in a pilot plant.

When heating by direct contact with hot gases is not feasible
because of contamination or excessive dusting, dryers with jacketed
shells or other kinds of heat transfer surfaces are employed. Only
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Figure 9.7. —(continued)
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heated screw conveyor dryers. (a) Rotary tray dryer (Wyss- L D 5. Pl
mont Co.). (b) Action of a rotating tray and wiper assembly - Plate
(Wyssmont Co.). (c) Krauss-Maffei indirect-heated continuous 2
plate dryer (Krauss Maffei). (d) A single conveyor belt with 2
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dryer. (f) A three-belt conveyor dryer; as the material becomes
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and Schwartz Inc.). (g) Screw conveyor dryer with heated hol- (©) .
low screw (Bepex Corp.). (Walas, 1988). (continued )
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Figure 9.8. —(continued) Indirect-heated continuous plate dryer for atmospheric, gastight, or full-vacumm operation. (Courtesy of Krauss

Maffei).

enough air to entrain the moisture is employed. The temperature of
the solid approaches the boiling temperature of the water in the con-
stant rate period. Figure 9.10 shows designs in which the heating
tubes are fixed in space or are attached to the rotating shell. Table
9.10 gives some performance data.

Combined direct and indirect dryers pass the hot gases first
through a jacket or tubes, and then wholly or in part through the
open dryer. Efficiencies of such units are higher than of direct
units, being in the range 60-80%. Table 9.10(d) shows performance
data. Since the surfaces are hot, this equipment is not suitable for
thermally sensitive materials and, of course, may generate dust if
the gas rate through the open dryer is high.

In the Roto-Louvre design of Figure 9.10(b) the gas enters at
the wall, flows first through the bed of particles, and subsequently

through the shower of particles. Performance data are in Tables
9.10(b) and (c).

A formula for the power required to rotate the shell is given
by Wentz and Thygeson (1979):

P =0.45 W0, +0.12BDNY, 9.18)

where P is in watts, W, is the weight (kg) of the rotating parts, v, is the
peripheral speed of the carrying rollers (m/sec), B is the holdup of
solids (kg), D is diameter of the shell (m), N is rpm, and fis the num-
ber of flights along the periphery of the shell. Information about
weights may be obtained from manufacturer’s catalogs or may be
estimated by the usual methods for sizing vessels. Fan and driver



TABLE 9.8. Performance of Rotary Tray and Pan Dryers

(a) Multitray Dryers at Atmospheric Pressure
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China Bread Cu-Ni Catalyst Calcium Vitamin
Clay Crumbs Concentrate Pellets Kaolin Chloride Urea Powder
Dryer height — — 23 ft 23 ft 47 ft 47 ft 12 ft
Dryer diameter — — — 19ft 19 ft 31ft 15 ft 9ft
Tray area (ft) 7000 2000 2900 — — — —
(drying)
1000
(cooling)
Capacity (Ib/product/hr) 31,000 1680 19,000 4200 10,000 24,000 5000 200
Initial moisture (% w/w basis) 30 36 22 45 35 25 20 20
Final moisture (% w/w basis) 10 5 5 18 5 1 0.2 5
Product temperature (°F) 160 100 200 — — — — —
Residence time (min) 40 40 25 — — — — —
(drying)
20
(cooling)
Evaporation rate (lb/ft¥hr) 9.100 804 4060 2050 4600 11,000 100 37
Method of heating external oil steam external external external oil internal external external
oil gas gas steam steam
Heat consumption (Btu/Ib 1750 — 2200 1750 1850 1800 3500 2700
moisture evaporated)
Installed HP 80 25 60 23 47 65 75 2%

(Williams-Gardner, 1971).

(First three columns courtesy Buell Ltd.; last five columns courtesy The Wyssmont Co., Inc.). (Walas, 1988).

(b) Multiple Vacuum Pan Dryer

Sodium Hydrosulphite Maneb Melamine Activated Carbon

Dryer diameter (pans) (m) 2 2 2 2
Number of pans 5 17 11 17

Area (approx)(m?) 12.4 42.8 27.6 42.8

Dry product (Ib/hr) 1100 660 1870 440
Initial moisture (% w/w) 4 23 11 62

Final moisture (% w/w) 0.1 0.5 0.03 3
Heating hot water steam 1.3 atm steam 2.5 atm steam 2.5 atm
Pan temperature (°C) 98 105 125 125
Evaporation rate (Ib/ft%hr) 0.325 0.325 0.79 0.78
Drying time (min) 15 170 12 30

(Data of Krauss-Maffei-lmperial GmbH). (Walas, 1988).

TABLE 9.9. Performance of Through-Circulation Belt Conveyor Dryers [See Figures 9.8(c)-(e)]

(a) Data of A.P.V.—Mitchell (Dryers) Ltd.

Fertilizers Bentonite Pigment Nickel Hydroxide Metallic Stearate
Effective dryer length 42 ft 6in. 60ft 0in. 24t 0in. 24ft 0in. 411t 3in.
Effective band width 8ft6in. 8ft6in. 4ft0in. 4ft 0in. 6ft0in.
Capacity (Ib product/hr) 2290 8512 100 125 125
Method offeeding . } oscillator oscillator extruder extruder extruder
Feedstock preforming
Initial moisture (% w/w basis) 45.0 30 58.9 75 75
Final moisture (% w/w basis) 2.0 10.0 0.2 0.5 0.2
Drying time (min) 16 14 60 70 60
Drying rate (Ib evaporated/ft*/hr) 7.0 6.5 2.0 7.5 1.5
Air temperature range (°F) — — — — —
Superficial air velocity (ft/min) 200 200 180 180 125
Heat consumption (Btu/lb evaporated) — — —
Method of heating direct oil direct oil steam steam steam
Fan installed HP 35 50 14 14 28

(Williams-Gardner, 1971; Walas, 1988).

(continued)
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TABLE 9.9.—(continued)
(b) Data of Krauss-Maffei-lmperial GmbH

Aluminium Polyacrylic Calcium Titanium
Hydrate itrile Sulfur Carbonate Dioxide
Effective dryer length 32ft 9in. 43ft 0in. 28ft 0in. 50ft Oin. 108 ft 0in.
Effective band width 6ft6in. 6ft6in. 6ft 6in. 6ft 3in. 9ft 6in.
Capacity (Ib product/hr) 615 2070 660 1800 6000
:YIEthOd offeeding . grooved drum extruder extruder extruder extruder
eedstock preforming
Initial moisture (% w/w basis) 38.0 55.0 45.0 60.0 50.0
Final moisture (% w/w basis) 0.2 1.0 1.0 0.5 0.5
Drying time (min) 26 52 110 40 45
Drying rate (lb evaporated/hr/ft?) 2.88 3.37 3.57 5.73 6.0
Air temperature range (°F) 233 186/130 194/230 320 314/392
Superficial air velocity (ft/min) 140 100/216 140 160 150
Heat consumption (Ib steam/Ib evaporated) 1.7-1.8 1.8-1.9 1.8-1.9 1.7-1.8 1.8-1.9
Method of heating 50 Ib/in.? steam 25 Ib/in.?2 steam 90 Ib/in.? steam 160 Ib/in.? steam 260 Ib/in.? steam
Fan installed hp (approx.) 25 65 20 35 80
(Williams-Gardner, 1971; Walas, 1988).
(c) Data of Proctor and Schwartz Inc.
Inorganic Charcoal Inorganic
Kind of Material Pigment Cornstarch Fiber Staple Briquettes Gelatin Chemical
Capacity (kg dry product/hr) 712 4536 1724 5443 295 862
Stage A Stage B
Approximate dryer area (m?) 22.11 66.42 57.0435.12 52.02 104.05 30.19
Depth of loading (cm) 3 4 — 16 5 4
Air temperature (°C) 120 115-140 130-100 100 135-120 32-52 121-82
Loading (kg product/m?) 18.8 27.3 3.563.3 182.0 9.1 33
Type of conveyor (mm) 1.59 by 6.35 1.19 by 4.76  2.57-diameter 8.5 x 8.5 mesh 4.23 x 4.23 1.569 x 6.35
slots slots holes, screen mesh slot
perforated screen
plate
Preforming method or feed rolling filtered and fiber feed pressed extrusion rolling
extruder scored extruder
Type and size of preformed particle (mm) 6.35-diameter  scored filter cut fiber 64 x 51 x 25 2-diameter  6.35-diameter
extrusions cake extrusions extrusions
Initial moisture content (% bone-dry basis) 120 85.2 110 37.3 300 111.2
Final moisture content (% bone-dry basis) 0.5 13.6 9 5.3 1.1 1.0
Drying time (min) 35 24 11 105 192 70
Drying rate [kg water evaporated/(hr m?)] 38.39 42.97 17.09 22.95 9.91 31.25
Air velocity (superficial)(m/sec) 1.27 1.12 0.66 1.12 1.27 1.27
Heat source per kg water gas steam steam waste heat steam gas
evaporated [steam kg/kg gas (m®kg)] 0.1 2.0 1.73 2.83 0.13
Installed power (kW) 29.8 119.3 194.0 82.06 179.0 41.03

(Perry’s Chemical Engineers’ Handbook, 6th ed., McGraw-Hill, New York, 1984, Table 20-11, 20-28).

horsepower are stated for the examples of Tables 9.10(a)—(c). The
data of Table 9.10(a) are represented roughly by

P=5+0.11DL, 9.19)

where P is in HP and the diameter D and length L are in feet.

9.7. DRUM DRYERS FOR SOLUTIONS AND SLURRIES

Solutions, slurries, and pastes may be spread as thin films and dried
on steam-heated rotating drums. Some of the usual arrangements
are shown on Figure 9.11. Twin drums commonly rotate in opposite
directions inward to nip the feed, but when lumps are present that
could damage the drums, rotations are in the same direction. Top
feed with an axial travelling distributor is most common. Dip feed

is shown in Figure 9.11(a) where an agitator also is provided to keep
solids in suspension. When undesirable boiling of the slurry in the
pan could occur, splash feed as in Figure 9.11(b) is employed.
Example 9.7 describes some aspects of an industrial installation.

For mechanical reasons, drums larger than 5ft diameter by
12 ft long are impractical. Performance data are found in Tables
9.11 and 9.12. Pilot plant dryers may be 1 to 2 ft in diameter by
1 to 2 ft long.

The material comes off as flakes 1-3 mm or less thick. They
are broken up to standard size of about 14 in. square. That process
makes fines that are recycled to the dryer feed. Drying times fall in
the range of 3-12sec. Many laboratory investigations have been
made of drying rates and heat transfer coefficients, but it appears
that the only satisfactory basis for sizing plant equipment is pilot
plant data obtained with a drum of a foot or more in diameter.
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Figure 9.9. Rotary dryer assemblies. (a) Parts of the shell of a direct fired rotary dryer (C. E. Raymond Bartlett Snow Co.). (b) Assembly of
a rotary dryer with pneumatic recycle of fines (Standard Steel Corp.). (c) Steam tube dryer with mechanical conveyor for partial recycle of

product for conditioning of the feed. (Walas, 1988).

Usually plant performance is superior to that of pilot plant units
because of steadier long time operation.

Rotation speeds of the examples in Table 9.12 show a range of
1-24 rpm. Thin liquids allow a high speed, thick pastes a low one.
In Table 9.12(b) the evaporation rates group in the range 15-30 kg/
m? hr, but a few of the data are far out of this range. Efficiencies in
this type of dryer are comparatively high, on the order of 1.3 Ib
steam/lb of water evaporated.

A safe estimate of power requirement for double drum dryers
is approx 0.67 HP/(rpm)(100 sqft of surface). Maintenance can be
as high as 10%/yr of the installed cost. Knives last from 1 to 6
months depending on abrasiveness of the slurry. Competitors for
drum dryers are solid belt conveyors that can handle greater thick-
nesses of pasty materials, and also spray dryers that have largely
taken over the field.

9.8. PNEUMATIC CONVEYING DRYERS

Free-flowing powders and granules may be dried while being con-
veyed in a high velocity air stream. A pneumatic-conveyor dryer

consists of a vertical or inclined drying leg, a fan to propel the
gas, a suitable feeder for adding and dispersing particulate solids
in the gas stream, a cyclone or other separation equipment, and
an exhaust fan for the recovery of the final product. Figure 9.12
shows some of the many commercial equipment layouts. Provision
for recycling a part of the product generally is included. Some of
the materials being handled successfully in pneumatic dryers are
listed in Table 9.4.

Readily handled particles are in the size range 1-3 mm. When
the moisture is mostly on the surface, particles up to 10 mm have
been processed. Large particles are brought down to size in disper-
sion devices such as knife, hammer or roller mills.

Typical performance data are summarized in Table 9.13. In prac-
tice air velocities are 10-30 m/sec. The minimum upward velocity
should be 2.5-3 m/sec greater than the free fall velocity of the largest
particles. Particles in the range of 1-2 mm correspond to an air velocity
of 25 m/sec. Since agglomerates may exist under drying conditions, the
safest design is that based on pilot plant tests or prior experience.

Single pass residence times are 0.5-3 sec, but most commercial
operations employ some recycling of the product so that average
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(c)

(d)

Figure 9.10. Cross sections of rotary dryers. (a) Action of the flights in cascading the drying material. The knockers are for dislodging
material that tends to cling to the walls. (b) Cross section of chamber of rotolouvre dryer showing product depths and air flows at feed
and discharge ends. The air enters at the wall and flows through the bed as well as through the cloud of showered particles (Link-Belt
Co.). (c) Showering action in a dryer with fixed steam tubes and rotating shell. (d) Section and steam manifold at the end of a dryer in

which the steam tubes rotate with the dryer. (Walas, 1988).

ExAMPLE 9.5

Scale-Up of a Rotary Dryer
Tests on a laboratory unit come up with the stated conditions for
drying a pelleted material at the rate of 1000 b dry/hr:

Air
320 F 160 F
H=0.013 H = 0.0428

W =0.05Ib/lb
Stock ’—’ 110 F
1000 Ib/hr
W=06Ib/lb
70F

The residence time is 20 min. The speed is 3—4 rpm. On the aver-
age, 7.5% of the cross section is occupied by solid. Because of dust-
ing problems, the linear velocity of the air is limited to 12 ft/sec.
The diameter and length will be found. Since the inlet and outlet

conditions are specified and the moisture transfer is known, the
heat balance can be made. The heat capacity of the solid is 0.24:

moisture evap = 1000(0.6 —0.05) = 5501b/hr
air rate = 550/(0.0428 —0.013) = 18,4561b/hr

Off a psychrometric chart, the sp vol of the air is 15.9 cuft/(1b dry).
The diameter is

B 18,456(15.9)
~ \3600(12)(1=0.075

1/2
=3.06 ft, say 3.0 ft.
);;/4) 3.06 ft, say 3.0 ft

The length is

30(20/60)

= =20 18.9ft.
00752074 = 181t
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ExampLE 9.6

Design Details of a Countercurrent Rotary Dryer
Pilot plants indicate that a residence time of 3 hr is needed to
accomplish a drying with the conditions indicated on the sketch.
For reasons of entrainment, the air rate is limited to 750 lbs dry/
(hr) (sqft cross section). Properties of the solid are 50 1b/cuft and
0.22 Btu/(Ib)(°F). Symbols on the sketch are 4 = dry air, S = dry
solid, W = water:

150 psig steam

136 F
A lb/hr 60 F Air
H =0.008
Stock S = 1000 Ib/hr
S =1000 W=1Ib/hr
W =334 260 F
60 F

In terms of the dry air rate, A 1b/hr, the average moist heat capa-
city is
1

C =0.24+0.45[0.008 + 5(333/A)] =0.2436+74.93/ 4.

In the dryer, the enthalpy change of the moist air equals the sum of
the enthalpy changes of the moisture and of the solid. Add 7% for
heat losses. With steam table data,

(0.2436+74.93/4) (290 — 136) = 1.07[333(1120.3) + 1(228)
+1000(0.22)(260 — 60) — 334(28)]
= 1.07(407,936) = 43,649,

. A=11,6331b/hr.

The exit humidity is
H =0.008+333/11,633 = 0.03661b/1b,

which corresponds to an exit dewpoint of 96°F, an acceptable
value.

With the allowable air rate of 750 1b/hr sqft, the diameter of
the dryer is

D =/11,633/750% /4 = 4.44 ft,say 4.5 ft.

Say the solid occupies 8% of the cross section. With a solids
density of 50 Ib/cuft, the dryer volume,

¥ = 3(1000/50)/0.08 = 750 cuft,

and the length is
L=750/(4.5)7/4 =472ft.

The standard number of flights is 2—4 times the diameter, or
number = (2-4)4.5=9—18,say 12.

The product of rpm and diameter is 25-35
sorpm = (25-35)/4.5=5.5-7.8,say 6.7.

The steam heater duty is

0O, =11,633(0.2436)(290 — 60) = 651, 733Btu/hr,
150 psig steam,

stm = 651,733/857 = 760.51b/hr.
Evaporation efficiency is

n =333/760.5 = 0.438 Ibwater/Ib stm.
The efficiency of the dryer itself is

na = 407,936/651,733 = 0.626 Btu/Btu.

residence times are brought up to 60 sec. Recycling also serves to
condition the feed if it is very wet. The spread of residence times
in pneumatic dryers, as indicated by Figure 9.5(a), is broad, so feed
that has a particularly wide size distribution may not dry uni-
formly. Recycling, however, assists uniformity, or several dryers
in series or preclassification of particle sizes may be employed.

Since the contact time is short, heat-sensitive materials with
good drying characteristics are particularly suited to this kind of
dryer, but sticky materials obviously are not. Moreover, since attri-
tion may be severe, fragile granules cannot be handled safely.
Other kinds of dryers should be considered for materials that have
substantial falling rate drying periods.

Pilot plant work is essential as a basis for full scale design. It
may be directed to finding suitable velocities, temperatures and
drying times, or it may employ more basic approaches. The data
provided for Example 9.8, for instance, are of particle size distribu-
tion, partial pressure of water in the solution, and heat and mass
transfer coefficients. These data are sufficient for the calculation
of residence time when assumptions are made about terminal
temperatures.

9.9. FLASH AND RING DRYERS
FLASH DRYERS

Flash dryers are the simplest gas suspension “pneumatic” dryers
and require the least amount of space. The basic components of
a flash dryer are an air heater with a gas duct, a vertical drying col-
umn (flash tube) with an expansion joint, a feed conveyor, a ven-
turi feed section, a cyclone collector with a discharge valve, and
a system fan (Papagiannes, 1992). A fan pushes air through a heater
and into the bottom of the flash tube. The wet feed enters the tube
and is suspended in the air stream that carries the solid material to
the collection equipment. Frequently, the flash tube has a venturi
section so that the high gas velocity disperses the solid. Figure 9.12
(a) is an example of a commercial unit and performance data are
found in Table 9.13(a).

Various temperature-sensitive materials may be processed in
this type dryer because of short material retention times and
proper temperature control. Typical drying times are on the
order of a few seconds. Flash dryers are most useful for moist,
powdery, granular, and crystallized materials, including feeds
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TABLE 9.10. Performance Data of Rotary Dryers

(a) Direct Heated Dryers

Sugar Beet  Calcium _ Blast Furnace Lead Zinc Ammonium Fine
Pulp?” Carbonate? Slag® Concentrate® Sand® Concentrate®  Sulphate® Salt°® Crystals? Chemicals?
Air flow parallel parallel parallel parallel parallel parallel counter counter  counter indirect counter
Dryer length 9ft 2in. 6 ft 3in. 7ft2in. 4t 6in. 4ft 6in. 7ft6in. 9ft 0in. 5ft0in. 10ft0in. 4ft6in.
Dryer length 46 ft Oin. 34ft 0in. 40ft Oiin. 35ft 6in. 32ft 6in. 60ft 0in. 40ft Oiin. 40ft 0in. 60ft0in. 27ft0in.
Method of heating oil oil oil oil gas oil gas steam steam Louisville steam tube
Method of feed screw belt belt screw chute screw conveyor feeder screw screw
Initial moisture (% w/w) 82 13.5 33 14 5.65 18 25 5.0 7.0 1.5
Final moisture (% w/w) 10 0.5 nil 8 0.043 8 0.2 0.1 8.99 0.1
Evaporation (lb/hr) 34,000 6000 11,600 1393 701 8060 1120 400 1150 63
Capacity (Ib evaporated/ft® dryer volume) 11 6 7 2.5 1.35 2.3 0.5 0.52 0.245 —
Efficiency (Btu supplied/water evaporated) 1420 1940 1710 2100 2550 1850 1920 2100 1650 —
Inlet air temperature (°F) 1560 1560 1560 1300 1650 1500 400 280 302 —
Outlet air temperature (°F) 230 220 248 200 222 200 180 170 144 —
Residence time (av. min) 20 25 30 20 12 20 15 40 70 30/40
Fan HP 70 40 50 20 5 75 25 8 — 10
Motive HP 15 20 25 10 10 55 60 15 60 —
Fan capacity (std. air ft/min) 45000 8500 18,000 2750 2100 12,000 18,500 6500 — —
“Courtesy Buell Ltd.
bCourtesy Head Wrightson (Stockton) Ltd.
“Courtesy Edgar Allen Aerex Ltd.
9Courtesy Constantin Engineers Ltd.—Louisville Dryers; Williams-Gardner, 1971; Walas, 1988.
(b) Roto-Louvre Dryers
Bone Meal Sugar? Sulfate of Ammonia? Bread Crumbs Bentonite
Dryer diameter 7ft6in. 7ft6in. 7ft6in. 4ft 6in. 8ft 10in.
Dryer length 12ft Oin. 25ft0in. 25ft0in. 20ftOin. 30ft0in.
Initial moisture (% w/w basis) 17.0 15 1.0 37 45
Final moisture (% w/w basis) 7.0 0.03 0.2 25 11
Method of feed screw screw chute chute chute
Evaporation rate (lb/hr) 1660 500 400 920 7100
Efficiency (Btu supplied/Ib evaporation) 74.3 40 — 55 62.5
Method of heating steam steam steam gas oil
Inlet air temperature (°F) 203 194 248 572 842
Qutlet air temperature (°F) 122 104 149 158 176
Residence time, min 9.3 125 9.0 25.7 37.3
Fan HP (absorbed) 49.3 52.2 55 13.7 54.3
Motive HP (absorbed) 8 12.5 15 2.3 20.0
Fan capacity (ft>/min)
Inlet 9560 18,000 16,000 5380 20,000
Outlet 14,000 22,300 21,000 5100 25,000

?Combined two-stage dryer-cooler.
(Courtesy Dunford and Elliott Process Engineering Ltd.; Williams-Gardner, 1971; Walas, 1988).
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(c) Roto-Louvre Dryers

Material Dried

Ammonium Sulfate

Foundry Sand

Metallurgical Coke

Dryer diameter 2ft7in. 6ft 4in. 10 ft 3in.
Dryer length 10 ft 24 ft 30 ft
Moisture in feed (% wet basis) 2.0 6.0 18.0
Moisture in product (% wet basis) 0.1 0.5 0.5
Production rate (Ib/hr) 2500 32,000 38,000
Evaporation rate (lb/hr) 50 2130 8110
Type of fuel steam gas oil
Fuel consumption 255 Ib/hr 4630 ft3/hr 115 gal/hr
Calorific value of fuel 837 Btu/lb 1000 Btu/ft® 150,000 Btu/gal
Efficiency (Btu supplied per Ib evaporation) 4370 2170 2135
Total power required (HP) 4 a1 78
(FMC Corp.; Chemical Engineers’ Handbook, 1999, Table 12-25, p. 12-65).
(d) Indirect-Direct Double Shell Dryers
Indirect-Direct Double Shell

Coal Anhydrite Coke
Dryer diameter 7ft6in. 5ft 10in. 5ft 10in.
Dryer length 46ft Oin. 35ft 0in. 35ft 0in.
Initial moisture content (% w/w basis) 22 6.0 15
Final moisture (% w/w basis) 6 1.0 1.0
Evaporation rate (Ib/hr) 5800 2300 1600
Evaporation-volume ratio (Ib/ft%/hr) 35 3.15 2.2
Heat source coal oil oil
Efficiency (Btu supplied/Ib water evaporated) 1250 1250 1340
Inlet air temperature (°F) 1200 1350 1350
Outlet air temperature (°F) 160 160 200

(Courtesy Edgar Allen Aerex Ltd.; Williams-Gardner, 1971; Walas, 1988).
(e) Steam Tube Dryers
Class 1 Class 2 Class 3

Class of materials

Description of class

Normal moisture content of vet feed (% dry basis)
Normal moisture content of product (% dry basis)
Normal temperature of wet feed (K)

Normal temperature of product (K)

Evaporation per product (kg)

Heat load per Ib product (kJ)

Steam pressure normally used (kPa gauge)
Heating surface required per kg product (m?)
Steam consumption per kg product (kg)

high moisture organic, distillers’

grains, brewers’ grains, citrus pulp

wet feed is granular and damp but
not sticky or muddy and
dries to granular meal
233
1
310-320
350-355
2
2250
860
0.34
3.33

pigment filter cakes, blanc fixe,
barium carbonate, precipitated
chalk
wet feed is pasty, muddy, or
sloppy, product is mostly
hard pellets
100
0.15
280-290
380-410
1
1190
860
0.4
1.72

finely divided inorganic solids, water-
ground mica, water-ground silica,
flotation concentrates

wet feed is crumbly and friable, product

is powder with very few lumps

54
0.5
280-290
365-375
0.53
625
860
0.072
0.85

(Chemical Engineers’ Handbook, 1999, Table 12.23,

p. 12.63).
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Figure 9.11. Drum dryers for solutions and thin slurries. (a) Single drum dryer with dip feed and spreader. (b) Double drum dryer with
splash feed. (c) Double drum dryer with top feed, vapor hood, knives and conveyor. (d) Double drum dryer with pendulum feed, enclosed
for vacuum operation. (Buflovak Equip. Div., Blaw Knox Co.). (Walas, 1988).

that are wet and that are discharged from filtration equipment
(Christiansen and Sardo, 2001). Because of the rapid drying pro-
cess, they are often used to remove surface water, but they are
not suitable for diffusion-controlled drying. Particle size of the
product material is small, usually less than 500 microns, and
the most suitable feed is that which can be fried, rather than a
sticky material.

Flash dryers have several advantages over more complex gas-
suspension dryers such as fluid-bed or rotary dryers. They are

relatively simple and take up less space, as noted earlier, hence,
they require a lower capital investment.

RING DRYERS

The ring dryer is a variation of the flash dryer design. The difference
between the conventional flash dryer and the ring dryer is the integral
centrifugal classifier (mill) in the latter unit. In a conventional flash
dryer, the residence time is fixed. Because of the design features of

ExampLE 9.7

Description of a Drum Drying System
A detergent drying plant handles 86,722 Ib/day of a slurry con-
taining 52% solids and makes 45,923 Ib/day of product contain-
ing 2% water. The dryers are two sets of steam-heated double
drums, each 3.5ft dia by 10 ft, with a total surface of 440 sqft.
Each drum is driven with a 10 HP motor with a variable speed

transmission. Each trolley top spreader has a 0.5 HP motor.
Each side conveyor has a 1 HP motor and discharges to a com-
mon belt conveyor that in turn discharges to a bucket elevator
that feeds a flaker where the product is reduced to flakes less
than 0.25in. square. Fines are removed in an air grader and
recycled to the dryer feed tank.




TABLE 9.11. Performance Data of Drum Dryers

(a) Drum Dryers
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Yeast Stone Starch Zirconium Brewers Clay
Cream Slop Solutions Glaze Silicate Yeast Slip

Feed solids (% by weight) 16 40 36 64 70 25 75
Product moisture (% w/w basis) 5.7 0.2 5 0.2 0.2 5 9
Capacity (Ib prod./hr) 168 420 300-400 225 1120 146 4000
Dryer type (a) single, (b) twin, (c) double (a) (a) (a) (a) (a) (a) (a)
Drum

diameter 4t 0in. 2ft 6in. 48in. 18in. 36in. 28in. 48in.

length 10ft Oin. 5ft0in. 120in. 36in. 72in. 60in. 120in.
Type of feed method top roller dip top roller side dip center nip side
Steam pressure (Ib/in? gauge) 80 60 80 — 80 40 40
Atmospheric or vacuum atmos. atmos. atmos atmos. atmos atmos. atmos.
Steam consumption (Ib/Ib evaporated) — — 1.3 1.3 — — 1.35
Average effective area (%) — — 86 — — — 65
Evaporation/ft¥/hr 6.5 4 5 9 8.4 6 8.4

(Courtesy A.P.V. Mitchell Dryers, Ltd.; Williams-Gardner, 1971; (Walas, 1988).
(b) Drum Dryers in the Size Range 0.4 x 0.4-0.8 x 2.25 m?
Type of Dryer Output of Evaporation
and Feed Drum Steam Dried Rate of
Size by Letter, Speed Press Type of Physical Form Solids in H,0 in Product, Water
A,B,orC (rev/min) (bar, g) Material of Feed Feed (%) Product (%) (g/sec m?) (g/sec m?)
inorganic salts

Single (dip) 4.4 3.5 alk. carbs — 50 8-12 5.5 4.9
Single (splash) 1 3.0 Mg(OH), thick slurry 35 0.5 1.9 1.5
Twin (splash) A 3 3.0 Fe(OH)3 thin slurry 22 3.0 4.3 1.3
Double 3-8 5.0 Na Acetate solution 20 0.4-10 2.0-7.0 8-24
Double and twin 7-9 2-3 Na,SO,4 solution 24 0.15-5.5 4.7-6.1 11-12
Double and twin 5-9 4-6 Na,HPO, solution a4 0.8-0.9 8.2-11.1 9-14
Twin (dip) A 5 5.5 organic salts solution 27 2.8 1.9 5.2
Twin A 3 5.5 organic salts solution 33 13.0 14 2.6
Twin B 2¢ 3.5 organic salts solution 20 1.0 1.0 3.8
Twin C 5 5.5 organic salts solution 39 0.4 3.9 6.1
Twin C 5% 5.5 organic salts solution 42 1.0 2.1 4.6
Twin C 6 5.5 organic salts solution 35 5.0 4.1 7.2
Twin (splash) A 3-5 5.0 organic salts thin slurry 20 1.7-31 1.0-1.9 3.7-7.3
Double A 5% 6.0 organic salts solution 11 — 1.1 9
Double B 6% 5-6 organic salts solution 40 3 3.4 4.9
Twin (dip) A 5 5.5 thin slurry 30 1.2 2.4 5.5
Twin A 5 5.0 organic viscous soln. 28 10.5 1.9 4.2
Double 2 3.0 compounds viscous soln. — 6.0 0.7 —
Double 4% 35 thin slurry 25 1.0 0.4-1.9 3.5-5.0
Twin (dip) 5 5.0 organic (a) solution 25 0.5 0.3 0.8
Twin 10 5.5 compounds of (b) thick slurry 30 2.5 2.0 4.6
Twin 10 5.5 low surface tension (c) thick slurry 35 — 3.1 —
Double 11 5.5 similar letters (b) thin paste 46 — 6.4 7.3
Double 12 5.5 for same (c) thick paste 58 — 6.0 4.3
Double 11 5.5 compound (a) solution 20 0.5 0.24 1.0

“Dryer dia and width (m): (A) 0.457 x 0.457; (B) 0.71 x 1.562; (C) 0.91 x 2.54.

bPlus external hot air flow.
“Stainless steel drum.
(Nonhebel and Moss, 1971; Walas, 1988).

the ring dryer, residence time is controlled by means of an adjustable
internal mill that can simultaneously grind and dry the product to a
specific size and moisture content. Fine particles that dry quickly
leave without passing through the internal mill, whereas larger parti-
cles that are slower to dry have a greater residence time.

Figure 9.12(c) shows that material circulates through the ring-
shaped path and the product is withdrawn through the cyclone and
bag filter. Performance data for a typical ring dryer are found in
Table 9.13(c).

9.10. FLUIDIZED BED DRYERS

Free-flowing granular materials that require relatively short drying
times are particularly suited to fluidized bed drying. When longer
drying times are necessary, multistaging, recirculation or batch
operation of fluidized beds still may have advantages over other
modes.

A fluidized bed is made up of a mass of particles buoyed up out
of permanent contact with each other by a flowing fluid. Turbulent
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TABLE 9.12. Performance of Drum Dryers

(a) Single, Double Drum and Vacuum Drums

Moisture Content,

(% Wet Basis) Steam Drum Feed Capacity
Method Pressure, Speed Temp. [Ib product/  Vacuum

Material of Feed Feed Product (Ib/sq in.) (rpm) (°F (hr)(sq ft)] (in. Hg)
Double-drum dryer 1

Sodium sulfonate trough 53.6 6.4 63 8§ 164 7.75

Sodium sulfate trough 76.0 0.06 56 7 150 3.08

Sodium phosphate trough 57.0 0.9 90 9 180 8.23

Sodium acetate trough 39.5 0.44 70 3 205 1.51

Sodium acetate trough 40.5 10.03 67 8 200 5.16

Sodium acetate trough 63.5 9.53 67 8 170 3.26
Single-drum dryer

Chromium sulfate spray film 48.5 5.47 50 5 — 3.69

Chromium sulfate dip 48.0 8.06 50 4 — 1.30

Chromium sulfate pan 59.5 5.26 24 2% 158 1.53

Chromium sulfate splash 59.5 493 55 3 150 2.31

Chromium sulfate splash 59.5 5.35 53 4% 154 3.76

Chromium sulfate dip 59.5 4.57 53 5% 153 3.36

Vegetable glue pan 60-70 10-12 20-30 6-7 — 1-1.6

Calcium arsenate slurry 75-77 0.5-1.0 45-50 3-4 — 2-3

Calcium carbonate slurry 70 0.5 45 2-3 — 1.5-3
Twin-drum dryer

Sodium sulfate dip 76 0.85 55 71 110 3.54

Sodium sulfate top 69 0.14 60 95 162 4.27

Sodium sulfate top 69 5.47 32 9% 116 3.66

Sodium sulfate splash 71 0.10 60 6 130 4.30

Sodium sulfate splash 71.5 0.17 60 12 140 5.35

Sodium sulfate splash 71.5 0.09 60 10 145 5.33

Sodium phosphate splash 52.5 0.59 58 5% 208 8.69

Sodium phosphate dip 55 0.77 60 5% 200 6.05

Sodium sulfonate top 53.5 8-10 63 8% 172 10.43
Vacuum single-drum dryer

Extract pan 59 7.75 35 8 — 4.76 27.9

Extract pan 59 2.76 35 6 — 1.92 27.9

Extract pan 59 2.09 36 4_I — 1.01 atmos.

Extract pan 56.5 1.95 35 75 — 3.19 22.7

Extract pan 56.5 1.16 50 % — 0.75 atmos.

Skim milk pan 65 2-3 10-12 4-5 — 2.5-3.2

Malted milk pan 60 2 30-35 L? — 2.6

Coffee pan 65 2-3 5-10 115 — 1.6-2.1

Malt extract spray film 65 3-4 3-5 0.5—%0 — 1.3-1.6

Tanning extract pan 50-55 8-10 30-35 8-10 — 5.3-6.4

Vegetable glue pan 60-70 10-12 15-30 5-7 — 2-4

(Perry’s Chemical Engineers’ Handbook, 3rd ed. McGraw-Hill, New York, 1950).

activity in such a bed promotes high rates of heat and mass transfer
and uniformity of temperature and composition throughout. The
basic system includes a solids feeding device, the fluidizing chamber
with a perforated distributing plate for the gas, an overflow duct for
removal of the dry product, a cyclone and other equipment for collect-
ing fines, and a heater and blower for the gaseous drying medium.

Much ingenuity has been applied to the design of fluidized
bed drying. Many different arrangements of equipment are illu-
strated and described in the comprehensive book of Kroll (1978)
for instance. Figure 9.13(a) depicts the basic kind of unit and the
other items are a few of the many variants. Tables 9.14 and 9.15
are selected performance data.

Fluid-bed dryers are useful for drying heat sensitive materials
where exit temperatures should not exceed 200°F. Control of tem-
perature in stable fluidization is easily maintained with essentially
no hot spots in the bed.

Shallow beds are easier to maintain in stable fluidization and
of course exert a smaller load on the air blower. Pressure drop in
the air distributor is approximately 1 psi and that through the
bed equals the weight of the bed per unit cross section. Some pres-
sure drop data are shown in Table 9.14. The cross section is deter-
mined by the gas velocity needed for fluidization as will be
described. It is usual to allow 3-6ft of clear height between the
top of the bed and the air exhaust duct. Fines that are entrained
are collected in a cyclone and blended with the main stream since
they are very dry due to their small size. Normally entrainment is
5-10% but can be higher if the size distribution is very wide. It is
not regarded as feasible to permit high entrainment and recycle
back to the drying chamber, although this is common practice in
the operation of catalytic cracking equipment.

Mixing in shallow beds is essentially complete; Figure 9.5(c)
shows some test data in confirmation. The corresponding wide



TABLE 9.12.—(continued)

(b) Single and Double Drum with Various Feed Arrangements
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Moisture Content Vapor
Pressure Rotation Drying

Kind of Dryer, Absolute Speed Unit Product Ratze
Kind of Stock In (%) Out (%) (bar) (1/min) Capacity (kg/m* hr)
Single drum, dip feed

Alkali carbonate 50 8 bis 12 35 4.4 20 17.8
Double drum, dip feed

Organic salt solution 73 2.8 5.5 5 6.8 18.6

Organic compound, dilute slurry 70 1.2 5.5 5 8.6 19.6

Organic compound, solution 75 0.5 5.0 5 1.1 1.9
Single drum with spreading rolls

Skim milk concentrate 50 4 3.8 24 15.8 14.2

Whey concentrate 45 4.3 5.0 16 10 bis 11.8 7.4 bis 8.8

Cuprous oxide 58 0.5 5.2 10 11.0 14.3
Single drum, splash feed

Magnesium hydroxide, dense slurry 65 0.5 3.0 1 6.8 5.4
Double drum, splash feed

Iron hydroxide, dilute slurry 78 3.0 3.0 3 15.4 4.7

Organic salt, dilute slurry 80 1.7 bis 3.1 5.0 3 bis b 3.6 bis 6.8 13.3 bis 26.2

Sodium acetate 50 4.0 6.0 5 10.0 9.3

Sodium sulfate 70 2.3 7.8 5 18.0 40.4
Double drum, top feed

Beer yeast 80 8.0 6.0 5 10.0 36.2

Skim milk, fresh 91.2 4.0 6.4 12 6.2 61.5

Organic salt solution 89 — 6.0 5.5 4 32.3

Organic salt solution 60 3 5 bis 6 6.5 12.2 17.7

Organic compound, dilute slurry 75 1 3.5 4.5 1.4 bis 6.8 12.6 bis 18
Double drum with spreading rolls

Potato pulp 76.2 11.4 8 5 22.5 61.1

(Kroll, 1978, p. 348; Walas, 1988).

distribution of residence times can result in nonuniform drying, an
effect that is accentuated by the presence of a wide distribution of par-
ticle sizes. Multiple beds in series assure more nearly constant resi-
dence time for all particles and consequently more nearly uniform
drying. The data of Table 9.14(b) are for multiple zone dryers. Figures
9.13(c) and (d) have additional zones for cooling the product before it
leaves the equipment. Another way of assuring complete drying is a
recirculation scheme like that of Figure 9.13(e). In batch operation
the time can be made as long as necessary.

Stable fluidization requires a distribution of particle sizes, pre-
ferably in the range of a few hundred microns. Normally a size of

4mm or so is considered an upper limit, but the coal dryers of
Tables 9.15(a) and (b) accommodate sizes up to 0.5in. Large and
uniformly sized particles, such as grains, are dried successfully in
spouted beds [Fig. 9.13(f)]: Here a high velocity gas stream entrains
the solid upward at the axis and releases it at the top for flow back
through the annulus. Some operations do without the mechanical
draft tube shown but employ a naturally formed central channel.
One way of drying solutions or pastes under fluidizing condi-
tions is that of Figure 9.13(g). Here the fluidized mass is of auxili-
ary spheres, commonly of plastic such as polypropylene, into
which the solution is sprayed. The feed material deposits uniformly

TABLE 9.13. Performance Data of Pneumatic Conveying Dryers (Sketches in Fig. 9.12)

(a) Raymond Flash Dryer

Fine Spent Organic Chicken Fine Coal

Mineral Grain Chemical Droppings Filter Cake
Method of feed pump belt screw pump screw
Material size, mesh -100 — -30 — -30
Product rate (lb/hr) 27,000 9000 900 2300 2000
Initial moisture content (% w/w basis) 25 60 37 70 30
Final moisture content (% w/w basis) nil 12 3 12 8.5
Air inlet temperature (°F) 1200 1200 450 1300 1200
Air outlet temperature (°F) 200/300 200/300 200/300 200/300 200/300
Method of heating direct oil direct oil direct oil direct oil direct oil
Heat consumption (Btu/Ib water evaporated) 1.6 x 10° 1.9 x 10° 3.1 x 10° 1.9 x 10° 1.4 x 10°
Air recirculation no no no no no
Material recirculation yes yes no yes no
Material of construction MS MS/SS MS MS MS
Fan capacity (std. ft¥min) 18,000 22,000 4300 8500 1500
Installed fan HP 110 180 30 50 10
Product exit temperature (°F) 200 — 200 — 135

(Courtesy International Combustion Products Ltd.; Williams-Gardner, 1971; Walas, 1988).

(continued)
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TABLE 9.13.—(continued)

(b) Buttner-Rosin Pneumatic Dryer

Metallic Stearate Starch Adipic Acid Fiber Coal Filter Cake
Method of feed sling sling screw distributor distributor
Material size fine fine —30 mesh -2 in. —30 mesh
Product rate (Ib/hr) 280 13,236 10,000 26 10 67,200
Initial moisture (% w/w basis) 40 34 10 62.4 32
Final moisture (% w/w basis) 0.5 13 0.2 10 6
Air inlet temperature (°F) 284 302 320 752 1292
Air outlet temperature (°F) 130 122 149 230 212
Method of heating steam steam steam oil PF
Heat consumption (Btu/Ib/water evaporated) 2170 1825 2400 1720 1590
Air recirculation no no no no yes
Material recirculation yes no yes yes yes
Fan capacity (std. ft/min) 1440 26,500 9500 12,500 27,000
Installed fan HP 15 220 65 60 250
Product exit temperature (°F) 104 95 120 140 158

(Courtesy Rosin Engineering Ltd.; Williams-Gardner, 1971; Walas, 1988).

(c) Pennsalt-Berks Ring Dryer

Metal® Spent? Sewage® Polystyrene
Stearates Grains Sludge Starches Beads
belt back vibratory cascading vibratory
feeder mixer feeder rotary feeder
rotary rotary rotary valve rotary
Method of Feed valve valve valve screen valve
Product rate (Ib/hr) 240 1120 4300 5000 1000
Initial moisture (% w/w basis) 55 80 45 35 2.0
Final moisture (% w/w basis) 1 5 12 10 0.2
Air inlet temperature (°F) 250 500 600 300 175
Air outlet temperature (°F) 150 170 170 130 115
Method of heating steam gas oil steam steam
Heat consumption (Btu/Ib water evaporated) 2900 1800 1750 2000 5000
Air recirculation no no no no no
Material recirculation yes yes yes no no
Material of construction SS MSG MS MSG SS
Fan capacity (std f/min) 3750 16,500 8250 15,000 900
Installed fan HP 20 75 60 60 7.5

“Ring dryer application.
(Courtesy Pennsalt Ltd.; Williams-Gardner, 1971; Walas, 1988).

(d) Various Pneumatic Dryers

Gas Temp Solid Temp (°C) Air/Solid
(°C) Moisture (%) Ratio
Tube Tube GasRate ——  —  Solid Water
Dia Height (m3/hr) Rate (m3/hr) Evaporated

Material Location (cm) (m) (NTP) In Out (kg/hr) In Out In Out (NTP) (kg/kg) (kg/hr)
Ammonium Japan 18 1 1100 215 76 950 385 63 275 0.28 1.2 1.5 235
sulphate
Sewage sludge U.S.A. — — 1200 700 121 2270 15 71 80 10 5.3 7.2 1590
filter cake
Coal 6 mm U.S.A. — — 50,000 371 80 51,000 15 57 9 3 1.0 1.3 4350
Hexamethylene Germany 30 387 3600 93 50 2500 — 48 6-10 0.08-0.15 1.4 1.9 18.1
tetramine

723 m vertical, 15 m horizontal.
(Nonhebel and Moss, 1971; Walas, 1988).
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Figure 9.12. Examples of pneumatic conveying dryers; corresponding performance data are in Table 9.13. (a) Raymond flash dryer, with a
hammer mill for disintegrating the feed and with partial recycle of product (Raymond Division, Combustion Engineering). (b) Buttner—
Rosin pneumatic dryer with separate recycle and disintegration of large particles (Rosin Engineering Ltd.). (c) Berks ring dryer; the material
circulates through the ring-shaped path, product is withdrawn through the cyclone and bag filter (Pennsalt Chemical Co.).

on the spheres, dries there, and then is knocked off automatically
as it leaves the drier and leaves the auxiliary spheres behind. When
a mass of dry particles can be provided to start a fluidized bed dry-
ing process, solutions or pastes can be dried after deposition on the
seed material as on the auxiliary spheres. Such a process is
employed, for instance, for growing fertilizer granules of desired
larger sizes, and has largely replaced rotary dryers for this purpose.

A few performance data of batch fluid dryers are in
Table 9.14(a). This process is faster and much less labor-intensive
than tray drying and has largely replaced tray drying in the phar-
maceutical industry which deals with small production rates. Dry-
ing rates of 2-10 1b/(hr)(cuft) are reported in this table, with drying

times of a fraction of an hour to several hours. In the continuous
operations of Table 9.15, the residence times are at most a few
minutes.

Thermal efficiency of fluidized bed dryers is superior to that of
many other types, generally less than twice the latent heat of the
water evaporated being required as heat input. Power requirements
are a major cost factor. The easily dried materials of Table 9.15(a)
show evaporation rates of 58-103 Ib/(hr)(HP installed) but the
more difficult materials of Table 9.15(d) show only 5-18 Ib/(hr)
(HP installed). The relatively large power requirements of fluidized
bed dryers are counterbalanced by their greater mechanical simpli-
city and lower floor space requirements.
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ExampLE 9.8

Sizing a Pneumatic Conveying Dryer
A granular solid has a moisture content of 0.035 kg/kg dry material
which is to be reduced to 0.001 kg/kg. The charge is at the rate of
9.72 kglsec, is at 60°C and may not be heated above 90°C. Inlet air
is at 450°C and has a moisture content of 0.013 kg/kg dry air.

Specific gravity of the solid is 1.77 and its heat capacity is
0.39 cal/g°C. The settling velocity of the largest particle present,
2.5mm dia, is 10 m/sec. Heat capacity of the air is taken as
0.25 cal/g°C and the latent heat at 60°C as 563 cal/g. Experimental
data for this system are reported by Nonhebel and Moss (1971,
pp- 240 ff) and are represented by the expressions:

T,
92
T,=85F
90 F
TG —|————|— T W,
Ty —————[—T,w,
m, my=9.72kg/s
_— S —
T',=450C T,=60C

g,=0.013kg/kg w, =0.035kg/kg

Heat transfer coefficient:

ha = 0.47 cal/(kg solid)(°C).

Vapor pressure:

P =exp(13.7419 - 5237.0/T), atm, K.

Mass transfer coefficient:

kya = exp(—3.1811 —1.7388 Inw — 0.2553(Inw)?,

where w is the moisture content of the solid (kg/kg) in the units kg
water/(kg solid)(atm)(sec).

In view of the strong dependence of the mass transfer coefficient
on moisture content and the 35-fold range of that property, the
required residence time and other conditions will be found by analyz-
ing the performance over small decrements of the moisture content.

An air rate is selected on the assumption that the exit of the
solid is at 85°C and that of the air is 120°C. These temperatures
need not be realized exactly, as long as the moisture content of
the exit air is below saturation and corresponds to a partial pres-
sure less than the vapor pressure of the liquid on the solid. The
amount of heat transferred equals the sum of the sensible heat of
the wet solid and the latent heat of the lost moisture. The enthalpy
balance is based on water evaporating at 60°C.

71,((0.39 4 0.001)(85 — 60) + (0.035 — 0.001) (85 — 60 + 563)]
= 71,(0.25 +0.480(0.001)) (450 — 120) +0.48(0.034) (120 — 60)].

. 3.46kg/sec,
i, = 22'52’1“3‘ - 29';;(69472) = 7.08m/sec  at450°C,
: ’ 3.85m’/sec  at120°C.

At a tower diameter of 0.6 m,

ve_ 92 _ { 25.0m/sec  at450°C,
T 036r/4 | 13.6m/sec at120°C.
These velocities are great enough to carry the largest particles with
settling velocity of 10 m/sec.
Equations are developed over intervals in which W, — W5,
T] - Tz, and Tl/ — Tz/.
The procedure outlined in steps through 5 is 8:

. Start with known W, Ty and TY.

. Specify a moisture content W,.

. Assume a value T, of the solid temperature.

. Calculate T, from the heat balance.

. Check the correctness of 7, by noting if the times for heat and
mass transfers in the interval are equal.

g0 _ 0
"7 ha(AT),, ~— 0.47(AT)

N A WN =

Im

0 = Wy —Wwy
" kga(AP),,

Heat balance:
mg[0.391(T, — Ty) + (W) — W)) (T, — T + 563)]
=m,{[0.25+0.48(0.001](T{ — T%)
+0.48(W, — W,)(T5 —60)}.

Substitute 7, /m, = 9.72/3.46 = 2.81 and solve for T5.

Ty =

—0.25048 T/ +28.8( W, — W) +2.81 "

X [0.39(T — Ty) + (W) — Wa)(T> — Ty +563)].

0.48(W, — W,) —0.25048
21 =0013+ %(W1 —0.013) = 0.013+2.81(W; —0.013). )
&1 81

P, = = . 3
"7 18/29+g,  0.6207+g ©
g =0.013+2.81(W,—0.013). ()
Py= 82 ®)

T 06207 +g,
Pay = exp[13.7419 — 5237.9/(T) +273.2)], vapor pressure (6)
Pay = exp[13.7419 — 5237.9/(T5 +273.2)]. %)

_ _(Pay—Py)—(Pay—P»)
(AP, = In[(Pa; — Py)/(Pa; — P,)]’ o

T -T\—(T5-T)
(AT)m = 1 [(IT{_Irl)/(zTg—sz)]' ”

AQ=0.391(T2—T1)+(W1— Wz)(T2—T1+563), (10)
per kg of solid.

W =0.5(W,+ W>). an
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ExAmMPLE 9.4—(continued )

kya = exp[—3.1811 = 1.7388 In W —0.2553(In W)*.  (12)
0, = AQ/ha(AT),, = AQ/0.43(AT)
gm = (Wl - Wz)/kga(AP)

Z =0,-0,,—0 when the correct value of T,
has been selected.

heating time (13)

Im>

mass transfer time. (14)

Im>

(15)

After the correct value of 7, has been found for a particular
interval, make W, - Wy, T, — Ty, and T, — TY. Specify a decre-
mented value of W,, assume a value of 7,, and proceed. The
solution is tabulated.

w T ™ 0 (sec)
0.035 60 450 0
0.0325 73.04 378.2 0.0402
0.03 75.66 352.2 0.0581
0.025 77.41 315.3 0.0872
0.02 77.23 286.7 0.1133
0.015 76.28 261.3 0.1396
0.01 75.15 236.4 0.1687
0.005 74.67 208.4 0.2067
0.003 75.55 192.4 0.2317
0.001 79.00 165.0 0.2841

When going directly from 0.035 to 0.001,

T, = 80.28,
T, = 144.04,
6 =0.3279 sec.

The calculation could be repeated with a smaller air rate in order
to reduce its exit temperature to nearer 120°C, thus improving
thermal efficiency.

In the vessel with diameter = 0.6 m, the air velocities are

_ [ 25.0m/sec at 450°C inlet
Ya =19 5.15m/sec at 165°C outlet

20.1 m/sec average.

The vessel height that will provide the needed residence time is
H =7u,0=20.1(0.2841) = 5.70 m.

Very fine particles with zero slip velocity will have the same holdup
time as the air. The coarsest with settling velocity of 10 m/sec will
have a net forward velocity of

%, =20.1-10 = 10.1 m/sec,
which corresponds to a holdup time of
0 =5.7/10.1 = 0.56 sec,

which is desirable since they dry more slowly.

The procedure outlined in Steps 1 through 5 employing Eq. (1)
through (15) will result in satisfactory fluid bed dryer design. The
first step is to assume 75 and then other quantities can be evaluated
in order. A computer program using Fortran, MATHCAD, TK
SOLVER, or other such programs may be used to solve this prob-
lem. Partial results for the first interval are:

W, = 0.035
Wy = 0.0325
T, =73.04
T, =450

T, =73.04

T, =378.16969111

Time = 4.0228366079E-2

Air rates in Table 9.15 range from 13 to 793 SCFM/sqft, which
is hardly a guide to the selection of an air rate for a particular case.
A gas velocity twice the minimum fluidization velocity may be
taken as a safe prescription. None of the published correlations of
minimum fluidizing velocity is of high accuracy. The equation of
Leva (1959) appears to be as good as any of the later ones. It is

Gy = 688D, % [p, (p, = p )" ", (9.20)
where G, fis in Ib/(hr)(sqft), p, and p, are densities of the gas and
solid (Ib/cuft), D, is the particle diameter (in.), and m is the gas
viscosity (cP). In view of the wide scatter of the data on which this
correlation is based, it appears advisable to find the fluidization
velocity experimentally for the case in hand.

All aspects of fluidized bed drying must be established with
pilot plant tests. The wide ranges of performance parameters in
Tables 9.14 and 9.15 certainly emphasize this conclusion. A limited
exploration of air rates and equipment size can be made on the
basis of a drying rate equation and fluidization correlations from
the literature. This is done in Example 9.9. A rough approximation
of a drying rate equation can be based on through-circulation dry-
ing of the granular material on a tray, with gas flow downward.

The vibrating conveyor dryer is a modification of the fluid bed
dryer. The fluidization is maintained by a combination of pneumatic

and mechanical forces. The heated gas enters beneath the
conveying deck through ducts and passes up through a screen,
perforations, or a slotted conveying deck. A combination
pressure blower/exhaust fan system is employed to balance the
pressure above the conveying deck and the atmosphere outside.
The equipment provides economical heat transfer area, i.e., low
capital cost as well as economical operating expenses. This dryer
is suitable for free-flowing solids greater than 100 mesh having
surface moisture only. The air velocities must be such as to flui-
dize the particles without creating excessive dust. Figure 9.13(h)
is an example of a commercial unit.

9.11. SPRAY DRYERS

Suitable feeds to a spray dryer are solutions or pumpable pastes
and slurries. Such a material is atomized in a nozzle or spray
wheel, contacted with heated air or flue gas and conveyed out of
the equipment with a pneumatic or mechanical type of conveyor.
Collection of fines with a cyclone separator or filter is a major
aspect of spray dryer operation. Typical equipment arrangements
and flow patterns are shown in Figure 9.14.

The action of a high speed spray wheel is represented by
Figure 9.14(e); the throw is lateral so that a large diameter
vessel is required with this form of atomization, as shown in



260 DRYERS AND COOLING TOWERS

Figure 9.14 (a). The flow from nozzles is largely downward so that
the dryer is slimmer and taller. Parallel flow of air and spray down-
ward is the most common arrangement, but the right-hand figure
of Figure 9.14(d) is in counterflow. Figure 9.14(c) has tangential

is to be dissolved (as foods or detergents) or dispersed (as pigments,

inks, etc.). Table 9.17 has some data on size distributions, bulk den-

sity, and power requirements of the several types of atomizers.
The mean residence time of the gas in a spray dryer is the ratio

of vessel volume to the volumetric flow rate. These statements are
made in the literature regarding residence times for spray drying:

input of cooling air. In some operations, the heated air is intro-
duced tangentially; then the process is called mixed flow. Most of
the entries in Table 9.16(a) are parallel flow; but the heavy duty
detergent is in counterflow. Counterflow is thermally more effi-
cient, results in less expansion of the product particles, but may
be harmful to thermally sensitive products because they are
exposed to high air temperatures as they leave the dryer. The flat
bottomed dryer of Figure 9.14(c) contacts the exiting solids with
cooling air and is thus adapted to thermally sensitive materials.
Two main characteristics of spray drying are the short drying
time and the porosity and small, rounded particles of product. Short
drying time is a particular advantage with heat sensitive materials.
Porosity and small size are desirable when the material subsequently

Time (sec)
5-60

Source

Heat Exchanger Design
Handbook (1983)

McCormick (1979) 20

Masters (1976) 20-40 (parallel flow)
Nonhebel and Moss (1971) <60

Peck (1983) 5-30

Wentz and Thygeson (1979) <60
Williams-Gardner (1971) {4_10 (<15t dia)

10-20 (> 15t dia)

Clean gas
arschorge

‘ Wet material

Fluidizing

chamber —\

wet
feed

collector
[{~—— To cyclone

Feeder-

Distributor

Dry
product
discharge

‘ Dry material

(a) {b)

Figure 9.13. Fluidized bed dryers. (a) Basic equipment arrangement (McCabe, Smith and Harriott, Unit Operations in Chemical Engineer-
ing, 4th ed. McGraw-Hill, New York, 1985). (b) Multiple bed dryer with dualflow distributors; performance data are in Table 9.14(b)
(Romankov, in Davidson and Harrison, Fluidisation, Academic, New York, 1971). (c) A two-bed dryer with the lower one used as cooler:
(a, b, ¢) rotary valves; (d) drying bed; (e) cooling bed; (f, g) air distributors; (h, 1) air blowers; (k) air filter; (1) air heater; (m) overflow pipe;
(n) product collector (Kroll, 1978). (d) Horizontal multizone dryer: (a) feeder; (b) air distributor; (c) fluidized bed; (d) partitions; (e) dust
guard; (f) solids exit; (g) drying zone; (h) cooling zone; (i, k) blowers; (I, m) air plenums; (n) air duct; (o) dust collector; (p) exhaust fan
(Kroll, 1978). (e) Circulating fluidized bed used for removal of combined water from aluminum hydroxide: (a) feed; (b) fluidized bed;
(c) solids exit; (d) fuel oil inlet; (¢) primary air inlet; (f) secondary air inlet; (g) gas exit (Kroll, 1978). (f) Spouted bed with draft tube for
drying coarse, uniform-sized granular materials such as grains [ Yang and Keairns, AIChE Symp. Ser. 176, 218 (1978), Fig. 1]. (g) Fluidized
bed dryer for sludges and pastes. The fluidized solids are fine spheres of materials such as polypropylene. The wet material is sprayed in,
deposits on the spheres and dries there. At the outlet the spheres strike a plate where the dried material is knocked off and leaves the dryer
as flakes. The auxiliary spheres remain in the equipment: (a) feed; (b) distributor; (c) spheres loaded with wet material; (d) returning
spheres; (e) striking plate; (f) hot air inlet; (g) air and solids exit (Kroll, 1978). (h) Vibrating conveyor dryer. (Courtesy of Carrier Vibrating
Equipment, Inc.). (Walas, 1988).
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Figure 9.13. —(continued)
Residence times of air and particles are far from uniform; falling rate drying takes much longer. Nevertheless, the usual
Figure 9.5(a) and (b) is a sample of such data. drying operation is completed in 5-30 sec. The residence time dis-
Because of slip and turbulence, the average residence times tribution of particles is dependent on the mixing behavior and on
of particles are substantially greater than the mean time of the the size distribution. The coarsest particles fall most rapidly and
air, definitely so in the case of countercurrent or mixed flow. Sur- take longest for complete drying. If the material is heat-sensitive,

face moisture is removed rapidly, in less than 5 sec as a rule, but very tall towers in parallel flow must be employed; otherwise,
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Figure 9.13.—(continued)

TABLE 9.14. Performance Data of Fluidized Bed Dryers: Batch and Multistage Equipment

(a) Batch Dryers

Ammonium Lactose Base Pharmaceutical Liver Weed
Bromide Granules Crystals Residue Killer
Holding capacity (lb wet product) 100 104 160 280 250
Bulk density, dry (b/ft®) 75 30 20 30 35
Initial moisture (% w/w basis) 6 10 65 50 20-25
Final moisture (% w/w basis) 1 2 0.4 5.0 1.0
Final drying temperature (°F) 212 158 248 140 140
Drying time (min) 20 90 120 75 210
Fan capacity (ft¥min at 11in. w.g.) 750 1500 3000 4000 3000
Fan HP 5 10 20 25 20
Evaporation rate (lb H,O/hr) 15 5.7 52 100 17
(Courtesy Calmic Engineering Co. Ltd.; Williams-Gardner, 1971; Walas, 1988).
(b) Multistage Dryers with Dual-flow Distributors [Equipment Sketch in Fig. 9.13(b)]
Function Heater Cooler Drier Cooler
Material Wheat Grains Wheat Grains Slag Quartz Sand
Particle size (diameter)(mm) 5x3 5x3 0.95 1.4
Material feed rate (metric tons/hr) 1.5 1.5 7.0 4.0
Column diameter (m) 0.90 0.83 1.60 1.70
Perforated trays (shelves):
Hole diameter (mm) 20 20 20; 10 20
Proportion of active section 04 0.4 0.4; 0.4 04
Number of trays 10 6 1,2 20
Distance between trays (mm) 20 20 25; 40 15
Total pressure drop on fluidized bed (kgf/m?) 113 64 707 40
Hydraulic resistance of material on one tray (kgf/mZ) 7.8 9.2 20; 10 1.8
Inlet gas temperature (°C) 265 38 300 20
Gas inlet velocity (m/sec) 8.02 3.22 4.60 0.74
Material inlet temperature (°C) 68 175 20 350
Material discharge temperature (°C) 175 54 170 22
Initial humidity (% on wet material) 25 — 8 —
Final humidity (% on wet material) 2.8 — 0.5 —
Blower conditions
Pressure (kgf/mz) 450 250 420 250
Throughput (m®min) 180 130 360 100
(80°C) (50°C) (70°C) (35°C)
Power consumption (HP) 50 20 75 7.5

?With grids and two distributor plates.

(Romankov, in Davidson and Harrison, Fluidisation, Academic, New York, 1971; Walas, 1988).



TABLE 9.15. Performance Data of Continuous Fluidized Bed Dryers

(a) Data of Fluosatatic Ltd.
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Coal Sand Silica Sand Limestone Iron Ore
L 1 3 3
Material size, mesh 5—0 -25-0 -18-0 E—O —§—0
Method of feed twin screw bucket elev. conv. conv. conv.
Product rate (lb product/hr) 448,000 22,400 112,000 67,000 896,000
Initial moisture (% w/w basis) 11 6 6 15 3
Final moisture (% w/w basis) 5.5 0.1 0.1 0.1 0.75
Residence time (min) 1 1.25 1.5 1.25 0.5
Dryer diameter (ft) 10 3.0 7.25 5.5 8.6
Fluid bed height (in.) 18 12 12 12 18
Air inlet temperature (°F) 1000 1200 1200 1200 1200
Air outlet temperature (°F) 170 212 212 212 212
Air quantity (ft/min std.) 40,000 2000 9000 13,000 45,000
Material exit temperature (°F) 140 220 220 220 220
Evaporation (lb/hr) 24,640 1430 6720 11,880 20,400
Method of heating coal gas oil oil oil
Heat consumption (Btu/Ib water evaporated) 1830 1620 1730 1220 2300
Fan installed HP 240 20 80 115 350
(Williams-Gardner, 1971; Walas, 1988).

(b) Data of Head Wrightston Stockton Ltd.

Coal Silicious Grit Glass Sand Sand Asphalt
Method of feed screw feeder chute chute chute chute
Material size —% in. —ﬁin —36 mesh —ﬁin —ﬁin
Product rate (Ib product/hr) 190,000 17,920 15,680 33,600 22,400
Initial moisture (% w/w basis) 14 5 7 5 5
Final moisture (% w/w basis) 7 0 0 0 0.5
Residence time (min) 2 1% 3 3 10
Dryer diameter 7ft3in. 3ft0in 4t 6in. 6ft6in 8ft0in
Fluid bed height (in.) 21 12 12 12 24
Air inlet temperature (°F) 1000 1400 1400 1400 470
Air outlet temperature (°F) 135 230 230 230 220
Air quantity (ft/min std) 20,000 2000 2000 3500 7000
Material exit temp (°F) 140 230 230 230 220
Evaporated rate (lb/hr) 11,200 896 1097 1680 1120
Method of heating coke-oven gas gas oil town gas gas oil gas oil
Heat consumption (Btu/Ib water evaporated) 2000 2250 2000 2200 1800
Fan installed HP 210 323 18 30 90

(Williams-Gardner, 1971; Walas, 1988).
(c) Data of Pennsalt Ltd.
Abrasive Grit Clay Granules Sand Granular Desiccant Household Salt

Product rate (lb/hr) 2200 1000 14,000 150 13,500
Initial moisture (% w/w basis) 9 22 6 25 4
Final moisture (% w/w basis) 3 dry 7 0.03
Air inlet temperature (°F) 580 160 325 300 390
Air outlet temperature (°F) 210 120 140 205 230
Method of heating gas steam gas gas steam
Heat consumption (Btu/Ib water evaporated) 2700 3800 2700 3600 5100
Bulk density (Ib/t3) 120 60 90 30 60
Average drying time (min) 25 30 3 24 4
Fan capacity (ft/min std.) 2.5 1.35 1.05 0.84 1.05
Installed fan HP 10 45 25 5 50

(Williams-Gardner, 1971; Walas, 1988).

(continued)
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TABLE 9.15.—(continued)

(d) Data of Rosin Engineering Ltd.

Sodium Perborate Weed Killer PVC Coal Sand
Method of feed screw vibrator screw vibrator vibrator
Material size 30-200 mesh 5-1 mm flake 60-120 mesh 3 mesh-zero 30-120 mesh
Product rate (Ib product/hr) 11,400 5100 10,075 440,000 112,000
Initial moisture (% w/w basis) 3.5 14 2.0 8 8
Final moisture (% w/w basis) 0.0 0.2 0.2 1 0.2
Residence time (min) 1.5 11 30 0.3 0.45
Drier bed size (ft x ft) 225 x 55 18 x 4.5 23 x6 16 x 6.6 125 x 3.2
Fluid bed height (in.) 4 3 18 5 6
Air inlet temperature (°F) 176 212 167 932 1202
Air outlet temperature (°F) 104 150 122 180 221
Air quantity (ft/min std) 6600 14,200 5400 67,330 8000
Material exit temperature (°F) 104 205 122 180 212
Evaporation (lb/hr) 400 720 183 33,440 9750
Method of heating steam steam steam coke-oven gas oil
Heat consumption (Btu/lb water evaporated) 2100 3060 4640 1970 2200
Fan installed HP 33 40 34 600 70

(Williams-Gardner, 1971; Walas, 1988).

countercurrent or mixed flows with high air temperatures may
suffice. In some cases it may be feasible to follow up incomplete
spray drying with a pneumatic dryer.

Drying must be essentially completed in the straight sided
zones of Figures 9.14(a) and (b). The conical section is for gather-
ing and efficient discharge of the dried product. The lateral throw
of spray wheels requires a vessel of large diameter to avoid accu-
mulation of wet material on the walls; length to diameter ratios
of 0.5-1.0 are used in such cases. The downward throw of nozzles
permits small diameters but greater depths for a given residence
time; L/D ratios of 4-5 or more are used.

ATOMIZATION

Proper atomization of feed is the key to successful spray drying.
The three devices of commercial value are pressure nozzles,
pneumatic nozzles, and rotating wheels of various designs. Usual
pressures employed in nozzles range from 300 to 4000 psi, and
orifice diameters are 0.012-0.15in. An acceptably narrow range
of droplet sizes can be made for a feed of particular physical
properties by adjustment of pressure and diameter. Multiple noz-
zles are used for atomization in large diameter towers. Because of
the expense of motive air or steam, pneumatic nozzles are used
mostly in small installations such as pilot plants, but they are
most suitable for dispersion of stringy materials such as polymers
and fibers. The droplet size increases as the motive pressure is
lessened, the range of 60-100 psi being usual. The action of a
rotating wheel is indicated in Figure 9.14(e). Many different
shapes of orifices and vanes are used for feeds of various viscos-
ities, erosiveness, and clogging tendencies. Operating conditions
are up to 60,000 Ib/hr per atomizer, speeds up to 20,000 rpm,
and peripheral speeds of 250-600 ft/sec.

The main variables in the operation of atomizers are feed
pressure, orifice diameter, flow rate and motive pressure for noz-
zles and geometry and rotation speed of wheels. Enough is known
about these factors to enable prediction of size distribution and
throw of droplets in specific equipment. Effects of some atomizer
characteristics and other operating variables on spray dryer perfor-
mance are summarized in Table 9.18. A detailed survey of theory,
design and performance of atomizers was made by Masters (1976),
but the conclusion was that experience and pilot plant work
still are essential guides to selection of atomizers. A clear choice

between nozzles and spray wheels is rarely possible and may be arbi-
trary. Milk dryers in the United States, for example, are equipped
with nozzles, but those in Europe usually with spray wheels. Pneu-
matic nozzles may be favored for polymeric solutions, although
data for PVC emulsions in Table 9.16(a) show that spray wheels
and pressure nozzles also are used. Both pressure nozzles and
spray wheels are shown to be in use for several of the applications
of Table 9.16(a).

In a spray dryer, the feed material characteristics, in combina-
tion with the type of feed atomization, affect the surface character-
istics, shape, density, and particle size of the product. Thin-shelled
particles may shatter when they come in contact with high tem-
perature drying gases or if the particles impact the walls and fit-
tings in the ductwork. Of course, shattered particles are not
usually a desired product (Papiagonnes, 1992).

Since atomization of the feed is a key characteristic of the pro-
cess, under ideal conditions, spherical droplets will produce a pro-
duct of spherical particles. This, then, is an advantage of the spray
drying process. The feed usually has a high moisture content so
that it can be pumped or atomized. Compared to other drying pro-
cesses, the energy requirements of spray drying per unit mass of
product are relatively high. For some applications, the product
quality imparted by spray drying makes the high energy costs
acceptable (Oakley, 1997).

APPLICATIONS

For direct drying of liquids, slurries, and pastes, drum dryers are
the only competition for spray dryers, although fluidized bed
dryers sometimes can be adapted to the purpose. Spray dryers
are capable of large evaporation rates, 12,000-15,000 lb/hr or so,
whereas a 300 sqft drum dryer for instance may have a capacity
of only 3000 Ib/hr. The spherelike sprayed particles often are pre-
ferable to drum dryer flakes. Dust control is intrinsic to spray
dryer construction but will be an extra for drum dryers. The com-
pletely enclosed operation of spray dryers also is an advantage
when toxic or noxious materials are handled.

THERMAL EFFICIENCY

Exit air usually is maintained far from saturated with moisture and at
a high temperature in order to prevent recondensation of moisture in
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ExampLE 9.9

Sizing a Fluidized Bed Dryer
A wet solid at 100°F contains W = 0.3 1b water/Ib dry and is to be
dried to W =0.01. Its feed rate is 100 Ib/hr dry. The air is at 350°F
and has Hgy = 0.015 1b water/Ib dry. The rate of drying is repre-
sented by the equation

‘%V = 60(H, — H,), (Ib/Ib) /min.

The solid has a heat capacity 0.35 Btu/(Ib)(°F), density 150 Ib/cuft,
and average particle size 0.2 ym (0.00787 in.). The air has a viscos-
ity of 0.023 cP and a density of 0.048 Ib/cuft. The fluidized bed

may be taken as a uniform mixture. A suitable air rate and dimen-
sions of the bed will be found:

)
Hg(Ha)
S =100 bhr
w,=03 |
T, =100 F (T, : |
A | .
H.o=0.015 (H,) W =0.01
T ,=350F (T) T,y

Symbols used in the computer program are in parentheses.
Minimum fluidizing rate by Leva’s Equation, Eq. 9-20

688D %(0.048(150 - 0.048)]***
mf = 1088
688(0.00787)"%3[0.048(150 — 0.048)]***
(0.023)"%
= 17.17 b/ (hr)(sqft).

Let Gy = 2G,,; = 34.341b/(hr)(sqft).
Expanded bed ratio

(L/Ly) = (Gy/Gpy)"* = 2°% = 116,
Take voidage at minimum fluidization as

£y = 0.40,
~ogr =0.464.

Drying time:

g Woe=W __ 03-001 o)
60(H,— H,) 60(H,—H,)’

Since complete mixing is assumed, H, and H, are exit condi-
tions of the fluidized bed.
Humidity balance:

A(Hy—Hg,) =S (Wy—W),
H, =0.015+0.295 /4 @

Average heat capacity:

1

C, = 2(Cgo+Cg) =0.24 +0.45[(0.015+ H,)/2] 3)
=0.243440.225H,.
Heat balance:
A'Cg(T{:(, - T,) = S[(Co+ W)(Ti = Ty) + A(Wo = W), @
(4/8)C,(350 — T,) = 0.36(T, — 100) +900(0.29).
Adiabatic saturation line:
1,7, = & (Hy= Hy) = 500 (Ho = Hy). )
Vapor pressure:
P, = exp[11.9176 — 7173.9/ (T, + 389.5)]. (6)
Saturation humidity:
Eliminate 73 between Egs. (4) and (5):
T =350 0.36(74 —100) + 261
RC, ®
=T, + w, [T5=T, T,=T,).
4

Procedure: For a specified value of R = 4 /S, solve Egs. (6), (7).
and (8) simultaneously.

R T, T, H, H, 0 (min)
5 145.14 119.84 0.0730 0.0803 0.662
6 178.11 119.74 0.0633 0.0800 0.289
8 220.09 119.60 0.0513 0.0797 0.170

10 245.72 119.62 0.0440 0.0795 0.136

12 262.98 119.47 0.0392 0.0794 0.120

Take

R =10 b air/lb solid,
A =10(100) = 1000 Ib/hr,
6 =0.136 min.

Cross section:
A/G,» =1000/34.34 = 29.12sqft, 6.09 ft dia.

Avg density:
%(1/20.96+ 1/19.03) = 0.0501 1b/cuft.

Linear velocity:

G.
- 34.34 = 24.62 fpm.

"= 5e(60) ~ 0.0501(0.464)(60)

Bed depth:
L =uf =24.62(0.136) = 3.35ft.

Note: In a completely mixed fluidized bed, the drying time is
determined by the final moisture contents of the air and solid.

(continued)
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ExAmMPLE 9.4—(continued )

When drying is entirely in the falling rate period with rate equation

aw _ k(H,—H,)
—-—— =W, WIW,
4o W,

the drying time will be

L —
k(H, —H) W

where H,, H,, and W are final conditions. When the final W is

small, 0.01 in the present numerical example, the single-stage dry-

ing time will be prohibitive. In such cases, multistaging, batch dry-

ing, or some other kind of drying equipment must be resorted to.

Any appropriate computer program may be used to solve Eq.
(1) through (8). For a specified value of R = A/S, Eq. (6), (7) and
(8) may be solved simultaneously.

R T, T, Hq H, Time
5 145.1 119.84  .0730 .0803 662
6 178.1 119.74  .0633 .0800 289
8 220.1 119.61 0513 .0797 170
10 245.7 119.53  .0440 .0795 136
12 263.0 119.47  .0392 .0794 120
15 280.4 119.42  .0343 0792 108

parallel current operation, with a consequent lowering of thermal
efficiency. With steam heating of air the overall efficiency is about
40%. Direct fired dryers may have efficiencies of 80-85% with inlet
temperatures of 500-550°C and outlet of 65-70°C. Steam consump-
tion of spray dryers may be 1.2-1.8 Ib steam/Ib evaporated, but the
small unit of Table 9.19(b) is naturally less efficient. A 10% heat loss
through the walls of the dryer often is taken for design purposes. Pres-
sure drop in a dryer is 15-50 in. of water, depending on duct sizes and
the kind of separation equipment used.

DESIGN

The design of spray dryers is based on experience and pilot plant
determinations of residence time, air conditions, and air flow rate.
Example 9.10 utilizes such data for the sizing of a commercial scale
spray dryer.

The smallest pilot unit supplied by Bowen Engineering has a
diameter of 30 in. and straight side of 29 in., employs parallel flow,
up to 25 ACFM, 150-1000°F, particle sizes 30-40 um average,
either pneumatic nozzle or spray wheel. The performance of this
unit is given in Table 9.19. The magnitude of the “product num-
ber” is arrived at by pilot plant work and experience; it increases
with increased difficulty of drying or thermal sensitivity or both.
Although much useful information can be obtained on this small
scale, Williams-Gardner (1971) states that data on at least a 7 ft
dia dryer be obtained for final design of large capacity units.

9.12. COOLING TOWERS

Cooling water in process plants is most commonly and effectively
obtained using a cooling tower. The principle of operation is the
simultaneous transfer of mass and heat. Colburn (1939) introduced
“the idea of a unit of mass transfer which is a measure of the num-
ber of equilibrium changes (stages) required to effect a given
amount of diffusion.” It is identical with the concept of a theoreti-
cal plate in distillation (Kern, 1950).

Water is the preferred heat-transfer medium for many Chemi-
cal Process Industries’ application because of its availability, high
heat capacity, and relatively low costs (Hoots et al., 2001). When
water is used, there is the possibility for leaks, corrosion, and bac-
terial growth; therefore, provisions in the design should be made to
minimize these potential problems (Chem. Eng., 2003).

The cooling of the water occurs mostly by an exchange of the
latent heat of vaporization of water and in part its sensible heat
that raises both the dry-bulb and wet-bulb temperatures of the
air. The heat that is transferred from the water to the air is then
exhausted to the atmosphere.

The cooling tower has a packing or fill (see Figure 9.15) of
wood or plastic material and is installed in such a manner that a
drop of water does not fall the entire height of the tower but
hits the fill. The splash that occurs forms a film and drops down
to the next member of the fill. The stream of air flows across the
water drops simultaneously cooling the water and humidifying
the air. As the water flows down the tower, its temperature will
drop below the dry-bulb temperature of the air entering the
tower but it cannot go below the wet-bulb temperature although
it approaches that temperature. The enthalpy difference
between the film and the surrounding air is the enthalpy driving
force, Figure 9.16. The general equation representing this pro-
cess is

dT/(h,—h) = (KgaV)/L = NTU 9.21)

where 7'} = entering warm water temperature
T, = leaving cool water temperature
dT = the water temperature difference
hy = enthalpy of the saturated air film at the bulk water
h, = enthalpy of the air stream
K =mass transfer coefficient based on the gas phase
a = contact area
L = water rate
V' = active cooling volume
NTU = number of transfer units

NTU is the number of transfer units or the tower characteris-
tics based on the overall simultaneous heat and mass transfer, as
defined by Eq. (9.21). For a more complete development of the
NTU concept, see Chapter 13.

Figure 9.16, the enthalpy-temperature diagram, shows the
relationship between the water and air as they exist in a counter-
flow cooling tower. The vertical difference at any given water tem-
perature between the water operating line and the air operating
line is the enthalpy driving force.
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Figure 9.14. Spray dryer arrangements and behavior. (a) Spray dryer equipped with spray wheel; straight section L/D = 0.5-1.0 (Proctor
and Schwartz Inc.). (b) Spray dryer equipped with spray nozzle; straight section L/D = 4-5 (Nonhebel and Moss, 1971). (c) Spray dryer for
very heat sensitive products; flat bottom, side air ports and air sweeper to cool leaving particles. (d) Distribution of air temperatures in
parallel and countercurrent flows (Masters, 1976, p. 18, Fig. 1.5). (e) Droplet-forming action of a spray wheel (Stork—Bowen Engineering

Co.). (Walas, 1988).
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TABLE 9.16. Performance Data of Spray Dryers
(a) Data of Kroll (1978)

Moisture Content

Air Temperature

Kind of Stock In (%) Out (%) Spray Device Flow Pattern In (°C) Out (°C)
Skim milk, d = 60 um 48-55 4 wheel or nozzle parallel 250 95-100

50-60 4 170-200 bar parallel 250 95-100
Whole milk 50-60 25 wheel or nozzle

100-140 bar parallel 170-200

Eggs, whole 74-76 2-4 wheel or nozzle parallel 140-200 50-80
Eggs, yolks 50-55 2-4 wheel or nozzle parallel 140-200 50-80
Eggs, whites 87-90 7-9 wheel or nozzle parallel 140-200 50-80
Coffee, instant, 300 um 75-85 3-35 nozzle parallel 270 110
Tea, instant 60 2 nozzle, 27 bar parallel 190-250
Tomatoes 65-75 3-35 wheel parallel 140-150
Food yeast 76-78 8 wheel parallel 300-350 100
Tannin 50-55 4 wheel parallel 250 90
PVC emulsion, 90% > 80 yum < 60 um 40-70 0.01-0.1  wheel or nozzle or pneumatic parallel 165-300
Melamine-urethane-formaldehyde resins 30-50 0 wheel 140-160 m/sec parallel 200-275 65-75
Heavy duty detergents 35-50 8-13 nozzle, 30-60 bar counter 350-400 90-110
Kaolin 35-40 1 wheel parallel 600 120

(b) Performance of a Dryer 18 ft Dia by 18 ft High with a Spray Wheel and a Fan Capacity of 11,000 cfm at

the Outlet?
Air Temp (°F)
% Water Evaporation

Material In Out in Feed Rate (Ib/hr)
Blood, animal 330 160 65 780
Yeast 440 140 86 1080
Zinc sulfate 620 230 55 1320
Lignin 400 195 63 910
Aluminum hydroxide 600 130 93 2560
Silica gel 600 170 95 2225
Magnesium carbonate 600 120 92 2400
Tanning extract 330 150 46 680
Coffee extract A 300 180 70 500
Coffee extract B 500 240 47 735
Magnesium chloride 810 305 53 1140 (to dihydrate)
Detergent A 450 250 50 660
Detergent B 460 240 63 820
Detergent C 450 250 40 340
Manganese sulfate 600 290 50 720
Aluminum sulfate 290 170 70 230
Urea resin A 500 180 60 505
Urea resin B 450 190 70 250
Sodium sulfide 440 150 50 270
Pigment 470 140 73 1750

?The fan on this dryer handles about 11,000 cuft/min at outlet conditions. The outlet-air temperature includes cold air
in-leakage, and the true temperature drop caused by evaporation must therefore be estimated from a heat balance.

(Bowen Engineering Inc.; Walas, 1988).

COOLING TOWER TERMINOLOGY

There are certain terms that are used with respect to cooling
towers:

Dry-bulb temperature is the temperature indicated by a dry-bulb
thermometer.

Wet-bulb temperature is the temperature which air can be cooled
adiabatically to saturation by the addition of water vapor.

Approach to the wet-bulb temperature is the temperature difference
of the cold water leaving the tower and the wet-bulb tempera-
ture of the air.

Range is the number of degrees the water is cooled (i.e., the differ-
ence between the temperature of the hot and cold water).

Drift is the water that is lost from the tower as fine droplets
entrained in the exhaust air. For mechanical draft towers, the
value is less than 0.2% of the circulating water, but for natural
draft towers the drift ranges between 0.3-1.0%.



TABLE 9.17. Particle Diameters, Densities, and Energy
Requirements

(a) Atomizer Performance

Power Input

Type Size Range (um) (kWh/1000L)
Single fluid nozzle 8-800 0.3-0.5
Pneumatic nozzle 3-250

Spray wheel 2-550 0.8-1.0
Rotating cup 25-950

(b) Dry Product Size Range

Product um

Skim milk 20-250
Coffee 50-600

Eggs 5-500

Egg white 1-40

Color pigments 1-560
Detergents 20-2000
Ceramics 15-500

(c) Bulk Density of Sprayed Product as Affected by Air Inlet
Temperature and Solids Content of Feed?

Wt % solids in feed

08 ¢ o 5
9 0.6 | .
~
[»2}
=
2o.4 L N o -
) ~ 7
c ~
[
©
f 0.2 - -~ \ -
a ~c ¢
d k-
0 i : i 1
100 200 300 Loo 500 600

Air inlet, °C

?The full lines are against temperature, the dashed ones against
concentration: (a) sodium silicate; (b) coffee extract, 22%; (c) water
dispersible dye, 19.5%; (d) gelatin.

Blowdown is the continuous or intermittent discharge of a certain
amount of water from the tower to prevent the buildup of solids
in the water due to evaporation. It is 2.5-3% of the water circu-
lated to limit salt concentration.

Make-up water is the water to replace the circulating water that is
lost by evaporation, drift, blowdown, or leakage. It is expressed
as a percentage of the water circulated.
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Factors in Eq. 9.38 for the Number of Decks

Deck Type a b
A 0.060 0.62
B 0.070 0.62
C 0.092 0.60
D 0.119 0.58
E 0.110 0.46
F 0.100 0.51
G 0.104 0.57
H 0.127 0.47

| 0.135 0.57
J 0.103 0.54

Figure 9.15. Kinds of fill made of redwood slats for cooling towers,
and factors for determining the required number of decks with inlet
water at 120°F. (Cheremisinoff and Cheremisinoff, 1981). (Walas,
1988).

Performance is the ability of a tower to cool water. It is expressed
in terms of cooling a quantity of water from a specified hot
water temperature to a specified water temperature that has a
specific wet-bulb temperature.

TYPES OF COOLING TOWERS

The main types of cooling towers are represented in Figure 9.17.

Their chief characteristics and pros and cons will be discussed.
Atmospheric spray tower is one in which the air movement

depends on atmospheric conditions and the aspirating effect of
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TABLE 9.18. Effects of Variables on Operation of Spray Dryers

Variable Increased Factors Increased Factors Decreased
Chamber inlet temperature Feed rate and thus: product rate, particle size (b), bulk density (b)
product moisture content, chamber wall build-up (a)
Chamber outlet temperature  product thermal degradation (a) feed rate and thus: product rate particle size (b)
product moisture content chamber wall build-up
Gas volume rate feed rate and thus: product rate, particle size (b), residence time
product moisture content, chamber wall build-up (a)
Feed concentration product rate, bulk density (b), particle size (b)

Atomizer speed

Atomizer disc diameter

For stable lattices bulk density particle size and thus: product moisture content
chamber wall build-up

For unstable lattices coagulation (a) and thus: particle size, product
moisture content, chamber wall build-up
Atomizer vane depth bulk density (b) particle size (b) and thus: product moisture content,

chamber wall build-up
Atomizer vane number

Atomizer vane radial length For unstable lattices particle size chamber wall
build-up
Feed surface tension bulk density (b) particle size (b)

Chamber inlet gas humidity product moisture content, chamber wall build-up (a)

“This factor will only occur if a critical value of the variable is exceeded.
bNot for suspensions.
(Nonhebel and Moss, 1971; Walas, 1988).

spray nozzles, as in Figure 9.17(a). They are used for low-cooling increased size because of low efficient cross flow and variation
loads and may not provide flexibility of operation or low-cooling in wind velocities.

water temperature. They are effective when the prevailing wind

velocities are 5 miles/hr or more. Water drift losses are relatively

large. These towers are of low capital investment and minimal

operating expenses. The savings, because of the elimination of

a tall chimney or fan power, are counterbalanced by their TABLE 9.19.—(continued)

(b) Performance of the Pilot Unit as a Function of Product Number?

TABLE 9.19. Product Numbers and Performance of a 30 x

29in. Pilot Plant Spray Dryer 200 y/ MY W P
3000 & LA /
* v -
(a) Product Numbers of Selected Materials 2800 ,/] 7 77
2600 AL T L 4
Material Product number fL Ay 'f’/?L < ,/
2400 P A ]
77X 7% /
1. COLOURS 2200 VAV/2AVaVe. /
. y v 4 7 / Y
Reactive dyes 56 BTU LB. AL 7 / /S g
Pigments 5-11 EVAZOEO [/,/ // pid &
Dispersed dyes 16-26 /{ y’ < 4 v /w(\
1900 f——f I~ OUTLET AR -
2. FOODSTUFFS 1800 ‘§ // §// -/ / TEMPE?FATURESA
Carbohydrates 14-20 / v / B Ak
o - o A A 3 man
Proteins 16-28 *
3. PHARMACEUTICALS 100 \‘\
Blood insoluble/soluble 11-22 80 \‘\
Hydroxide gels 6-10 80 \{4”
Riboflavin 15 LBuR N~
Tannin 16-20 40 ~
30 \\‘
4. RESINS \\
Acrylics 10-11 20
. 4 5 6 7 8 10 12 14 16 18 20 22 24 26 28
|I;o|rmaldehyde resin 1128—122 PRODUCT NUMBER (DRYING EFFECTIVENESS)
olystyrene —
5. CERAMICS
Alumina 11-15
Ceramic colours 10 “Example: For a material with product number = 10 and air inlet
temperature of 500°F, the evaporation rate is 53 Ib/hr, input Btu/lb
evaporated = 1930, and the air outlet temperature is 180°F.

(Bowen Engineering Inc.). (Walas, 1988). (Bowen Engineering).
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ExampLE 9.10

Sizing a Spray Dryer on the Basis of Pilot Plant Data
Feed to a spray dryer contains 20% solids and is to be dried to 5%
moisture at the rate of 500 lb/hr of product. Pilot plant data show
that a residence time of 6 sec is needed with inlet air of 230°F, H =
0.008 1b/lb, and exit at 100°F. Ambient air is at 70°F and is heated
with steam. Enthalpy loss to the surroundings is 10% of the heat
load on the steam heater. The vessel is to have a 60° cone. Air rate
and vessel dimensions will be found.

Enthalpy, humidity, and temperatures of the air are read off
the psychrometric chart and recorded on the sketch.

Dry 475 pph
Water 1900 pph

70F 230F
|
H =0.008 H = 0.008
~a.=010Q
h=28.0 h=69.8
V=176
Air
100 F
Dry 475 pph
Water 23 pph

Total 500 pph

Enthalpy loss of air is
0.1(69.8 —28.0) = 4.2 Btu/Ib.
Exit enthalpy of air is
h=69.8—4.2=065.6.

At 100°F and this enthalpy, other properties are read off the
psychrometric chart as

H = 0.0375 1b/lb,
V = 14.9 cuft/lb.

Air rate is
. 1900-25
A= 50375-0.008 ~ 03 3391b/hr
63,559 (17.6+14.9
029 (17.6+14.9) _ 507
73600 ( 2 ) 87cfs

With a residence time of 6 sec, the dryer volume is
V4 =287(6) = 1721 4 cuft.
Make the straight side four times the diameter and the cone 60°:

0.8662D°

1721.4 = 4D(zD*/4) + B

~.D=8.0ft.

=3.3683D°,

Chimney-assisted natural draft towers also do not have fans, as
shown in Figure 9.17(b). Most have tall chimneys, a fill that occu-
pies a small percentage of the tower and no fan. They depend on a
stack or chimney to induce the airflow through the tower. The
hyperboloidal shape has greater strength for a given wall thickness.
These towers are large, and the enlarged cross section at the top of
the tower converts kinetic energy into pressure energy that assists
in dispelling the humid air to the atmosphere. They are made of
reinforced concrete.

Hyperbolic fan assisted towers may have as much as three
times the capacity of the same sized natural draft towers in Figure
9.17(c). They provide greater control than the natural draft sys-
tems and may be turned on only at peak loads. A rule of thumb
that Cheremisinoff and Cheremisinoff (1981) suggest for the rela-
tive sizing is that the fan assisted tower may be 2/3 the diameter
and '55/, the height of the natural draft towers.

Counterflow-induced draft towers, Figure 9.17(d), are the
most commonly used in the process industries. Mechanical draft
towers are capable of greater control than natural draft and in
some cases can cool water to below a 5°F approach. The flow
of air is quite uniform at a high velocity and the discharge is
positive so that there is a minimum of backflow of humid air into
the tower. The elevated fan location creates some noise and
structural problems. It has been reported that mechanical draft
towers at low water rates (19,800 gpm) perform better than nat-
ural draft towers.

Crossflow-induced draft towers, Figure 9.17(e), offer less resis-
tance to air flow and can operate at higher velocities, which means
less power required than for countercurrent towers, but the shorter
travel path makes them less efficient thermally. There is some sav-
ing in pumping costs because the tower is not as high as other type
towers and they are usually wider.

Forced draft towers, Figure 9.17(f), locate the fan near ground
level that requires simpler structural supports and perhaps lower
noise level. A large space must be provided at the bottom for the
air inlet. Because the air must make a 908 adjustment, the air dis-
tribution is poor. The humid air is discharged at a low velocity
from the top of the tower and it tends to return to the tower, but
the drift loss of water is less. The pressure drop on the discharge
side of the fan is less power demanding than that on the intake side
of induced draft towers.

Wet-dry towers, Figure 9.17(g), employ heat transfer surface
as well as direct contact between air and water. Air coolers are
used widely for the removal of sensible heat from cooling water
on a comparatively small scale when cooling tower capacity is lim-
ited. Since dry towers cost about twice as much as wet ones, com-
binations of wet and dry sometimes are applied, particularly when
the water temperatures are high (near 160°F) so that the evapora-
tion losses are prohibitive and the plumes are environmentally
undesirable. The warm water flows first through tubes across
which air is passed and then enters a conventional packed section
where it is cooled further by direct contact with air.
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Figure 9.16. Driving force diagram for cooling tower. (adapted from Ludwig, 1997).

Separate dampers for air in the dry and wet sections can direct
a greater load on the wet section in summer months.

The major operating expense of a cooling tower is the fan
power consumption but this can be counterbalanced in part by a
greater investment in the tower construction.

SPECIFICATION AND MATERIALS OF CONSTRUCTION

The design of a cooling tower is best outsourced to the manufacturers/
suppliers of that equipment with close cooperation between the
process engineer and the supplier. A specification sheet, similar to
Figure 9.18, is prepared by the process engineer for a given application.

Commercial cooling towers are available from many manu-
facturers as modular units. The advantage of such design is that
as production requirements increase, additional modules may be
purchased and installed with the existing towers.

Materials of construction for the cooling tower are often trea-
ted or untreated fir or redwood construction with the exception of
the hyperbolic towers that are of reinforced concrete. Plastics and
reinforced fiberglass have been used but there are temperature lim-
itations on these materials.

For many years, atmospheric air has been used to cool fluids
where water is scarce as in arid areas. One alternative in these
areas is the use of a dry cooling system in which heat is transferred
directly to air via heat exchangers. In Chapter 8, the design and
specification of air-cooled exchangers is presented.

TESTING AND ACCEPTANCE

At the time of completion of an installation, the water and air
conditions and the loads may not be exactly the same as those
of the design specification. Acceptance tests performed then must
be analyzed to determine if the performance is equivalent to that
under the design specifications. Such tests usually are performed
in accordance with recommendations of the Cooling Tower
Institute.

The supplier generally provides a set of performance curves cov-
ering a modest range of variation from the design condition, of which
Figure 9.19 is a sample. Some of the data commonly required with
bids of cooling tower equipment are listed in Table 9.18. A 10-page
example of a cooling tower requisition is found in Cheremisinoff
and Cheremisinoff (1981).
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Figure 9.17. Main types of cooling towers. (a) Atmospheric, dependent on wind velocity. (b) Hyperbolic stack natural draft. (c) Hyperbolic
tower assisted by forced draft fans. (d) Counterflow-induced draft. (e) Crossflow-induced draft. (f) Forced draft. (g) Induced draft with sur-
face precooler for very hot water; also called wet/dry tower. (b)—(e) from Cheremisinoff and Cheremisinoff (1981); (Walas, 1988).
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SPEC. DWG. NO.
A.
Job No. Page of Pages
Unit Price
No. Units
B/M No. COOLING TOWER SPECIFICATIONS
Item No.
PERFORMANCE
Water Circulating Rese: Spm. Temp. Fn: °F Temp. Out: °F
Cooling Duly Stu/Hrs Perform, Test Cose
*As Option of Owner
SELECTION
Manufacturer: Models
Type: No. of Calls:
DESIGN
Wet Bulb Temp: *Fx Static Pumping Ht. Ft. EIf. Cool. Vol. Cu. Ft.
Fill Wetted Surf. Sq.Fts. Total Wetted Surf. Sq. Fts. EN. Splash Surf. Cu. Ft.
No. of Fens Req'd. Clm/Fen ; SteNc Press In. H20;Normal BHP/Fen
Evaporation Less. Max, % Saray Less. Max. %
MATERIALS OF CONSTRUCTION
Frame work Casing Fill
Fen Cylinder Steirway
Salts Nutes, Mise, Hardware Nails
Water Inlet Hdrs. Mexxles Basin
Fen Blade Fen Hub Fan Sheft.
Code for Lumber Grades Code for Lumbar Strech Design
**Exceptions B1 and Lending, See Inquiry or P.O.
AUXILIARY EQUIPMENT
S | Manufacturer Type
- | Diameter Fts. Speed RPM: Tip Speed Spm.
g Manufacturer Type Size
© | ReducNon Restle Reted Cop. BHP: Mechanical EN. %
§ Manufactuerer Type Speed RPM
& | Electric Power BHP Service Factor Frame
REMARKS
By Chk.d. App. Rev. Rev. Rev.
Date
P.O.Tet

Figure 9.18. Cooling tower specifications form.
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MIXING AND AGITATION

ixing — the movement of fluids and solids to
enhance a process result — is accomplished by
means of an agitation source. For example, the
sun is the agitation source for mixing in the
earth’s atmosphere. Similarly, an air compressor and/or a
mechanical mixer is the agitation source in any municipal
wastewater treatment plant to enhance the process results
of (1) solids suspension and (2) oxygen absorption from
sparged or entrained air.
In its most general sense, the process of mixing is
concerned with all combinations of phases, of which the
most frequently occurring are:

1. Gases with gases

2. Gases into liquids: gas dispersion

3. Gases with granular solids: fluidization, pneumatic
conveying, drying

4. Liquids into gases: spraying and atomization

5. Liquids into liquids: dissolution, emulsification,
dispersion

6. Liquids with granular solids: solids suspension, mass
transfer, and dissolution

7. Pastes with each other and with solids

8. Solids with solids: mixing of powders

Interaction of three phases — gases, liquids, and solids —
may also occur, as in the hydrogenation of a vegetable oil in
the presence of a suspended solid nickel catalyst in a
hydrogen-sparged, mechanically agitated reactor.

Three of the processes involving liquids — numbers 2, 5,
and 6 in the preceding list — employ the same equipment;
namely, tanks in which the liquid is circulated and subjected
to a desired level of shear. Mixing involving liquids has been
most extensively studied and is most important in practice;
thus, fluid mixing will be given most coverage here. Many
mixing process results can be designed a priori, by using the
mixing literature without resorting to experimental studies.
These include agitator power requirements, heat transfer,
liquid-liquid blending, solids suspension, mass transfer to
suspended particles, and many solid-solid applications.
However, many other applications invariably involve
experimental work followed by scale-up. These include
liquid-liquid, gas-liquid, and fast competitive chemical

reactions. Scale-up is addressed here, and, as we cover
scale-up, the reader will discover that an understanding of
mixing fundamentals is essential to the proper handling of
scale-up.

This introduction would be incomplete without a short
discussion of the place of this chapter in the toolbox of the
practicing engineer. Today’s engineer is faced with the
daunting task of separating the truly practical and
immediately useful design methods from the voluminous
available literature. For example, the recent Handbook of
Industrial Mixing (Paul et al., 2004) is comprised of 1377
pages devoted only to the topic of Mixing and Agitation.
Some of the coverage in that tome can be used with a
minimum of effort; however, much of the coverage includes
a literature survey with little emphasis on sifting the “truly
useful” from the “mundane and ordinary.” It is our intent
here to sift through the entire literature in the field of Mixing
and Agitation and present only that material which is most
useful to the busy practicing engineer and to present worked
examples that apply the design methods.

In addition to the Handbook of Industrial Mixing there
are at least 20 Mixing and Agitation books listed in the
References. In today’s electronic world there are also many
web sites of equipment vendors that provide very valuable
vendor design information. Among those sites are www.
chemineer.com, www.clevelandmixer.com, www.lightnin-
mixers.com, www.proquipinc.com, www.philadelphiamixers.
com, and www.sulzerchemtech.com. All of these mentioned
sites contain product information, but the Chemineer site
(to a great extent) and the Lightnin site (to a lesser extent)
contain useful design-oriented technical literature. The annual
Chemical Engineering Buyer’s Guide is a good source for
vendor identification.

Many references are cited in the text; however, several
useful references — not cited in the text — are included in the
references section; they are: Brodkey (1957); Holland and
Chapman (1966); McDonough (1992); Tatterson (1994); Uhl
and Gray (1986); Ulbrecht and Patterson (1985); Zlokarnik
(1988); Armenante and Nagamine (1996); Myers, Corpstein,
Bakker and Fasano (1994); Lee and Tsui (1999); Baldyga and
Bourne (1997); Knight, Penney and Fasano (1995); Taylor,
Penney and Vo (1998); Walker (1996); Penney and Tatterson
(1983).

10.1. A BASIC STIRRED TANK DESIGN

Figure 10.1 gives a “typical” geometry for an agitated vessel.
“Typical” geometrical ratios are: D/T =1/3; B/T =1/12 (B/T =1/10
in Europe); C/D =1 and Z/T = 1. This so-called typical geometry is
not economically optimal for all process results (e.g., optimal C/D
for solids suspension is closer to C/D = 1/3 than to C/D = 1); as appro-
priate, the economical optimum geometry will be indicated later. Four
“full” baffles are standard; they extend the full batch height, except
baffles for dished bottoms may terminate near the bottom head
tangent line. Baffles are normally offset from the vessel wall about
B/6. The typical batch is “square” — that is, the batch height equals
the vessel diameter (Z/T = 1). The vessel bottom and top heads can

277

be either flat or dished. For axial flow impellers (discussed later) a
draft tube, which is a centered cylinder with a diameter slightly larger
than the impeller diameter and about two-thirds Z tall, is placed inside
the vessel. Sterbacek and Tausk (1965, p. 283) illustrate about a dozen
applications of draft tubes, and Oldshue (1983, pp. 469-492) devotes a
chapter to their design.

OFF-CENTER ANGLED SHAFT ELIMINATES VORTEXING
AND SWIRL

For axial flow impellers, the effect of full baffling can be achie-
ved in an unbaffled vessel with an off-center and angled impel-
ler shaft location. J. B. Fasano of Chemineer uses the following
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Figure 10.1. Agitated vessel standard geometry showing impeller, baffles, and heat transfer surfaces.
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guideline: (1) vendors normally supply a 10° angled riser (2) at the An offset impeller location, illustrated in Figure 10.3(b) will
vessel top, looking along the vessel centerline, move up (a) 0.19T and not totally eliminate vortexing, but it will eliminate most swirl, give
then (b) 0.17Lg to the right (3) position the agitator with the angled shaft good top-to-bottom turnover, and keep the vortex from reaching
pointing left. Vendors can help to provide optimum positioning. the impeller.



INTERNAL HEAT TRANSFER SURFACES

Heat transfer surfaces — helical coils, harp coils, or platecoils — are
often installed inside the vessel and jackets (both side wall and bot-
tom head) so that the vessel wall and bottom head can be used as
heat transfer surfaces. Figure 10.1 gives a suggested geometry for
helical coils and harp coils.

IMPELLER SPEEDS

With 1750 rpm electric motors, standard impeller speeds (Paul et al.,
2004, p. 352)are 4, 5,6,7.5,9, 11, 13.5, 16.5, 20, 25, 30, 37, 45, 56, 68,
84, 100, 125, 155, 190, 230, 280, 350, and 1750. In addition, 1200 rpm
electric motors are readily available.

IMPELLER TYPES

Twelve common impeller types are illustrated in Figure 10.2.
Impellers (a) through (i) and (k) in Figure 10.2 are available world-
wide. Impellers (j) (the Intermig) and (I) (the Coaxial [Paravisc
Outside and Viscoprop inside]) are available only from Ekato.
Key factors to aid in selection of the best impeller to enhance
desired process result(s) are as follows:

(a) The three-bladed Marine Propeller (MP) was the first axial-
flow impeller used in agitated vessels. It is often supplied with
fixed and variable speed portable agitators up to 5hp with
impeller diameters (D) up to 6”. Above D = 6”, marine propel-
lers are too heavy and too expensive to compete with hydrofoil
impellers. They are usually applied at high speeds (up to 1750 rpm)
in vessels up to 500 gal, with a viscosity limit of about 5000 cp.
Lower Ny, limit: ~200.

(b) The impeller shown is the Chemineer HE-3 hydrofoil, high
efficiency impeller, but all vendors have competitive impellers
(e.g., Lightnin offers the A310 hydrofoil impeller). Hydrofoils
are used extensively for high flow, low shear applications such
as heat transfer, blending, and solids suspension at all speeds in
all vessels. The economical optimum D/T(0-4 > [D/T]opiimum >
0-6) is greater for hydrofoils than for higher shear impellers.
Lower Ny, limit: ~200.

(¢) The 6-blade disk (the 6BD and, historically, the Rushton turbine)
impeller is ancient; nevertheless, it still has no peer for some
applications. It invests the highest proportion of its power as
shear of all the turbine impellers, except those (e.g., the Cowles
impeller) specifically designed to create stable emulsions. It is still
the preferred impeller for gas-liquid dispersion for small vessels
at low gas rates, it is still used extensively for liquid-liquid disper-
sions, and it is the only logical choice for use with fast competi-
tive chemical reactions, as will be explained in a later section of
this chapter. Lower Ng, limit: ~5.

(d) The 4-blade 45° pitched blade (4BP) impeller is the preferred
choice where axial flow is desired and where there is a need
for a proper balance between flow and shear. It is the preferred
impeller for liquid-liquid dispersions and for gas dispersion
from the vessel headspace (located about D/3 to D/2 below
the free liquid surface), in conjunction with a lower 6BD or a
concave blade disk inpeller. Lower Ng, limit: ~20.

(e) The 4-blade flat blade (4BF) impeller is universally used to pro-
vide agitation as a vessel is emptied. It is installed, normally fitted
with stabilizers, as low in the vessel as is practical. An upper

HE-3 or a 4BP is often installed at about C/T =% to provide

effective agitation at high batch levels. Lower Ng, limit: ~ 5.
(f) The 6-blade disk-style concave blade impellers (CBI) [the Chemi-

neer CD-6, which uses half pipes as blades, is shown] are used

extensively and economically for gas dispersion in large vessels
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(in fermenters up to 100,000 gal) at high gas flow rates. The
CBIs will handle up to 200% more gas without flooding than
will the 6BD, and the gassed power draw at flooding drops
only about 30%, whereas with a 6BD, the drop in power draw
exceeds 50%.

(g) The sawtooth (or Cowles type) impeller is the ultimate at
investing its power as shear rather than flow. It is used exten-
sively for producing stable liquid-liquid (emulsions) and dense
gas-liquid (foams) dispersions. It is often used in conjunction
with a larger diameter axial-flow impeller higher on the shaft.
Lower Ny limit: ~ 10.

(h) The helical ribbon impeller and the Paravisc (1) are the impel-
lers of choice when turbines and anchors cannot provide the
necessary fluid movement to prevent stratification in the ves-
sel. The turbine lower viscosity limit, for a Newtonian fluid,
is determined primarily by the agitation Reynolds number
(Re=ND?p/u). For 6BD and 4BF turbines, Fasano et al.
(1994, p. 111, Table 1) say Re > 1, and Hemrajani and Tatter-
son (in Paul (2004), 345) say R~10, although Novak and
Rieger (1975, p. 68, Figure 5) indicate a 6BD is just as effective
for blending as a helical ribbon above Re~ 1. Using R, = 5 as
the 6BD lower limit with T = 80", D = 32", N = 56 rpm, SG =1,
the upper viscosity limit for a 6BD is about u = ND?*p/Re =
(56/60)(0.0254 x 32)*(1,000)/5 = 120 Pa-s = 120,000cp.  Thus,
with this system, the helical ribbon is the impeller of choice
for >~100,000 cP. Lower Ng, limit:= 0.

(i) Anchor impellers are used for an intermediate range of 0.5 >
Re >10 because they are much less expensive than helical rib-
bons and they sweep the entire vessel volume; whereas a tur-
bine leaves stagnant areas near the vessel walls for Re < 10.
Lower Ng limit: ~2.

(i) The Ekato intermig impeller has reverse pitch on the inner and
outer blades and they are almost always used with multiple
impellers. They are used at high D/T and promote a more uni-
form axial flow pattern than other turbine impellers. They are
advertised to be very effective for solids suspension, blending,
and heat transfer in the “medium viscosity” range. Lower
Nrge limit not given by Ekato (9), perhaps ~5.

(k) The hollow-shaft self-gassing impeller can, if properly
designed, eliminate the need for a compressor by taking the
headspace gas and pumping it through the hollow shaft and
dispersing it into the batch as it leaves the hollow blades. As
indicated in the Ekato Handbook, “Handbook of Mixing
Technology” (2000, p. 164), the “self-gassing” hollow-shaft
impeller is often used in hydrogenation vessels where the
sparged hydrogen rate drops to very low levels near the end
of batch hydrogenation reactions.

(1) According to Ekato (2000, p. 85), “The paravisc is particu-
larly suitable for highly viscous and rheologically difficult
media. ...” With products that are structurally viscous or
have a pronounced flow limit or with suspensions having a
low liquid content, the paravisc is used as the outer impeller
of a coaxial agitator system.” The Ekato viscoprop is a
good choice for the counter-rotating inner impeller. There
is not a lower Ng. limit. The coaxial, corotating agitator
is an excellent choice for yield stress fluids and shear thin-
ning fluids.

10.2. VESSEL FLOW PATTERNS

The illustrations in Figure 10.3 show flow patterns in agitated
vessels. In unbaffled vessels with center mounting (Figure 10.3(a))
much swirl and vortexing is produced, resulting in poor top-
to-bottom movement, reduced turbulence, and subsequent poor
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Figure 10.2. Representative impellers for fluid mixing in mechanically agitated vessels (descriptions are in the text).

mixing. For these reasons, this system is never used in practice. Figure 10.3(c), and with radial flow impellers the figure 8 flow
Swirl and vortexing can be minimized by an offset location of pattern illustrated in Figure 10.3(d) is achieved. This flow pattern
the impeller (Figure 10.3(b)) or can be eliminated, to give the somewhat partitions the vessel into two zones, one above and
effect of full baffling, by an offset, angled positioning, as another below the impeller. Mixing between zones is relatively
explained on the 1% page of this chapter. With full baffling, axial rapid; however, for certain chemical reactions this zoning can

flow impellers give the full looping flow pattern, as illustrated in be undesirable.
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Figure 10.3. Agitator flow patterns. (a) Axial or radial impellers without baffles produce vortexes. (b) Offcenter location reduces the vor-

tex. (c) Axial impeller with baffles. (d) Radial impeller with baffles.

10.3. AGITATOR POWER REQUIREMENTS
FOR A GIVEN SYSTEM GEOMETRY

For all impellers with Newtonian fluids, dimensional analysis
indicates

Np = f(Nge, Ng;, Geometry) (10.1)
Thus, for geometrically similar systems
Np = /(Nre: NFr) (10.2)

And, for geometrically similar fully baffled (or with anti-swirl
impeller positioning)

Np =/(Nre) (10.3)

Figure 10.4 presents the power correlations for the Chemineer
Standard 4BP and HE-3 impellers as a function of D/T at a C/T of
1/3. Figure 10.5(a), (b), and (c) present power correlations for
myriad impellers, with the figure title and figure caption explaining
the details for each impeller. Figure 10.6 presents additional power
correlations for six additional impellers in fully baffled vessels.

The application of the presented power correlations are illu-
strated in Examples 10.1 and 10.2.

EFFECT OF KEY GEOMETRICAL VARIABLE ON POWER
DRAW

The effect of impeller spacing (S) is complex for S/D < 1, as indi-
cated by Tatterson (1991, p. 39, Figure 2.6). However, S/D <1 is
not recommended in practice, and for S/D > 1, the power require-
ments of the individual impellers are additive to determine the total
power requirement(s) of all impellers on a single shaft.

The effect of off-bottom clearance (C) is pronounced for all
impellers, as indicated in Figure 10.7. For a 6BD (Rushton) impel-
ler, the power draw (P) decreases as the impeller is moved closer to
the vessel bottom from the typical impeller location of C/D = 1; for
a 4BF turbine, P initially decreases as the impeller is moved down
from C/D =1, reaches a minimum at about C/D =0.7 and then
rises again as C/D drops below 0.7; and for a 4BP, the power draw
continually increases as the impeller moves down from C/D = 1.

10.4. IMPELLER PUMPING

Agitation impellers act as caseless pumps. Measured pumping
capacities for various impellers have been used to develop correla-
tions of the flow number (Ng = Q/ND3), as a function of Ng. and
system geometry. Figure 10.8 presents such a correlation for a 4BP
and Figure 10.9 presents a pumping correlation for the HE-3.

Examples 10.3 and 10.4 determine the pumping capabilities of
a 4BP and an HE-3.

10.5. TANK BLENDING

For Ng. >~ 200 the high efficiency impellers (e.g., propeller,
Chemineer HE-3, Lightnin A310, and others) are most economical.
For 5 ~< Ng. <~ 200, 4BF or 6BDs are most economical; however,
once the flow regime becomes laminar, the Helical Ribbon or Para-
visc are the preferred impellers. For competitive fast reactions,
where rapid blending is extremely important, a six-blade disk impel-
ler should be used so that the feed stream can be introduced at high
velocity to the eye of the impeller. The disk forces the feed to imme-
diately move outward along the disk and into the high shear zones
around the impeller blade tips, where local blending is extremely
rapid.

It is important to understand the experimental measurement
of blend time. The early experimental work was done by using
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Power number for impellers as a function of D/T
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Figure 10.4. Np vs. Ny, for 4BP and HE-3 impellers as a function of (D/T) at (C/T) = 1/3. (D/T dependence: sequentially, from top curve
going down to bottom curve: 4BP—0.5, 0.2, 0.3, 0.4; HE-3—0.2, 0.3, 0.4. 0.5) (Chem. Eng., August 1984, p. 112).
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Figure 10.5. Power number, N = Pg./N°D’p, against Reynolds number, Ny, = ND*p/u, for several kinds of impellers. (a) helical shape
(Oldshue, 1983); (b) anchor shape (Oldshue, 1983); (c) several shapes: (1) propeller, pitch equalling diameter, without baffles; (2) propeller,
s =d, four baffles; (3) propeller, s = 2d, without baftles; (4) propeller, s = 2d, four baffles; (5) turbine impeller, six straight blades, without
baffles; (6) turbine impeller, six blades, four baffles; (7) turbine impeller, six curved blades, four baffles; (8) arrowhead turbine, four baffles;
(9) turbine impeller, inclined curved blades, four baffles; (10) two-blade paddle, four baffles; (11) turbine impeller, six blades, four baffles;
(12) turbine impeller with stator ring; (13) paddle without baftles (data of Miller and Mann); (14) paddle without baffles (data of White and
Summerford). All baffles are of width 0.1D [after Rushton, Costich, and Everett, Chem. Eng. Prog. 46(9), 467 (1950)].

the human eye as a detector after injecting dye into the batch. with time at an appropriate location in the vessel; this electronic
Later work was done by injecting a tracer (e.g., KCI in an aqueous method allows determination of blending uniformity with time.
solution and detecting its local concentration by electrical conduc- The time required to achieve a certain degree of uniformity

tivity) into a vessel and then measuring its concentration decay after a material is added to a tank is one of the most frequently
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Figure 10.6. Power number against Reynolds number of some turbine impellers [Bates, Fondy, and Corpstein, Ind. Eng. Chem. Process.
Des. Dev. 2(4) 311 (1963)].
specified process requirements. Fasano et al. (1994) explain the e
literature definition of mixing uniformity as U(t) =1-e™ (10.5)

U=1- (Act max/(ACt =0, max) (104)

Here, AC, nh.x max is the peak deviation from the average tank
concentration as C fluctuates and decays with time, i.e., AC; max =
(Cimax — Co), Where C, is C at infinite time. Blending uniformity
increases exponentially with time as follows:

where k,, is the mixing-rate constant. Equation (10.5) can be rear-
ranged to yield an equation that relates the blend time (t) to U and
agitation parameters as follows:

t, = —In (1-U) /kn, (10.6)
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ExampLE 10.1

Impeller Power for a Specified Impeller at a Given Speed
A 32" diameter 6BD impeller, located 32” off the vessel bottom, is
agitating water (u = 1 cP; = 62.4 Ib,/ft = 1,000 kg/m®) in an 80"
diameter vessel at 56 rpm. The batch height is 8000, giving a batch
volume of 1,740 gal. The required power will be calculated.

Nie = ND?p/u = (56/60)(0.0254 x 32)°1,000/(1/1,000)
= 616,000

From Figure 10.6, NP =5, thus

P = (Np)pN°D® = (5)(1,000)(56/60)’ (.0254 x 32’
= 1,442W = 1.93 HP

This is a rather low specific power level of 1.93/1.74=1.11
HP/1,000 gal.

The dimensionless mixing-rate constant, ky,,, in standard baffled
tanks, is a function of impeller Reynolds number (Ng.) and geome-
try. For Ng. > 10,000, ky, is only a function of geometry, indepen-
dent of Ng.. km is related to N, D, and T as follows (Fassano
et al., 1994):

Ky =aN (D/7)' (D))"

The correlation parameters a and b are given in Table 10.1.
The a’s and b’s of Table 10.1 are for surface addition; however,
blend times for similar fluids are relatively insensitive to addition
location. Equation (10.7) is restricted to:

(10.7)

1. Newtonian fluids of nearly the same viscosity and density as the
bulk fluid
2. Additions of 5%, or less, of the liquid volume of the vessel

ExampLE 10.2

Impeller Power at High Viscosity
Let’s take Example 10.1 and increase the viscosity to 123,000 cP,
and recalculate P.

Nre = 616,000(1/123,000) = 5
From Figure 10.6, Np = 16, thus

P =1.93(16/5) = 6.2HP

This is still a low power level of 6.2/1.74 = 3.55 HP/1,000 gal. With
this agitator, a reasonable upper limit for agitator speed would be
100 rpm, for which the impeller power would be 22 HP with a spe-
cific power input of 13 HP/1,000 gal and Ng. = 9. This change
would move up into the Reynolds number near the lower limit
recommended by Hemrajani and Tatterson (in Paul (2004), 345).
This example illustrates the great impact of fluid viscosity on (1)
the power requirement of a 6BD and (2) the choice of an impeller
style between a turbine and a helical ribbon impeller.

3. Additions made to a vessel already undergoing agitation (blend
times of stratified fluids can be considerably longer)

One can account for the increased blend time at a lower
Reynolds number (Ng, < 10,000) and for the effects of fluids hav-
ing different densities and viscosities using the following equation
(Fasano et al., 1994):

T, = tu,lurbeef;pr (10.8)
where ty,wb 1S determined from Eq. (10.6); the Ny, correction
is given by Figure 10.10; the viscosity correction is given by
Figure 10.11; and the density difference correction is given by
Figure 10.12. Now let’s do two Examples (10.5 and 10.6) to
calculate blend time.
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Figure 10.7. Effect of off-bottom clearance on Np for turbines with full baffling (adapted from Bates, Fondy, and Corpstein, I&EC Funds,

2, p. 310, 1963).
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Pumping number for a high-efficiency impeller
0.6
Three-bladed high efficiency (HE-3) pitched impeller
0.5 e S — ===
_ - - ‘/—_\
Nq L
0.4
03K
0.2 Ll [N LIl L Ll
102 103 104 105 106
Reynolds number
---D/T=0.2 — D/T=0.3 — D/T=04 — D/T=05

Figure 10.9. Flow number correlation for an HE-3 impeller [Chem. Eng., p. 113 (August 1994)].

BLEND TIME FOR MULTIPLE IMPELLERS iy = 2 Fom.i (109

An effective blending time constant (Kp,,.fr) can be estimated by the Each of the separate k,, ; should be based on a particular impeller
sum of the individual mixing-rate constants (k,,i): operating separately within the total volume.
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ExampLE 10.3

Pumping Rate of a 4BP Impeller
Let’s place a 32” diameter 4BP impeller, operating at 125 rpm, in
an 8000 diameter tank with C=32". We wish to determine the
pumping rate with water in the vessel. We will first calculate P.

Nre = ND?p/u = (125/60)(0.0254 x 32)>1,000/(1/1,000)
= 1,375,000

From Figure 10.4, Np= 1.2, thus

P = (Np)pND°® = (1.2)(1,000)(125/60)° (.0254 x 32)°
=3,850 W = 5.1 HP(3 HP/kGal)

From Figure 10.8, Ng = 0.68, then

Q= (Ng)ND? = 0.68(125/60)(0.0254 x 32)* = 0.704 m%/s
=24.9ft%/s = 11,200 gpm

TABLE 10.1. Mixing-Rate Constant (k,,) for Fully Turbulent
Flow Regimes (Ng. > 10,000)

Mixing-Rate Constants

Impeller style a b

Six-blade disc 1.06 2.17
Four-blade flat 1.01 2.30
Four-blade 45° pitched 0.0641 2.19
Three-blade high efficiency 0.272 1.67

ExampLE 10.4

Pumping Rate of an HE-3 Impeller
Let’s check the pumping rate of an HE-3 impeller, for the application
of Example 10.3, operating at the same HP and close to the same
torque. To be entirely fair to the HE-3 impeller, we must make the
comparison at constant HP and torque, because the operating cost
of an agitator is directly related to HP and the first cost (the capital
cost) is closely related to its torque, which primarily determines the
gear reducer cost.
The torque requirement of the 4BP of Example 10.3 is

T = P/(2aN) = 3,850/(6.28 x 125/60) = 294 Nm
Let’s try a 45” diameter (D/T = 0.56) HE-3 operating at 125 rpm
Nre = (1,375,000)(45/32) = 2,720,000

From Figure 10.4, Np = .21, thus

P = (Np)pN°D® = (0.21)(1,000)(125/60)*(.0254 x 45)°
=3,700W = 5HP

The torque requirement is T =3700/(6.28 x 2.08) =283, which is
close to T for the 4BP.
From Figure 10.9, N =0.45, then

Q = (Ng)ND? = 0.45(125/60)(0.0254 x 45)* = 1.4m’/s
= 49 4ft3/s = 22,200 gpm

Thus, the high efficiency HE-3 impeller pumping capacity is twice
that of the 4BP when compared at comparable torque and HP,
which is a comparison at about the same overall cost.

Effects of Reynolds number on blend time

Turbulent range

100
10
fRe
1
Transitional range
0.1 L1l |
102 108
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Figure 10.10. Effect of impeller Reynolds number on blend time for Ng. < 10,000.
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Figure 10.11. Effect of viscosity (u*) ratio on blend time.
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Figure 10.12. Effect of density difference on blend time.

10.6. HEAT TRANSFER

Guidance regarding the selection of an economical heat transfer

system is

Type of Surface

Number of Coils, Plates, etc.

Position of Surface in Vessel

+ wall — helical coils — harp coils —
platecoils

+ Helical coils: Use maximum of 2

+ Up to 16 for harps and platecoils
are effective

+ Helical coils inside and attached to
baffles

+ Harp coils and platecoils are baffles

Distance between Coil Banks

Spacing of Harps and
Platecoils

Tube Spacing Harps and
Helical Coils
Reflux Cooling

External Pumped-through
Exchanger

+ Minimum distance is twice the
tube diameter

+ Above ~ 8, harps and platecoils
are positioned at 45° to vessel
diameter

+ Minimum spacing is one tube
diameter

+ Very economical when
feasible

+ Must be used when internal
surface is too little or reflux
cooling cannot be used
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ExampLE 10.5

Low Viscosity Blending with an HE-3 Impeller
Let’s determine the blend time for the HE-3 impeller of Example 10.4
adding a few percent of a 10,000 cp additive. D =45"; T=280";
D/T=0.563; T/Z=1; N=125rpm =2.08 rps; u*=10,000; SG
additive = 2; Ng.=2,700,000. Select a conservative uniformity
of 99% (i.e., U=0.99).

kn = aN[D/T]*[T/Z]"® = (0.272)2.08[0.563]""[1]"* = 0.22
tu. b = —In (1=U)/ky, = —In (1-0.99)/0.22 = 21 s

Now apply the corrections for Nge, #* and A,. From Figure
10.10, fr. = 1, and from Figure 10.11, f,« = 1. The Richardson num-
ber (= ApgZ/pN?D?) is needed to determine fp from Figure 10.12.

Ngi = ApgZ/pN?D? = (1,000)9.8(0.0254 x 80)
/1,000 % 2.082 x (0.0254 x 45" = 3.5

From Figure 10.12, f,=3.7, thus

tU = tU,turbeef;tfp = 21(1)(1)(37) =78s

ExampLE 10.6

Medium/High Viscosity Blending with a 6BD Impeller
Let’s go back to Example 10.2 and introduce a fed component
with SG =1 and u = 120,000 cp. Thus, this example will give us
a good indication of what blending performance we can expect
from a 6BD operating at Ng. = 5.

Kk = aN[D/T]*[T7Z]"° = (1.06)0.930.4]*"7[1]"* = 0.13

tU.wb = — In (1=U)/ky, = —In (1-0.99)/0.13 = 355

Now apply the corrections for Nge, p#*, and Ap. From Figure
10.10, fge = 100, by extrapolation, f,» = 1; Ng; = 0 & f, = 1.

tu = tu,wnfreff, = 35(100)(1)(1) = 3,500s = lhour

This is truly a long time and indicates that a 6BD will barely
function at Ny, = 5. If the agitator speed is increased to 100 rpm
and to Ng. = 10, then

tu = 3,500(56/100)(50/100) = 980 s = 16.3 min = 0.27 hour

which is still a long time.

HEAT TRANSFER COEFFICIENTS

Most of the correlations were taken from Penney (1983) and from
tables 5 and 6 in Fasano et al. (1994) for the HE-3 impeller and the
bottom head. The correlation for heat transfer coefficients for helical
ribbon impellers was taken from Ishibashi et al. (1979). The correla-
tions given by Penney (1983) (p. 879) use the same sources.
Correlations for heat transfer coefficients are all of the form

Na = K(Nrea)(Nprb)(MuRc)(GCORRECTlON) (10.10)

The geometry correction (GcorrecTion) takes account of the
fact that any change in system geometry will affect the heat trans-
fer correlation. This correction is handled algebraically by using
what has been shown experimentally

GCoRrrECTION = f(le,Rg,Ré,-..-an) (10.11)

Where the R’s are geometrical dimensions ratios (e.g., d/T)
ratioed to a standard experimental ratio (i.e., [d/T)siandara)- Thus,
for tube diameter (d), Rq = [(d/T)/0.04]".

The [d/T]stanqara Was selected as 0.04 because most experimental
data were taken with d/T ~ 0.04 (i.e., for T = 50” in an experimental
apparatus, d ~ (0.04)(50) = 2" and, experimentally, h a d'2.

Individual heat transfer coefficient correlations are summarized
in Table 10.2. Penney (1983) has given the recommended geometry
for anchors and helical ribbons:

Geometric ratios Anchor Helical ribbon
P/D [+ 1/2

W/D 0.082 0.082

C/D 0.02 0.02

D/T 0.96 0.96

OVERALL HEAT TRANSFER COEFFICIENT (U)

The overall coefficient includes the following heat transfer resistances:
(1) process side film, (2) process side fouling, (3) wall resistances,
(4) utility side fouling, and (5) utility side film. The development of
the relationship between U and these individual resistances is given
in myriad heat transfer texts.

U = 1/[l/h+Rp + (AX/k) + Ry + (1/hy)]

(for the jacket and bottom head) (10.12)

U= 1/[1/}1]) +Rp + {do/(zk)} In (do/d])

+{Ru + (1/hy) }do/d:}] (for a coil) (10.13)

HEAT-UP OR COOL-DOWN TIME
The transient heating or cooling time is calculated as follows
(McCabe et al., 2001):

t = (MC,/UA)[In (Ty=Ty)/(Ty—Tg)] (10.14)

Now let’s do three heat transfer examples.

10.7. VORTEX DEPTH

The vortex depth predictive methods included here are for (1)
unbaffled vessels and (2) a 4BP impeller with lower half baffles.

DRAWDOWN OF HEADSPACE GAS AND WETTING OF
FLOATING SOLIDS USING PARTIAL BAFFLING

Partial baffling can be very effective to produce a vortex, which can
effectively drawdown gas from the headspace or rapidly move float-
ing solids into the high shear zones surrounding the impeller blade
tips. Figure 10.13 shows a 6BD operating in a vessel baffled with
lower half baffles. A 6BD is effective in a partially baffled vessel,
but the 4BP is a better choice. Figures 10.14(a) and (b) and 10.15
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TABLE 10.2. Summary of Heat Transfer Coefficient Correlations for Agitated Vessels

IMP. SURFACE Ng. RANGE K a b c GEOMETRY CORRECTION
RCI* Wall & BH > 100 0.54 2/3 13 0.14
6BD Wall > 200 0.74 2/3 1/3 0.14 (1/[Z/T1)%"3(LLS)2
6BD BH > 200 0.50 2/3 13 0.14 (1/[Z/T])°-"8(L/LS)°-2
6BD Coil > 200 0.03 2/3 13 0.14 (1/[Z/T1)°-"3(L/LS)%-2(1/[d/T])°5
4BF Wall > 200 0.66 2/3 13 0.14 (1/[Z/T])°"8(L/LS)%2
4BF BH > 200 0.45 2/3 13 0.14 (1/[Z/T])°-"8(L/LS)%-2
4BF Coil > 200 0.027 2/3 13 0.14 (1/[Z/T1)°-"3(L/LS)%-2(1/[d/T])°°
4BP Wall > 200 0.45 2/3 13 0.14 (1/[Z/T])°"8(L/LS)%2
4BP BH > 200 1.08 2/3 13 0.14 (1/[Z/T])%"3(L/LS)02
4BP Coil > 200 0.023 2/3 13 0.14 (1/[Z/T1)°-"3(L/LS)%-2(1/[d/T])°5
HE-3 Wall > 200 0.31 2/3 13 0.14 (1/[Z/T1)°-"8(L/LS)°-2
HE-3 BH > 200 0.90 2/3 13 0.14 (1/[Z/T1)°*-"3(L/LS)%2(1/Z0T)
HE-3 Coil > 200 0.017 2/3 13 0.14 (1/[2/T1)°-"3(L/LS)%-2(1/[d/T])°°
M. PROP. Wall > 200 0.43 2/3 13 0.14 (1/[Z/T])°-"5(L/LS)%2
M. PROP. BH > 200 0.90 2/3 13 0.14 (1/[Z/T])°"3(L/LS)%2
M. PROP. Coil > 200 0.016 2/3 1/3 0.14 (1/[Z/T1)°"8(L/LS)°2(1/[d/T])°®
6BD 45° Harp Coils > 100 0.021 0.67 0.4 0.27* (1/[Z/T1)°-"3(L/LS)°-3([D/TY/[1/3])°-33([d/T]/0/04)°5
4BF 0° Harp Coils > 100 0.06 0.65 0.3 0.4* (1/[Z/T1)°-"3(L/LS)®([D/T)/[1/3])°-23([d/T]/0/04)°®
6BD Plate Coils > 100 0.031 0.66 0.33 0.5*% (1/[Z/T])°-"8(L/LS)%2
Anchor Wall <1 Not Recommended! Laminar Flow. No top-to-bottom turnover
" " >12,<100 0.69 12 13 0.14

" > 100 0.32 2/3 13 0.14
Helical Wall <13 0.94 1/3 1/3 0.14 Note: Double Helixp
Ribbon >13,<210  0.61 12 13 0.14 p=Dn

> 210 0.25 2/3 13 0.14 C =D/0.02

Notes: + Pfaudler Retreat Curve Impeller.

"Petree and Small (AIChE Symposium Series, 74, pp. 53-59, 1978) used the ratio of bulk to film viscosity. It is recommended that one use ¢ = 0.14

and use the ratio of bulk to wall viscosity.

present correlations to predict the relative vortex, for a 4BP impeller,
as a function of Nge, N, D/T, and C/D. This data was obtained by
G. S. Spanel in laboratories at the University of Arkansas.

If possible, we prefer to approach the gas dispersion and solids
wetting problem by doing experiments on a small scale and then
scale up; such an experimental investigation of gas dispersion from
a reactor headspace by using partial baffling is documented by
Penney et al. (2000). Even with experimentation, a flexible baffling
system must be designed. Sufficient flexibility can be achieved in
metal vessels by (1) bolting in the baffles so that the degree of
baffling can be varied by removing and reinstalling baffles and
(2) using a variable speed drive, which is a must. It is not uncommon
to use 100 HP variable speed drives in applications requiring gas
headspace dispersion and/or drawdown of floating/lumping solids.

QUALITATIVE UNDERSTANDING OF VORTEX DEPTH

For any system the dimensionless vortex depth is a function of a
Reynolds number (ratio of inertial to viscous forces) and the
Froude number (ratio of inertial to gravity forces). Expressed
mathematically,

X/D = f(Nge, Ng;, Geometry) (10.15)
Figures 10.14(a) and (b) present this correlation for a 4BP impeller with
the following range of geometry: Four lower baffles, Hg/Z = 1/2, B/T =
1/12; DIT = 0.34 & 0.53; C/D = 1/3, 1/2, and 1. These plots show how
complex the relationship of Eq. (10.15) can be.

UNBAFFLED VESSELS

Unbaffled vessels are almost never used in practice because the
swirling minimizes turbulence and inhibits top-to-bottom turnover,

resulting in very poor solids suspension and gas dispersion. It is,
however, instructive to compare the vortex depth in partially baffled
vessels with the vortex depth in unbaffled vessels (see Example
10.10). Rieger et al. (1979) have published vortex depth correlations
for several impellers. Their correlations are given here:

For the high Galileo number range:

X/D By (Ngo)™ 69(T/ )0‘8 NF’_)I.MNO.oox(T/D)ooos
(10.16)

For the low Galileo number range:

X/D By ( NGu (T/ ) 118 (N&) 338(Nm) 0074(T/ )024
(10.17)
where the constants BH and BL are given in Table 10.3.

Anchor. The correlation for the anchor impeller is different
and it is

X/D = 2.82(Ng,)"” (10.18)

10.8. SOLID SUSPENSION
LEVEL OF SUSPENSION

For design purposes, three levels of solids suspension are defined:
1. On-bottom movement

2. Off-bottom suspension
3. Practical, uniform suspension
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ExampLE 10.7

Overall Coefficient and Heat-Up Time for a Water Batch:

Jacket
Let’s use the HE-3 agitator of Example 10.4 and determine (1) the
overall heat transfer coefficient (U) and (2) the batch heat-up time
from 60 °F to 200°F. The vessel size is 1,740 gal (14,400 1b,,); the
specific power input is 3HP/kGal; Ng, = 2,720,000; T = 80”; assume
the wall is 1/4” SS and the utility fluid is atmospheric steam at 212°F
with a utility side coefficient of 1,000Btu/hr ft°F.
From Table 10.2: Ny, = K(NRea)(NPrb)(MuRC)(GCORRECTION)

Nyw = 0.31Ng *Np, *MuR* ™ (1/[Z/T])™ " (L/Lg
Ny = 0.31(2.7E6Y (5.9 (1) (/1)) (1% = 10,910
hp = Ny (k)/T = 10,910(0.35)/(80/12) = 573 Btu/hr f*F
U = U[l/hp + Rp + (AX/ky) + Ry + (1/0U))]
= 1/[1/572+0+0.0208/7.8 + 1/1,000]
U = 1/[0.0018 +0.0027 4+ 0.001] = 1/0.0055
= 183 %Rs:P=32%, W=50%, U-18%

The time to heat from 60 to 200°F is given by Eq. (10.14) with
A =726.677 =140 ft?
t= (MCP/UA) In [(TU_TI)/(TU_TF)
=[(14,400)(1)/(183)(140) In [(212—60)/(212-200)
t=142hr

ExampLE 10.8

Overall Coefficient and Heat-Up Time for a Water Batch: Coil
Let’s repeat Example 10.6 with a single helical coil of 3” tubes, 1/4”
wall on 6” centers with a coil diameter of 66”.

Nyu = 0.017Ng 2*Np,"*MuR* ™ (1/[/T))*** (L /LS)™?
Ny, = 10,910(0.017/0.31) = 600[determined as(Nyy, coi1)
= (N, wan) (Kcoit = Kyan)]
hp = Ny (K)/T = 600(0.35)/(3/12) = 840 Btw/hr ft* F
U = 1/[1/hp + Rp +do /{2kn Hn(do/dy )
+{Ry + (I/hy) Hdo/d}]
U = 1/[1/840 40+ (.25/{2x 7.8} In (3/2.5)) + 0
+(1/1,000)(3/2.5)]
U = 1/[0.00121 +0.00293 +0.0012] = 1/0.00535 = 187
A = n(66/12)(80/6)[r(3/12)] = 181 f*

The coil outside heat transfer area is (181/140 — 1)100 = 29%
greater than the jacket area.
t= (Mcp/UA)ln[(TU—TI)/(TU—TF)
= [(14,400)(1)/(183)(140) In [(212-60)/(212—200)
t=(1.42)(183/187)(140/181) = 1.07 hr.

On-bottom movement is not normally used for design purposes;
off-bottom suspension — the most commonly used design criterion —
was originally defined by Zwietering (1958) as the impeller speed
(Njs), which suspends solids with no particles resting on the vessel
bottom for > 1-2s. Uniform suspension is defined as the highest
practical level of solids uniformity. Practically speaking, 100% uni-
formity is not achievable because there is always a measurable layer
of clear liquid at the very top of the batch.

On-bottom movement and uniform suspension have not been
investigated as extensively as off-bottom suspension. Oldshue
(1983) has recommended ratios of Nj, and Pj; for the three defined
levels of suspension (see Table 10.4).

The relative cloud height, which is defined as the ratio of
the level to which solids are suspended to the batch height (R, =
H./Z), is addressed by Corpstein, Fasano and Myers (26, p. 141,
Fig. 5) and Bittrof and Kresta (25). Bitroff and Kresta have offered
the following correlation for high efficiency (e.g., HE-3 and A310)
impellers.

Rer = (N/N,)[0.84—1.05(C/T) +0.7(D/T)*{1-(D/T)*}]
(10.19)

At Ry, =0.95, D/IT = 1/3 and C/T=l, which are reasonable
for design, N/Nj; = 1.55. This agrees weﬁ with the value obtained
from Corpstein et al. (1994) of 1.45 and with the recommendation
of Oldshue (1983), from Table 10.3, where Ry, =2.1/14=1.5,
provided practical uniformity is defined as a relative height (Rgy,)
of 0.95.

Zwietering’s (1958) correlation, as modified by others, is
recommended for prediction of Nj, for off-bottom suspension.
The dimensionless correlation is

Nie. iy Ny " (d/D)"**B™" = S where N,

, (10.20)
= NiiD?p/u & Ny j, = N;’Dig

where

S = f(Geometry) = f(D/T, C/T, Head Style, etc.) (10.21)
For ease of hand calculation, Zwietering wrote Eq. (10.20) in the
following form:

S= NjSDO,SS/ [DO.IdS.Z(gAp/p)O.4SBO.l3]

0.1 0.2 0.45150.131 1~ 0.85 (10.22)
—>st =S[l/ dp (gAp/pl) B ]/D

Particle diameter is included in the correlation as (d,/D)*2.
Chowdhury (1997; Penney et al., 1997) and others have found
that Nj, is virtually independent of (d,/D) for (d,/D)>0.01.
This is of no practical importance for large vessels where D
could be 40” and it would be unlikely to encounter particles lar-
ger than 0.4” diameter; however, it could give underpowered
agitators for scale-up from small vessels where the minimum D
could be 2” and the maximum d, could be 0.2”, for a maximum
(dp/D)=0.1, which is 10 times (d,/D)=0.01. Scale-up at equal
P/V, which is typical for solids suspension, could give an Nj,
about 100 = (10)®?=60% of the required Nj,. Avoid this scale-
up mistake by using accurate suspension correlations to deter-
mine Nj, for plant vessels, when scaling-up from laboratory
experiments where (d,/D) > 0.01.

The solids loading effect is accounted for by the term B=13
in Eq. (10.24), where B =100 (Ws/W)). Inspection of Eq. (10.20)
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ExampLE 10.9

Helical Ribbon h and Heat-Up Time for a Viscous Batch: Wall
Let’s work the design example by Bakker and Gates (1995, p.31)
for wall heat transfer. T=2.5m, Z=2.5m, D/T=0.95; D=2.4m;
u=25Pa-s;SG=12,N=164rpm.

Let’s assume the thermal properties of ethylene glycol:
k =0.15 Btu/hr ft F, Cp = 0.64 Btu/lb,, F. The ribbon is a single
flight (ng= 1) and the pitch is equal the impeller diameter (P, =
D&D/P,=1).

Nre = ND?p/u = (16.4/60)(2.5)71,200/25,000 = 76

Let’s also calculate the power requirement. Equation 24 in
Bakker and Gates (1995) gives an equation for Np as a function
or Ng. and the system geometry.

Np = (350/Nge)(D/P,) 2 (H/D) ({W/D}/0.1) ({D/24}/(T — D)} (n;)"
NP = (350/76)(1)"(1)(1)({2.4/24}/{2.5 - 2.4} (1)"* = 4.61
P = (4.61)1,200(16.4/60)°2.4° = 9.16 kW = 12.3 HP

From Table 10.2 the correlation for the wall heat transfer coeffi-
cient is

N = 0.61 (Ne)" (Npo)™ (sg/py 14
Np: = pupCp/k = [(25,000)(2.42)1b,,/hr t](0.64 Btu/lb,, F)/
(0.15 Btu/hr ftF) = 2.58E5
Nxu = hD/k = 0.61(76)"(2.58E5)7 (~1)""*
=(0.61)(8.72)(63.4) = 337
h = U = (337)(0.15 Btu/hr ft F)/[(3.28)(2.5)ft]
= 6.2 Btu/hr ft F
The time to heat from 60 to 200 F is given by Eq. (10.16)

with A =x2.5* = 19.6m> = 211 f*>.M = (18)(1,200) = 21,600kg
= 47,5200b,,

t= (MCP/UA) In [(TU _TI)/(TU _TF)
= [(47,520)(.64)/(6.2)(211 trb In [(212-60)/(212-200)]
t=59%hr

The heat transfer coefficients under laminar conditions are very
low and heat-up times are so large as to be impractical. One would
need to pump the batch contents through a well designed heat
exchanger in a recycle loop to achieve reasonable heatup times.

Figure 10.13. Vortex formation 6BD in water at 262 rpm; 4 lower half baffles in 9.5” vessel. (B/T = 1/12; Baffle Height = 4.75", D/T = 0.526;

CIT=1,ZIT=1; X/D=0.7).
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(X/D)/Fr vs Re for 4BP impellers with Z/T = 1 with lower half baffles
Legend: (D/T = 0.34. C/D =1) 6, (D/T = 0.34, C/D = 1/2) A, (D/T =0.34, C/D = 1/3) +
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Figure 10.14(a). Correlation of relative vortex depth (X/D) for a 4BP impeller with lower half baffles. D/T =0.34; C/D =1/3, 1/2, 1 (by
G. S. Spanel).

(X/D)Fr vs Re for 4BP impellers with Z/T = 1 with lower half baffles
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Figure 10.14(b). Correlation of relative vortex depth (X/D) for a 4BP impeller with lower half baffles. D/T =0.53; C/D =1/3, 1/2, 1 (by
G. S. Spanel).
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Effect of Solids Loading on Njs for Four Impellers

10

0.05

Ratio: Nja @ B/Njs @ B =

R=

LEGEND: H - HE-3; P - 4BP; F - 4BF; D 6BD

Fraction Settles Solids (Fs)

Figure 10.15. Solids loading effect on just suspended speed from Chowdhury (1997) and Penney et al. (1997).

and (10.22) reveals that Nj,— 0 as B — 0, which is not correct;
thus, a lower limit must be placed on B. By experience, the lower
limit of B for design purposes is 5; that is, (Ws/Wy) 100 =5. The
weight fraction solids (X) for B = 5 is Xg = B*W/(Wg+W)=5x
100/(5+100) = 0.0476, and for a typical void fraction (¢) of 0.4 and a
typical p,/p; = 2.5, the volume fraction solids at B=15 is

Xs = (0.0476/p)/[0.0476/ps + (1-0476)/p,]
= 0.0476/[0.0476 +0.9524(ps/pl) = 0.02.

Thus, the lower limit on B of 5 is a lower limit on X of about 0.02
or 2v% solids. (See Figure 10.15.)

Chowdhury (1997) determined that the best correlating para-
meter for solids loading is the fraction settled solids height (Fs),
which is the settled solids height (Hg) ratioed to the batch height

(Z) = (Hg/Z). F is a logical correlating parameter as it has finite
bounds: 0<Fy>1. The Chowdhury/Penney/Fasano correction
for solids loading can be used with the Zwietering method by

1. Computing (Njs)z by Eq. (10.22) at B=5.

2. Applying the correction factor R =Nj;=(Nj)z from Figure
10.15 to determine Nj,. by the following procedure:
(a)determine

Xy = (Ws/ps)(Ws/ps + Wi /p)) (10.23)
(b) determine
Fs = Vy/(1-¢)/V = Xs(V)/(1-¢)/ [(Xs(V)/ (1-¢) (10.24)

+(1-Xs) V] = Xs/[Xs +(1-X,)(1-¢)]

ExampLE 10.10

Vortex Depth in an Unbaffled Vessel with a 4BF Impeller
Let’s design a 4BP impeller operating in an 80” diameter vessel
with a batch depth of 80” to give a vortex depth that just reaches
the impeller with lower half baffles. Let’s try a 40” diameter 4BP
impeller, 40” off the vessel bottom, operating at 100 rpm.

Np: = N2D/g = (155/60)7(0.0254 X 40)/9.8 = 0.7
Nge= NDp/u = (100/60)(1.02)71,000/0.001 = 1,700,000

From Figure 10.14(b), at C/T = 1,(X/D)/Ng, = 1.4; thus
X/D = (1.4)(0.7) = 0.98; thus,X = (X/D)0.98 = 40.

The vortex just touches the impeller. Let’s check the power
requirement.

From Figure 10.4, Np 1.3, then P = 1.3(1,000)(2.58)*(1.02)° =
24,650W =33 HP

The impeller power requirement would decrease slightly,
about 10 to 20%, because of the partial baffling; however, we
would need to design for the fully-baffled condition.

This is a healthy power requirement of 33/(1,740/1000) =
19HP/1000 gal. High power requirements are often required to
achieve good headspace gas dispersion and to wet floating and
lumping solids effectively. It would be worthwhile considering
using narrower baffles, or perhaps two baffles, to increase the
vortex depth while imparting sufficient power to disperse gas or
solids.

Let’s check the vortex depth in an unbaffled vessel operating
at the same conditions.

Nga = Nro2/Ng, = (1,700,000)%/0.7 = 4.13 x 10"
From Eq. (10.18) and Table 10.3:

X/D = 1.13(4.17 x 1012)0.069(2)_0_38
0 7)1.14(4.17512)»0.008

(2)4).008 = 8.4; thusX = 336"

This indicates the reduction in vortex depth achievable using a
partially-baffled vessel.
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TABLE 10.3. Values of Constants By and B, in Equations
10.16 and 10.17.

Impeller C/D Nga Range Equation By or B,
6BD 1 3E7 to 5E10 10.16 1.51
1 2.6E5 to 3E7 10.17 0.055
1/3 3E7 to 5E10 10.16 1.43
1/3 3.4E5 to 3E7 10.17 0.046
6BF 1 8E46 to 1E10 10.16 1.52
1 4E5 to 8E6 10.17 0.073
1/3 8E6 to 1E10 10.16 1.57
1/3 4.1E5 to 8E6 10.17 0.071
6BP 1 1E8 to 2E10 10.16 1.13
1 5.6E5 to1E8 10.17 0.037
1/3 1E8 to 2E10 10.16 1.04
1/3 7.5E5 to1E8 10.17 0.029
3BP 1 1E8 to 1E10 10.16 0.84
1 1.2E5 to1E8 10.17 0.019
1/3 1E8 to 1E10 10.16 0.71
1/3 1.2E5 to 1E8 10.17 0.013

TABLE 10.4. Process Ratios for Three Levels of Suspension
at Various Settling Velocities

Settling Velocity (ft/min)

0.1-6 4-8 16-60

Degree of Suspension Ngrjs Prjs Nrjs Prjs Ngrjs Prjs

On-Bottom Movement 1 1 1 1 1 1
Off-Bottom Susp. 1.3 2 14 3 1.7 5
Complete Uniformity 1.3 2 2.1 9 2.9 25

(c) determine R = N;¢/Nj; =5 from Figure 10.15, then compute
st =R (st, B= 5)

The geometrical effects of (D/T) and (C/T) are accounted for as
functionalities, which are applied to an S (i.e., Sgiq) at a standard
geometry (i.e., D/T =1/3 and C/T = 1/4).

S = Sgu[f(C/T)f(D/T)] (10.25)

Table 10.5 presents Ssiq for several impellers for the indicated
standard geometry. Zwietering’s original S values have been greatly
modified and supplemented by later investigators (which includes
all the references cited under the Solids Suspension heading under
references, except the Zwietering citation). f(C/T) and f(D/T)] are

TABLE 10.5. S.:q Values [Note: See Figures 10.16 and 10.17
for f(C/T) and f(D/T)]

Ssta Ssta
Bottom Style
IMPELLER (D/T)sta (C/Tsta Flat Dish
6BD 1/3 1/4 7 5.2
4BF 1/3 1/4 7.5 5.6
4BP 1/3 1/4 5 4.6
HE-3 1/3 1/4 9 8.2
MP 1/3 1/4 9 8.2
RCI 2/3 110 - 7
Anchor 0.96 0.02 7 7
H-Rib. 0.96 0.02 7 7

given in Figures 10.16 and 10.17. Now let’s do a Solids Suspension
example problem.

As an estimate, use the HE-3 correlation for marine propellers.

The style of vessel bottom affects NJS, as indicated in Table
10.5. Nj, is lower for dished-bottom vessels than for flat-bottom
vessels. The reduction of Njs for a dished-bottom versus a flat-
bottom is much more pronounced for radial-flow impellers (6BD
and 4BF) axial flow impellers (4BP and HE-3).

10.9. SOLIDS DISSOLVING

The design method (developed by W. R. Penney at Monsanto in
1972 and presented at a St. Louis Local Section AIChE Meeting
in 1973) assumes that dissolving occurs at a constant solute
concentration. This assumption is realistic when

1. A relatively few particles are dissolving.

2. The size distribution includes a relatively small portion of large
particles; thus, because the large particles dissolve more slowly
than small particles (dissolving time varies about as the square
of the particle diameter), the large particles will do most of their
dissolving near the terminal concentration.

3. A conservative dissolving time, based on the terminal solute
concentration, is adequate for design purposes.

Figure 10.18 is a qualitative description of a dissolving particle.
Let’s develop the differential equation for dd,, = dt.

W = Mass of Particle = (ps)(nd,*/6)thus (10.26)
dW/dt = (dd,/dt)(dW/ddp) = (ddp/dt) (3psnd?/6)

=kA(AC) = knd,’AC
ddp/dt = —2kAC/pg = —2k(Cs—C) (10.27)

To integrate d with t, we must relate the mass transfer coefficient (k)
to the independent parameters of the system. Levins and Glaston-
bury (1972) have developed an accurate correlation to predict mass
transfer coefficients for suspended particles in agitated vessels.

NSh = kdp/g =24+ 0.47(dp4/381/3/y)0'62 (D/T)O.W(U/g)o.fa()
(10.28)
where ¢ is the rate of agitator energy input per unit mass of the batch
e=NppN’D/(p,V) (10.29)

By substituting k from Eq. (10.28) into Eq. (10.27), we obtain

ddp/dt = —(2AC/ps) (¢/dp +0.47(dp¥3e"311)0.62 (DIT" (/)"

(10.30)
which can be made nondimensional as follows:
d(dp/do)/d[(te/dy*)(AC/pg) = 2[2/(dp/dy)
+0.47{(dpldo) " dy e 1) (10.31)

{1/(dp/d0)*7(D/T)™" (wig) ]}
Define

x = dp/do; Y = (r¢/dy) (AC/ps);

(10.32-10.34)
7 = (d04/3£l/3/y)0.62 (D/T)O‘” (y/g)o.%
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FIGURE 2. EFFECT OF C/T ON N, FOR FOUR IMPELLERS
PLOT OF f(C/T) VS C/T FOR 6BD (LINE); 4BF (-); (~); HE-3(+)
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Figure 10.16. Effect of (C/T) on Nyg [i.e., f(C/T)] for four impellers. [See Eq. (10.25) for definition of f(C/T)].
FIGURE 3. EFFECT OF D/T ON N FOR FOUR IMPELLERS
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Figure 10.17. Effect of (D/T) on NJS [i.e., f(D/T)] for four impellers. [See Eq. (10.25) for definition of f(D/T)].

where the t in Y becomes the dissolving time (= 7) in the definition
of the dimensionless dissolving time (Y) when the particle dissolves
(i.e., dp/dg = 0). When Eq. (10.33), (10.34), and (10.35) are substituted
into Eq. (10.31), the following dimensionless differential equation is
obtained.

dy/dY = —(4/y +0.94Z/" 17 (10.35)
This expression was integrated numerically with an integra-
tion software package to determine the value of Y when x became
0 (i.e., when d/dy =0, when the particle is totally dissolved) for all
values of Z. The relationship between Y and Z (when x = 0) deter-
mined from the integration is presented as Figure 10.19.
Here is the step-by-step procedure for using the design method:

—

. Select Cy, = terminal concentration after solids have dissolved.

2. Find the value of the diffusivity of the solute in the solvent and
the saturation concentration of the solute in the solvent from the
literature.

3. Design an agitator to give off-bottom suspension of the dissol-

ving solids.

. Calculate the impeller power per unit volume (¢ = P/pV).

. Calculate Z[(do" " 1) (DT (i) ).

. Go to Figure 10.19 and determine the numerical value
Y[(Tg/doz)(AC//)s)]-

7. From solute solubility data and saturated solution density data
calculate the equilibrium concentration of solute (C*).

. Calculate the concentration driving force (AC = C*—Cy, fina)-

9. From Y, calculate the dissolving time as [z = Ydyps/(¢AC)].

Let’s now do a dissolving example problem.

[ N

>

10.10. GAS-LIQUID DISPERSIONS

Quantitative design methods will be presented only for the 6BD
and the CD6 impellers because the literature is sparse for quantita-
tive design methods for other impellers.

Impeller power requirements decrease as gas sparging increases.
In Bakker et al. (1994), the ratio of gassed to ungassed power require-
ment is correlated in dimensionless form as

P, = P,[I—(b—au)N& (cNy )] (10.36)
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ExampLE 10.11

N;s and P;; for Suspension of AICI; Crystals in Methylene

Chloride
This is Example 10-2 the Handbook of Industrial Mixing (Paul
et al., 2004). AICl; crystals are suspended in methylene chloride.
ps = 2M40kg/m (SG; = 2.44); p, = 1.326kg/m’; = 1cP(0.001 Pa-s);
d, = 4—14 mesh (5,000-1,000 ym, use the largest size = 5,000 um);
B = 40; v = 0.001/1,326 = 7.541 x 10~"m?/s; 4BP impeller, T = 85.5'
(1.22m); D =T/3 =0.0.724m; C/T = 1/8;Nj; = ? and P = ? The
bottom head is DISHED

From Eq. (10.24), Nys = Sp*'d%? (gAp/py) " B**)/D*®
From Table 10.4, Sgq (at C/T=1/4 and D/T =1/3 and Dished
Head)=4.6

From Figure 10.16, f(C/T)=0.91 and from Figure 10.17,
f(D/T) = 1, thus

S = Su[f(C/T)E(DIT)] = 4.6(0.9)(1) = 4.14
Nj, = 4.14(7.541 x 1077)"'[9.81(2.44—1.326)/1.326])"*
40°13(0.005)°%/(0.724%%) = 1.93 rps = 115.7 rpm
Np = ND?p,/u = 1.93(0.724)%1326/0.001
= 1,347,000; thus, from Figure 10.6, Npl.2, then

P = (Np)Pyury N°D’ = (1.2)(1,326 X 0.6 +2440 x 0.4)(1.93)°
(724)° = 2,275W = 4HP

For T=Z =85.5'(2.17m), V = 2123 gal; thus, the power input is
relatively low at 1.89HP/kGal.

Let’s recalculate using the Chowdhury/Penney/Fasano correc-
tion for solids loading.

X, = (Wylp )/ (Wilp, +Wi/p))
= (0.4/2.44)/(0.4/2.44 +1/1.326) = 0.179

For these solids, let’s assume € =0.5; thus,

F,= Xs/[Xs + (I_Xs)(l_e)]
=0.179/[0.179 + (1-0.179)(1-0.5)] = 0.42

From Figure 10.15, R = 1.8. We need Nj;B = 5 = 1.93(5/40)"" =
1.473 rps

Then Nj; = R(Njs, B = 5) = 1.8 (1.473) = 2.65 rps = 159 rpm

P = (Np)pgury N'D’ = (1.2)(1,770)(2.65)°(.724)°

N = 7,830 W = 10.5 HP(5 HP/kGal.)
It appears that this solids loading of (X = 40, X, = 0.18, and F; = 0.42)

justifies the use of the more tedious, but more accurate, Chowdhury/
Penney/Fasano method for determining the effect of solids loading.

The correlational constants of Eq. (10.38) are given for 6BD and
CD6 impellers in the following tabulation:

Impeller a b c d
6BD 0.72 0.72 24 0.25
CD-6 0.12 0.44 12 0.37

Ungassed power requirements were fully covered earlier. The
turbulent regime power numbers for the 6BD and the CD-6 impel-
ler are given in the following tabulation:

Impeller Turbulent Regime Power Number
6BD 5.0
CD-6 3.2

(D00

Time

Figure 10.18. Variation of dissolving particle size with time.

High-efficiency impellers such as HE-3’s and 4BP impeller are
sometimes mounted above a 6BD or a CD-6. For these impellers,
the effect of gassing on the power requirement is given in Bakker
et al. (1994).

P, = P,[1—(a+bNg, )N 00N (10.37)

where a = 5.3exp[-5.4(D/T)); [b=047(D/T)"]; ¢ =0.64—
1.1(DIT)

The limits of applicability are: 0.4 <D/T <0.65; 0.05 < Nx<
0.35; 0.5<Ng <2

For the low range of aeration numbers (NA), this correlation
predicts ratios of P4/P, in the range of 0.3 to 0.68, which is lower
than one normally expects. Thus, one is advised to use this correla-
tion with a bit of caution. If the gassed power requirement seems
somewhat low, a vendor should be consulted.

Impeller flooding is a phenomenon that limits the gas disper-
sion and mass transfer effectiveness of an impeller. Above the
flood point (i.e., above the flooding gas sparging rate), gas effec-
tively escapes the high shear zone around the impeller blade tips
and is not dispersed effectively, and the mass transfer efficiency
of the impeller decreases. In Bakker et al. (1994), a correlation is
given for flooding of 6BD and the CD6 impellers.

N L = Cpr Np (D/T)* (10.38)

The correlating constant, Cgy, is 30 for a 6BD and 70 for a
CD-6; thus, the CD6 will effectively disperse 70/30 = 2.33 times
the gas flow that a 6BD will handle.
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Figure 10.19. Penney dissolving plot — Particle dissolving time (z) in agitated vessels.

The volume fraction of gas within the batch (i.e., gas holdup)
reduces the liquid volume, thus, we must predict it for design pur-
poses. Sensel et al. (1993) have developed a holdup correlation,
which was modified by Takriff (1996) to include the term (D/T)*”.

a=2.022(NoNg,) " (D/T)**

[From Takriff (1996), p. 56, Equation 6.1-2]
Another gas holdup correlation is given by Bakker et al. (1994).

(10.39)

a=0.16(Py/V;)* Vo7 (10.40)

where vy, is the superficial gas velocity in the vessel

Vog = Qg /[(/4)T] (10.41)

Specifically, the holdup correlation above was developed from
data with air-water systems agitated with a single impeller. How-
ever, the correlation will give reasonable results for other systems
unless (1) coalescence inhibiting surfactants are present and (2) the
viscosity exceeds several hundred centipoise. For higher viscosity
liquids, vendors should be consulted.

ExampLE 10.12

Dissolving of NaCl in Water in an HE-3 Agitated Vessel
Let’s illustrate the design procedure with a worked example for
1/8'(dp, max = 3,175 ym) sodium chloride solids dlssolvmg in water
in a 1,000 gal dished bottom vessel (Z =T = 66.5") agitated with
a 22" diameter HE-3 impeller operating at 218 rpm. The appropri-
ate component properties are: Cy, = 0; C* = 360 kg/m®(22.4 1b,/ft*);
V= 1E—6m2/s(1 08E—5ft%/s); p, = 1,000 kg/m®(62.4 1b,/fE); p, = 2,
170 kg/m* (129 Iby,/ft’); ¢ = 1.3E -9 m?/s(1.4E—8ft’/s). Let’s select
CT=18C=3".

Ng = ND?p, /u = 3.6(0.56)*1,000/0.001 = 1,130,000
From Figure 10.4 Np = 0.25
P = (Np)pgum N°D° = (0.3)(1,000)(3.6)(.56)°
=2275W = 770W = 1HP(1 HP/kGal)

Let’s determine if this impeller will suspend the solids.
From Eq. (10.24), Nys = Sp*'d)?(gAp/p, )" B**)/D**

From Table 10.4, Sgq (at C/T = 1/4 & DIT = 1/3 & Dished
Head) =8.2.
From Figure 10.16, f(C/T)=

f(C/T)=1, thus

0.99 and from Figure 10.17,

S = Sg[f(C/T)F(D/T)] = 8.2(0.96)(1) = 7.9
Nj, = 7.9(1x107%)*'[9.81(2.17-1)/1*5%13(0.003175)*
/(0.56"%) = 3.8 rps = 228 rpm

This impeller is adequate for solids suspension at about 220 rpm
and 1HP/kGal.

The step-by-step dissolving calculations are done on Figure 10.19
and the dissolving time is 141 s = 2.34 min. This can easily be verified
experimentally. We routinely conduct a tabletop solids dissolving
experiment in the AIChE Industrial Fluid Mixing Course using a 2”
diameter 6BD in a 5” translucent vessel and, at the just suspended
speed, the measured dissolving time for 1/8” rock salt varies from 2 to
3 minutes.
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The mass transfer rate is given by

J=(kLa)(C,"-Cy) =M/V (10.42)
where k a is the volumetric mass transfer coefficient.

C,” is the solute saturation concentration in equilibrium with
the gas phase and C is the acutal bulk concentration of solute in
the liquid phase. Thus, for absorption, where C,* > C;, J is positive
because the mass transfer is from the gas phase to the liquid phase;
however, for stripping, where C,"< Cy, J is negative and the mass
transfer is from the liquid to the gas phase. A correlation for ky_ a is
given in Bakker et al. (1994).

kia= Ckk,(Pg/V|)aV‘S’g For air-water

Cua = 0.015+-0.005; a=0.6: b=0.6 (10.43)

For systems other than air-water, testing is normally required.
Now let’s do two gas-liquid example problems (Examples 10.13
and 10.14).

10.11. LIQUID-LIQUID (L-L) DISPERSIONS

Liquid-liquid dispersions are extremely difficult to understand and
difficult to handle. Leng and Calabrese in Paul (2004) devote 114
pages to this topic and they do not even mention one of the most
heavily researched topics — mass transfer in L-L systems. They
do not mention mass transfer because one can do very little to pre-
dict it a priori; and, mass transfer, like most topics in the L-L area,
must be approached experimentally followed by scale-up. The
approach taken here can be summarized as:

1. Factors affecting equipment selection will be covered.

2. The fundamental phenomena will be explained in sufficient
detail so the reader will understand scale-up considerations.

3. Scale-up procedures and techniques will be covered.

Proper impeller selection is a key to success in handling liquid-
liquid systems. Of the impellers shown in Figure 10.3, the 6BD,
4BP, 4BF and Sawtooth (Cowles type) are all used to create
liquid-liquid dispersions; however, only the Sawtooth and other
high-speed, low-pumping designs are used to create stable liquid-
liquid emulsions. Rotor-stator units (in-line versions are shown in
Figure 10.20) are used to grind solids and create stable emulsion
and pastes. The most widely used impeller for creating dispersions
for mass transfer purposes is the 4BP impeller, which has a reason-
able balance between the production of flow and shear, which
balance is needed to effectively produce L-L dispersions. High effi-
ciency impellers are not very suitable to create L-L dispersions
because they are such efficient pumpers, with small shear zones near
the blade tips; their shear zones occupy only a very small fraction of
the vessel volume. The radial impellers (e.g., the 6BD and the 4BF)
are used for liquid-liquid dispersions, but their creation of two zones
in the vessel, one above and one below the impeller, can be detri-
mental to processes where the dispersed phase must be blended.
However, the 4BF is almost always used for liquid-liquid disper-
sions if the impeller must be placed low in the vessel to provide agi-
tation during pumpout; and, if used low in the vessel, radial
impellers produce only one large circulation loop.

In glass-lined vessels, the 3 blade Pfaudler Retreat Curve
Impeller (RCI) is often used for liquid-liquid dispersions; although
the myriad of impeller styles currently available with glass coatings
(Paul et al., 2004, pp. 1030-1034) is decreasing the use of the PRC
impeller. It is perhaps not as efficient as the 4BP; however, it

ExampLE 10.13

Case Study Problem Given by Bakker et al. (1994)

Problem: A recently built reactor, equipped with a flat-blade disc
turbine, does not satisfy the process requirements. By examining
the liquid surface, the operator suspects that the gas is rising
straight through the impeller to the liquid surface. In other
words, the impeller is flooded. The mass-transfer rate is usually
lower when the impeller is flooded than when it is able to com-
pletely disperse the gas. Pertinent information about the reactor
iss T=2m; D=0.8m; N=113rps; Q, =0.12m’s; u=1cP;
p =1,000kg/m*; Ny = 0.21; N, =0.1.

Solution: One can calculate the aeration number (NA, FL) at
which the 6BD impeller is flooded. For the present example, Na g1 =
0.13. The impeller operates at N = 0.21, which is significantly greater
than the aeration number at which the flat-blade turbine is flooded.
This confirms the suspicion of the operator that the impeller is
flooded. Poor gas dispersion is most likely the cause of the unsatisfac-
tory performance of the reactor.

To prevent the impeller from flooding, the gas flow rate can
be decreased. However, this is undesirable because reduced gas
flow rate leads to a lower mass-transfer rate. Therefore, it is
decided to replace the flat-blade turbine with a concave-blade tur-
bine that can handle larger gas flow rates. The gassed power draw
of the flat-blade turbine is calculated to be 1,540 W.

At the given gassing rate, a 0.84-m-dia. concave-blade
(CD6) turbine will draw the same power. Recalculating the

aeration number and the Froude number shows that this impeller
is not flooded: N, =0.12; and N, at 0.18 is less than N gr of
0.37. Thus, replacing the 0.80-m flat-blade turbine with a 0.84
m concave-blade turbine solves the flooding problems in the
reactor.

Let’s verify that Bakker et al. (1994) have done the calculations
correctly.

Na = Q/ND? = (0.12m%s)/[(1.1357")0.84°] = 0.18(0.K.)
N = N?D/g = (1.13571)%0.84 m/9.8 m/s?
=0.11(0.12710% high)

From a previous tabulation Np = 3.2 for the CD6. The ungassed
power draw is Py =3.2(1000kg/m®)(1.13571)*(0.84, m)°® = 1931
kgm?/s® = 1.93 kw.
The gassed power is calculated from Eq. (10.36).
Pg = 1.93{1-[0.44—(0.12)(0.001)(0.11)"*"tanh[(12)(0.18)]
Pg = 1.93{1—-(0.44)(0.442) (e*'0—e>16)(e*10 + 72161
=1.93(0.8) = 1.54kw

Let’s now compute the % of flood using Eq. (10.38).

Na rL = Cr Np(D/T)* = (70)(0.11)(0.84/2)*°
=0.37> % Flood = 100(0.12/0.37) = 32% of Flood
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ExampLE 10.14

Stripping of Oxygen from the Vessel of Example 10.13

with Nitrogen
The 2m diameter vessel has a batch height (Z) of 2m, giving a
batch volume of 6.28 m>. A water stream, which is saturated with
oxygen in equilibrium with atmospheric air (i.e., saturation partial
pressure = 0.22 atm), with a flow rate of 1.25m>/min, is being
deoxygenated by stripping with pure nitrogen, which is entering
the vessel, saturated with water vapor, at a rate of 0.12m>/s
(7.2 m*/min). Henry law constant for the oxygen in water is
4.01E4 atm/(mole fraction). The CD6 impeller operates as speci-
fied in Example 10.13. Determine the mole fraction of water in
the exiting stream.

Mole fraction oxygen in entering water = 0.22 atm/[4.01 E4
atm/(mole fraction)] = 5.49E-6

Concentration of oxygen in the entering water ~ = 5.49E—6
[(mol O,)/(mol H,0)]1000kg/m*/[18 kg/(mol H,0)] =
0.0003 mol O,/m’

Molar flow rate O, entering with water = (0.0003 mol O,/m®)
(1.25m*/min) = 0.00038 mo1/min.

Molar flow rate of nitrogen = (7.2 m*/min)(0.042 mol.m?) =
0.3 moIN*min.

If all of the O, were stripped into the N», then the O, partial pres-
sure in the exiting gas stream would be 0.00038/(0.00038 + 0.3) =
0.00127 atm; thus, initially, we can assume that the partial pressure
in the exiting gas is 0, for practical purposes; then, from Eq. (10.43).

M = (k;a)(C" = C))V = (kea)(0-C,)V

[Note; The transfer is from the liquid.]

The mass transfer coefficient can be calculated from
Eq. (10.42).

kia = Cua (PYV)* (V) = 0.015(Pg/V ) (v

Ve = (0.12m/s)/[(3.14/4)22 m?] = 0.038 m/s

kia = 0.015(1540/6.28)"°(0. 038)06 (0.015)(27.1)(0.14)
=0.057s"" =3.41 min”
= (3.41 min~")(C;, mol/m*)(6.28 m*) = (21.4)C, mol/min

The mass transfer rate can also be determined from a mass balance
on the vessel:

M= O2,lN - OZ.OUT =0.0038 — 125C1
We can now equate the two expressions for M:

21.4C, =0.0038 —1.25C,
C; =0.00038/(21.5+1.25) = 0.0000167 mol/m’

Fraction of O, Removed = (0.0003 — 0.0000167)/0.0003 = 0.944

performs very credibly in creating liquid-liquid dispersions because

it has a large D/T and it is positioned near the vessel bottom.
The following considerations are most important in equip-

ment selection, testing, and design and scale-up of L-L systems

. Which phase is dispersed?

. What impeller speed is needed to suspend the dispersion?

. Long time (equilibrium) drop size distribution.

. Time variation of drop sizes as the equilibrium drop size is
approached.

5. How do we scale-up to maintain all the above from prototype to

plant?

W -

X lnu,}llmg\gﬂmuu ‘
&ﬁmwl' luu.m

Figure 10.20. Commercial in-line rotor stator mixers.

The question Which phase is dispersed? cannot be answered accu-
rately without resorting to experiment. Experimental studies by
Selker and Sleicher (1965) and Norato et al. (1998) indicate the
complexity of the answer to this question. Selker and Sleicher have
presented Figure 10.21, which shows that there is a very large ambiva-
lent region where either phase can be the stable dispersed phase.
(In fact, in the laboratory it is not always readily apparent which phase
is dispersed as one watches a break; however, invariably, the continuous
phase remains hazy longer than the dispersed phase.) Noratio et al.
(1998) have shown that interfacial tension, phase viscosities, electro-
lytes, and so on, all affect the nature of the ambivalent region; thus,
except at low volume fractions of either phase, experiments are
needed to determine which phase is dispersed. There are techniques
that can be used to enhance the dispersion of a particular phase: (1)
the phase in which the impeller is initially located tends to be the con-
tinuous phase because the other phase is “dragged” into the impeller-
located phase, (2) the phase that is fed to the vessel on a semi-batch
basis tends to be the dispersed phase, and (3) the phase that is fed
to a static mixer in a recycle loop tends to be the dispersed phase.
The two extremes of coalescence (noncoalescing and coales-
cing) greatly affect the nature of a dispersion. In the absence of
coalescence (which can be inhibited and even stopped by the inten-
tional of surfactants), droplet breakup and the approach to the
equilibrium drop size distribution proceeds as follows.

1. The dispersed phase initially exists as large drops.

2. Drop breakup occurs as impeller pumping brings the drops
through the high shear zones surrounding the impeller blade
tips.

3. After sufficient cycles through the high shear zones, an equili-
brium drop size is reached.
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Figure 10.21. Chart for determining which phase is most likely to disperse for liquid-liquid dispersions in agitated vessels.

Fondy and Bates (1963) showed how noncoalescing systems
were affected by agitation parameters. They found, for a given
impeller style, that the equilibrium drop size was only a function
of the impeller tip speed (Figure 10.22) and in Figure 10.23 they
showed that a plot of drop size versus 1/t (t being agitation time),
extrapolated to t = oco(i.e.,'t = 0) gave the equilibrium drop size.
Their findings have a most important scale-up consequence: For
noncoalescing systems, we can scale-up at equal impeller tip speed
(i.e., ND = constant). However, beware! The approach to the equi-
librium drop size depends on the blending in the vessel, which
means that we must maintain equal blend time provided we want
to create the dispersion just as fast in the plant and in the labora-
tory or pilot plant.

Unfortunately, the picture is much different for coalescing sys-
tems than for noncoalescing systems. For coalescing systems, drops
break as they are pumped through the high shear zone surrounding
the impeller blade tips; however, they coalesce and breakup, over
and over again, in the hinterlands away from the impeller blade
tips. So, if you were a drop within a vessel, what would your life
be like? As you entered the vessel, if designed by a shrewd engi-
neer, you would immediately enter the blade-tip high shear zone
and you would be dispersed. As you left the high shear zone, you
would immediately begin to bump into your siblings and coalesce
into larger drops. You would spend an order-of-magnitude more
time in the low shear zones of the vessel than in the impeller-tip
zone because the impeller high shear zone is, at most, a few percent
of the vessel volume. Your size in the low shear regions would be
determined by a balance between coalescence rate and breakup
rate. And the breakup rate in the low shear regions would be
affected primarily by the average power dissipation in the vessel.
On your first trip through the high shear zone you would still be
rather fat; however, as you were pumped, time and again, through
the high shear zone you would eventually reach your slim equili-
brium size. You would find that the rate at which you moved
through the high shear zone would be a strong function of the
blending time of the vessel. Consequently, if you dreamed of

maintaining the same wonderful lifestyle in the plant as you
enjoyed in the pilot plant, you would plead with your process
design engineer to attempt the nearly impossible on scale-up and

1. Maintain tip speed constant. (You want the same exhilarating
feeling at high shear in the plant as in the pilot plant!)

2. Maintain P/V constant. (You want the same sibling interaction
[i.e., coalescence] and lazy breakup at low stress.)

3. Maintain blend time constant. (You can’t wait to be exhilarated
at high stress, time and time again as you pass through the high
shear near the impeller tips.)

Chang (1990) has determined the distribution of drop sizes in
an experimental vessel with time. A set of his data is presented in
Figure 10.24. You will note that even though this is a laboratory
vessel, the drop size is still changing after 3 hours. We need to pre-
dict the mean equilibrium (long time) drop size. For standard geo-
metry Rushton turbines at D/T = 1/2, Calabrese et al. (1986) have
published the following correlation.

d/D = [0.054(1 + 3¢))Nye |[1 +4.42(1-2.5¢)Ny; (d/D) ]
(10.44)

The dimensionless tank viscosity group (Ny; = [pe/pa]”> mdND =s)
accounts for the effects of density difference between the phases
and for the dispersed phase viscosity.

Chang found that the ratio of drop size at a particular time to
the equilibrium drop size was a function of the number of revolu-
tions of the impeller. This finding indicates that blend time is the
proper scale-up criterion to maintain constant temporal dependence
of drop size.

Correlations for just-suspended speed have been developed by
Nagata (1975), Skelland and Seksaria (1978), and van Heuven
and Beek (1970).
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Figure 10.22. Mean particle diameter as a function of tip speed for various impellers (agitation time of 20 min). (From Fondy and Bates
[1963]).
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Figure 10.23. Particle diameter vs. reciprocal agitation time, 11/2 inch modified disk at 1850 rpm. (From Fondy and Bates [1963]).
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Figure 10.24. Effect of stirring time on drop size distribution. (From Chang [1990]).

The Nagata correlation is for a 4BF impeller with D/T = 1/3 &
C/D=1/.2.
st = 610D_2/3 (ﬂc/pc)llg[(pc _/)d)//)c}o.26 (1045)
The van Heuven and Beek correlation is for a 6BD with D/T = 1/3 &
C/T =3.
-0.2 234
Npr = NjsD/g = 36.1(NreNwe) ™ (1 +3.5¢) (10.46)
The Skelland and Seksaria correlation used five impellers and four
impeller locations: midway in heavy phase (sets 1, 5, 9, 13), mid-

way in the light phase (2, 6, 10, 14), at the interface (4,8,12,16),
and two impellers each centered in each phase (3, 7, 11, 15).

(NuD/g)"” = C\(T/D)" (uelua)” [(pe=pa)lpe) Ny (10.47)

The correlation parameters C; and a; are given in Table 10.6.

Experience has shown that these three correlations do not give
agreement within a reasonable limit of +— 25%; thus, the recom-
mended design procedure is to calculate Njs using all three methods
and use for design either (1) the most conservative or (2) the value
that is in agreement from at least two of the methods.

Another important consideration in designing an agitated
system for creating an unstable dispersion is that the unstable

dispersion must be broken to effect phase separation downstream
of the agitated vessel. It is very important in scale-up to be cogni-
zant of the fact that too much agitation (and too many surfactants)
can be bad. Thus, one needs to scale-up with just the right amount
of agitation—not so little that the phases are not dispersed or the
drops are too big—but not so much that too small drops are cre-
ated, which cause separation problems downstream.

Atemo-Obeng and Calabrese in Paul (2004) devote 26 pages
to the coverage of rotor-stator devices. They have excellent cover-
age of available equipment and 1 page coverage of scale-up.
Except for equipment selection and testing, scale-up is the real
key in designing a rotor-stator unit because, as Myers, Reeder,
Ryan, and Daly say (“Get a Fix on High Shear Mixing”, CEP,
pp. 33-42, November 1999) under the Heading “Need for Pilot-
Scale Tests”, “Virtually all high-shear mixing devices tend to be
used in complex operations.... It is often difficult to quantify the
level and duration of the shear needed to accomplish the produc-
tion without damaging the final product. Therefore it is generally
prudent to ensure a process result using laboratory or pilot-scale
equipment.” Bottom line: One must conduct experiments and
scale-up. Atemo-Obeng and Calabrese in Paul (2004, p. 502) say
about scale-up, “Vendors often design and scaleup rotor-stator
mixers based on equal rotor tip speed, Vi, = aND. ... This criter-
ion is equivalent to nominal shear rate in the rotor-stator gap
(because) the gap width remains the same on scaleup.” See rotor-
stator scale-up Example 10.15.



TABLE 10.6. Correlation Constants for Equation 10.47.
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C1 aq % av dev
Propeller
] ] 1 15.3244 0.28272 11.24
Set 2 9.9687 0.55355 11.71
T_ no. 3 15.3149 0.39329 12.28
> —4 5.2413 0.92317 8.19
Pitched-blade turbine
_ LIGHTER | | 5 6.8231 1.05120 10.52
t PHASE 6 6.2040 0.81877 18.15
3z 7 2.9873 1.59010 12.94
8 3.3545 0.87371 8.55
-T_ Flat-blade turbine
2 9 3.1780 1.62474 6.49
£ DENSER 10 % ¥ %
— PHASE | | 1 3.9956 0.88099 11.00
t 1T 12 X % *
z 0 Curved-blade turbine
i — N 13 3.6108 1.46244 7.96
14 * * *
T 15 47152 0.80056 8.99
16 4.2933 0.54010 4.28
Overall 10.62 10.17

“Asterisks indicate there were insufficient data to correlate results. Sets 1, 5, 9, 13: impeller midway in denser phase, Z/4. Sets 2, 6, 10, 14:
impeller midway in lighter phase, 3Z/4. Sets 3, 7, 11, 15: impeller at organic-water interface, Z/2. Sets 4, 8, 12, 16: two impellers, one midway in

each phase, Z/4, 3Z/4. (Skelland and Seksaria, 1978).

Example 10.16 calculate Nj; which phase is dispersed and the
equilibrium drop size for a liquid-liquid dispersion in an agitated
vessel.

10.12. PIPELINE MIXERS

The selection of the most economical static mixer depends primar-
ily on the following parameters:

1. The viscosities of the fluids:
a. The viscosity of the continuous phase determines the
Reynolds number and the Reynolds number determines whether
the flow is laminar or turbulent.

b. For turbulent flow conditions (Ng. >~3000) certain types of
mixers [e.g., the Kenics HEV (Figure 10.25) and the Koch and
SulzerChemtech SMV (Figure 10.27)] are cost effective. For
laminar conditions (Ng. <~1000), other types of mixers [e.g.,
the Kenics HEM (Figure 10.26)] and the Koch SMX (Figure
10.27) are cost effective.

2. The viscosity ratio between the feeds to the mixer: Widely varying
viscosity ratios are much more difficult to blend than equal
viscosities. The SMX mixer is the most effective mixer for widely
varying viscosity ratios.

3. The ratio of feed flow rates of the feed streams: Widely varying
feed ratios are much more difficult to blend than a feed ratio
of unity.

ExawmpLE 10.15

Scale-Up of a Rotor-Stator Unit from 6” Diameter to 18"

Diameter
Let’s start with a 10 HP, 6” nominal diameter by 1” wide rotor,
1750 rpm test unit, like those shown in Figure 10.20, producing
5 gpm of product. The torque requirement of the test unit is

T = P/2aN = (10)(550)/(2129.2) = 30 ft Iby

What is the speed, torque, HP, and product capacity of an 18” dia-
meter by 3” wide rotor plant unit?

The shear stress on the rotors will both be the same as they
move at the same tip speeds; thus, the power requirement is
expressed as

P = (Force)(Velocity) = zA(rDN)
However, the rotor shear stress (r) remains constant from proto-

type to plant because the rotor tip speed and gap width remain
constant, consequently

Pplam/Ppilot plant = [(Ap)Npr}/[(App)Npprp]
= [(nDpr)Npr}/[(“Dpprp)Npprp]

The rotor tip speed remains constant, thus N, = Np,(Dp,/Dy) =
1750(6/18) = 583 rpm

Pyiant = Positot ptant (Dp/Dyp)” (Lp L) (Np/Npyp)
= 10(18/6)*(3/1)(583/1750) = 90 HP
Tptant = Ppant/27Np = 45(550)/(21583/60) = 812 ft Iby
Tyitotpiant = (Ppitot plant)/27Npp = 10(550)/(2x1750/60)
= 30ftlbg

The throughput is proportional to the flow area through the
rotors
GPM,/GPM,,, = D,L,/(Dy,L,,)
GPM;, = GPM,[D, Ly/(Dpp Ly )|
= (5)(18%x3)/(6x 1) = 20 gpm
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ExampLE 10.16

Dispersed Phase? Nj; and d, for Acid/Benzene
Let’s start with Example 7.1, page 300, in Nagata (1975). Benzene
is nitrated with a mixed acid of SG = 1.55. As a reactor, a cylind-
rical mixing vessel, with T = Z = 80 cm is used and is agitated by a
paddle (i.e., a 4BP impeller) D = T/3; L/D = 0.06; ® = 90°, N, = 4,
which is located at the middle height of the liquid. Calculate (1)
the minimum agitator speed required to mix the liquid phases by
an impeller located at the centerline of the vessel, (2) the maximum
weight fraction of benzene for benzene to exist as the dispersed
phase and (3) the equilibrium drop size for benzene. Assume the
SG of benzene = 0.88 and the viscosity of the mixed acid is
30 cP. Let’s assume the interfacial tension is 30 dyne/cm = 0.03 N/m.

From Eq. (10.47): Nj, = 610D (u/pg)"” [(pe = pa)/pc]" >
Nj, = 750(0.8)%(0.03/1,550)"[(1.55 — 0.88)/1.55)"°
=210rpm

Let determine Njs from the Skelland and Seksaria (1978) correla-
tion, Eq. (10.47):

(ND/g)"™ = C(T/D)™ (uela)” [(pe=pa)pe) N
(Cy and @ from Table 10.6)
Ngo = p.D*¢/o = 1,550(.8/3)9.81/0.03 = 36,000
N, = [9.81/(0.8/3)][3.35(3)"* (30/0.55)""")
{(1.55-0.88)/1.55)"%(36,000)™"*)* = 2.9 rps = 174 rpm

So the ratio of Nj; Nagata/Njs, sketiand = 210/174 = 1.21. This is about
as good agreement as we can expect. Let’s use the high value,
210 rpm, for subsequent calculations.

The acid is the continuous phase. Now let’s determine from
Figure 10.21 how much of the benzene phase can be added before
we enter the ambivalent region.

The viscosity ratio is: va/vg = (30/1550)/(0.6/600) = 20. (A is
the hydrocarbon phase.) From Figure 10.24, at the ambivalent

region boundary, X, = 0.5 to assure that “Phase A” (the benzene
phase here) cannot be continuous (nonpolar phase).
Xa = Wa/pal (Walps + Wslpg)
= 1/(1 +[Wa/Wa]lpa/pg]) = 0.5
We/W, = (1/0.5-1)(600/1550) = 0.39
Thus, the highest tolerable weight fraction of benzene is
0.39/(1+0.39) = 0.28.
Let’s calculate the dispersed phase particle size from Eq. (10.44):
d/D = [0.054(1 +3¢)Ny2°|[1 +4.42(1 - 2.5¢)Ny; (d/D)*] 7
Nwe = p.N°D*/6 = 1,550(3.5)*(.8/3)*/0.03 = 12,000
Ny = [po/pal"*ugNDio = (1,550/600)20.0006*
(3.5)(.8/3)/.03 = 0.03
Let’s use a dispersed phase volume fraction of 0.2, which is the
upper limit recommended by Calabrese et al. (1986) for Eq.

(10.44). By inspection of Eq. (10.44), it appears that the term
which includes Nv; will be «1; thus

d/D = [0.054(1 4+ 3%0.2)(12,000)][1 + 0] = 0.00031

Let’s check the full expression to determine if the viscosity
term affects d:
d/D = [0.054(1 +3x0.2)(12,000) "]
[1+4.42(1-2.5%0.2)0.03(0.00031)"°]"
d/D = [0.054(1 +3 % 0.2)(12,000)"][1 +0.0045]*"
=0.00031
d = (0.00031)0.267 = 0.000082

(The equilibrium Sauter mean drop size is 82 ym.)

4. The size of the mixer: Some mixers are difficult to manufacture
in laboratory sizes down to 1/8”. This limitation precludes the
use of most SMX mixers for D<3/16 .

As explained well by Koch Engineering Company (1986), the most
difficult blending applications are for conditions where flow ratios and
viscosity ratio vary widely. Koch (p. 6 and Table 10.7, 1986) recom-
mended relative mixer length required to blend miscible fluids in laminar
conditions with widely varying feed and viscosity ratios. Note that the
most difficult mixing task is blending a small stream of low viscosity
fluid 1 into a large stream of viscous fluid 2 (e.g., Q/Q, = Q/q = 0.001
and u,/u, = 100,000). For these extreme conditions, the required
L/D for the SMX mixer is 20 diameters; whereas the required
L/D for Q;/Q, = 1 and u,/u; = 1,000 is 11. Table 10.7 is recom-
mended as a preliminary estimate for use in determining the effect
of feed and viscosity ratios. Vendors must be contacted before the
final decision is made regarding the handling of widely varying
feed and viscosity ratios. The Chemical Engineering Buyer’'s Guide
is a good source for vendor identification.

DESIGN METHODS

We need to predict pressure drop and the outlet coefficient of
variation (COVyp) to design a static mixer. Before addressing
pressure drop, let’s cover the definition of COV and relative coef-
ficient of variation = COVy = COVouuet/ COViner. The coefficient
of variation is a well-understood statistical concept; unfortunately,
the use of this concept to quantify degree of mixing within a fluid,
a fluid-solid, or a solid-solid system is not well understood.
The best discussions of the use of this concept to quantify degree
of mixing are given by Harnby et al. (1985) and Gray (1986),
although Etchells and Myer in Paul (2004, Ch. 7, p. 410) (Chapter 7)
and Myers et al. (1997) explain the use of COV as a design tool.
Let’s take a simple example to illustrate COV. Assume student
heights entering a classroom are distributed as follows: 58",60,
62',64",66,68",70",72",74",76 ,78". The mean height is 68 . The
standard deviation of height is [(10*+8* + 6> +47 +2° +0+22 +
42 + 62 + 8 +10%)/10]"* = [440/10)"* = 6.63". And, for this data
set, COV, = o/H,, = 6.63'/68" = 0.098. Now let’s further assume



Figure 10.25. The Kenics vortex tab mixer (HEV).

that something happened in the classroom to stretch the small stu-
dents and shrink the large students to give the following distribution
as they left the classroom: 63°,64",65",66",67,68",69',70",71",72',
73". The mean height is still 68" but COVg = [110/10]"%/68" =
3.317'/68" = 0.0488. Thus, acting like a static mixer, the events in
the classroom have given a relative COV = COVo/COV, =
COVy = 0.49.

We must now turn our attention to the calculation of the inlet
COV. The most common condition of mixing at the inlet of a
static mixer is two completely separated streams. COVI for this
condition is given by

COV, = (Q/q)”2 (where Q/q =volumetric flow ratio)
(10.48)

RELATIVE COEFFICIENT OF VARIATION FOR KENICS
STATIC MIXERS

COVry, for the Kenics Helical Element Mixer (HEM) is presented in
Figure 10.28 for low Ng.. COVy for the HEV and the HEM are given
in Figure 10.29 for high Ng.. Mathematical relationships for COVg
as a function of the Reynolds number and the number of tab rows
(N =N,) for an HEV mixer and for number of elements (N = N,)
in an HEM mixer were provided by Julian Fasano of Chemineer.

COVg = 10"(-0.0977"N)Ng. < 100 HEM ONLY (10.49)

COVy = 10"[(=0.27"Ng'0.24)(0.0879°N +0.763)] (10.50)

100 < Ng.< 8,700
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TABLE 10.7. Koch Recommendations for the Effect of
Viscosity Ratio (u,: u4) and Flow Ratios
(Q1:02) on Required Mixer Length

L/D for o/x = 0.05
Q;: Q; Hat g = 1000 H2: pq = 100000
0.001 17 20
0.01 15 18
0.1 12 15
1 1" 13
10 7 8
100 5 5
1000 5 5

COVg = 107[(—1.65"Ng0.043)(0.0879"N + 0.763)|Ng. > 8,700
(10.51)

COVy is essentially the same for the Kenics HEM and HEV
mixers when N, in the HEM = N, in the HEV. Note, however,
COVy is not given for Ng, < 1,000 for the HEV because the HEV
is an effective mixer only for fully turbulent conditions. Do not
use the HEV for Reynolds numbers < 3,000 (Chemineer recommen-
dation); however, Ethells and Meyer in Paul (2004, p. 432) say,
“The Kenics HEV shows a weak Reynolds Number dependence,
along with a length/number of element dependence. This vortex-
generating mixer design is typically applied at a Reynolds Number
above 10,000.”

L/D =1 for the standard HEV mixer; however, the L/D for the
placing of the HEV into the piping system is nominally L/D = 4,
because the HEV mixer produces vortexes, which provide mixing
downstream of the mixer itself, and Kenics has specified that three
pipe diameters of straight pipe must be attached to the exit of the
mixer because the COVR correlation they use is based on mea-
surements made at an (X/D) of 3 downstream of the mixer exit
proper.

A comparison of various static mixers for laminar applications
is given in Figure 10.30 for an inlet COV| =3. This comparison
is based on mixer L/D, which ignores the most important economic
parameter: pressure drop. As an example of how misleading
Figure 10.30 can be, Nn.Nge = Nap = (APNyp/[pVZ{L/D}])
[VDp/u] = 1,200 for the Sulzer Chemtech Bulletin (p. 16) and, for
the HEM, is only about 190. Thus, for the same L/D, mass flow,
and AP, in laminar flow, APxN,p/D?, the diameter of an SMX
must be 1.84 times the diameter of an HEM to operate at the same
pressure drop.

Figure 10.26. The Kenics helical element mixer (HEM).
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Figure 10.27. The Koch and Sulzer Chemtech SMV, SMX, and SMXL mixing elements.
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Figure 10.28. Relative coefficient of variation (COVy = COVo/COV; = COV/COV) vs. Reynolds number (Ng.) and number of elements
(N,) for the Kenics HEM. (Myers et al. [1997]).
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Mixing Performance of HEV's
At L/D = 3 Downstream

CoV/ (CoV)o
1.0E-01 ======
HEVA1
HEV2
HEV3
HEV4
1.0E-02
\\\\\ \\\\
1.0E-03 mis =
1.0E-04
100 1,000 10,000 100,000 1,000,000

Reynold Number

Figure 10.29. Relative coefficient of variation (COVy = COVo/COV, = COV/COV)) vs. Reynolds number (Ng.) and number of tab rows
(Ny,) for the Kenics HEV and the number of elements (N.) for the Kenics HEM. (Kenics Bulletin [1988]).

Detailed design methods for COV prediction are presented
here for Kenics equipment because the design methods are readily
available and space is limited in this text. Several other vendors
supply equipment, which will perform all in-line blending tasks.
Design information can be readily obtained by contacting indivi-
dual vendors. However, it is advisable to have a workable design
in hand before contacting vendors.

Most manufacturers of static mixers have published (either in
sales literature or in the technical literature) design methods for
pressure drop. The pressure drop design methods from Myers et
al. (1997) for the Kenics HEM and Kenics HEV mixers are
presented. The Darcy friction factor for the standard HEV mixer,
N¢ =2, L/D =1, (with X/D =3 downstream pipe) is presented in
Figure 10.31. The friction factor is not given below Ny = 1,000
because the HEV mixer should not be used for Ngr. < 3,000.

The friction factor is used in the Darcy-Weisbach equation for
calculation of pressure drop for turbulent flow in an empty pipe.
The mixer pressure drop is given by

APgp = f(L/D)pV/(2gc) (10.52)
The pressure drop for the Kenics HEM mixer (Myers et al., 1997) is
correlated as a multiplication factor times the empty pipe pressure
drop to obtain the pressure drop through the Kenics mixer as follows.

APyixer = K(APgp) (10.53)

The pressure drop is a function of the number of elements (N,), the
Reynolds number (Ng.), the length to diameter ratio of each heli-
cal element (L./D), and the void fraction (VF) of the mixer. The
void fraction must be considered because some HEM mixers, espe-
cially those made of plastic, have void fractions — 0.5. Figure 8 of
Myers et al. (1997) gives K for the HEM as a function of Reynolds
number for L/D = 1 and 1.5. Although the void fraction is not
specified in Myers et al., the void fraction for most metal element
HEM mixers above 1/4" diameter is about 0.9. The correlation
for the effect of (L./D) and VF is

K = (Kiep=1vF=09)(Le/D)"VF™ (10.54)

Figure 10.32 gives Ky = o9 as a function of (L./D) and Ng.. The
effect of VF has not been published. The premise was made that
AP is directly proportional to V in the laminar regime and V? in
the turbulent regime. In the transition regime it was assumed that
n varied linearly with In(Ng.). For use in Eq. (10.54), m and n
are given in Figure 10.33. The validity of m and n have been deter-
mined experimentally by one set of experiments done by Taylor
(1998) while doing a master’s thesis using a 1/8" diameter mixer
with (L/D = 0.83) and VF = 0.678.

DROP SIZE FOR KENICS HEM MIXERS

The predictive method for drop size is given in the Kenics Bulletin
(May 1988, p. 28, Fig. 5-1) and in Figure 10.34. The ratio of
Sauter mean drop size to the mixer ID (d/D) is a function of
the Weber Number (Vsz/a) and the ratio of dispersed phase to
continuous phase viscosity (ug/u.). Now let’s do two examples for
static mixers.

10.13. COMPARTMENTED COLUMNS

This section provides the reader with the means to design a com-
partmented column to consider interstage backmixing. The predic-
tive backmixing correlations are taken from Fasano et al. (1993),
Lelli et al. (1972, 1976), Magelli et al. (1982), Takriff (1996), Takriff
et al. (1996), Takriff et al. (1998), Takriff et al. (2000), and Takriff
et al. (2000).

Figure 10.36 is a schematic of a vertical, multistage, mechani-
cally agitated compartmented column (MSAC). The MSAC com-
ponents are: (1) Vessel, (2) Agitator Shaft, (3) Agitator Impellers,
(4) Stage Dividers, and (5) Stage Divider Openings. Mechanical
design of MSACs is very important for successful application.
For columns below about 3.3 meters (4 ft) diameter, the agitator,
baffles, and stage dividers are often constructed as a single unit.
This unit is installed in the vessel though a full body flange at the
top of the vessel. To eliminate backmixing within the gap between
the stage dividers and the vessel wall, a seal is normally provided
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Figure 10.30. Comparison of the laminar regime blending performance of several pipeline static mixers as a function of mixer style and
L/D of mixer. An inlet COV of 3 is assumed for the comparison basis. (Koch Engineering [1986]).
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Figure 10.31. Darcy friction factor for the Kenics HEV mixer. (Myers et al. [1997, Fig. 9, p. 35]).
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Figure 10.32. K vs Reynolds number and (L./D) for the Kenics HEM (from Myers et al. [1997, Fig. 8] with Le/D for 0.5 and 0.75 added by
WRP). Legend: (+L./D = 1.5), (~L/D = 1), (-L./D = 0.75), (Line: L./D/0.5).

between the stage divider and the vessel wall. This seal is normally con-
structed by attaching elastometric ring wipers to the stage dividers.
Larger columns, of diameter exceeding 3.3 meters, are normally con-
structed like trayed distillation columns. The shaft and bottom shaft
bearing are installed and then the stage dividers and impellers are indi-
vidually installed, starting at the bottom stage. Alignment of the bot-
tom bearing and the agitator shaft is one of the most important
mechanical design considerations. Vendors must have demonstrated
capability in the demanding manufacturing techniques for successful
application.

For staged systems, backmixing is normally undesirable. The
stage divider openings are the key to minimizing interstage back-
mixing. The openings must be sized properly and a draft tube,
attached to the center opening, is often used. In efforts to minimize
or eliminate interstage backmixing, we adjust the following two
design parameters:

1. Stage divider opening in the absence of draft tubes
2. The diameter and length of draft tubes

We take full advantage of the following operational characteristics
of MSAC:s:

1. In the absence of gas, with sufficient forward liquid flow, inter-
stage backmixing is eliminated.

2. Counter to our normal intuitive sense, gas flow normally
decreases interstage backmixing, and, in most cases, the reduc-
tion is dramatic.

By careful design of the MSAC we can normally eliminate, or
certainly minimize, interstage backmixing by optimizing and/or
taking advantage of the following:

1. Seal the opening between the stage divider and the vessel wall. You
must work with the vendor to accomplish this at reasonable cost.

2. Use small stage divider openings in the absence of draft tubes.
Again, you must work with the vendor because dynamic move-
ment of the shaft will limit the minimum size of the stage
divider opening.

Exponents of Le/D and Void Fraction vs Reynolds Number
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Figure 10.33. Exponents of (Le/D) and VF for HEM mixer in the relationship for AP. AP « (Le/D) ™ and APxVF™". LEGEND: + m, Line: n.
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ExampLE 10.17

Blending of Ammonia and Air to Feed an Ammonia Burner
A pipeline mixer is being designed to blend ammonia (4000
SCFM) and air (20,000 SCFM) prior to entering an ammonia bur-
ner in a nitric acid plant. The mixer inlet pressure is 132.3 psig
(i.e., 10 atm). The feed pipe (downstream of the mixer) entering
the burner is 12” diameter. The plant is being designed for an abso-
lute minimum platinum loss. Average molecular weight =24,
gas density = 0.621b,,/ft>, gas viscosity = 0.02 cp. Select a design
value for the coefficient of variation of ammonia concentration
entering the burner, and calculate the required length and pressure
drop for a Kenics HEV Mixer.

Vendors normally select design COV = COVg =0.05. This is
not adequate for this application; this author normally uses COV <
0.01 for design purposes.

V = 2400 cfm/[(n1%/4 ft*)(60s/min)] = 51 ft = s.

Try two rows of tabs (i.e., Ny = 2), like the HEV shown in
Figure 10.25. L/D = 1 for the mixer itself and X/D = 4 overall
for the mixer plus tailpipe.

Nie = VDp/u = (51)(1)(0.62) = [(2.42)(0.02)/3600] = 2.35x 10°.

From Eq. (10.51) (and Fig. 10.29), COVgr = COV/COV; = 0.0013.
From Eq. (10.48), COV; = [(1—4,000/24000)/(4000/24000)]* =
2.233

Then COV = COVR(COVy) = (0.00123)(2.233) = 0.0028, giv-
ing a uniformity of about 99.7%, which is quite adequate, even for
this demanding application.

With this low COV it may be possible to couple the HEV
mixer directly to the reactor and not use 3 pipe diameters down-
stream of the mixer. To shorten the mixing system in this manner
and maintain uniformity exceeding 99%, Kenics must guarantee
the uniformity because the blending performance has only been
published for L/D = 3 downstream of the mixer.

Using Eq. (10.52) and Figure 10.31, AP is calculated as follows:

AP = 0.7(1/1)0.62(51)* /[(2)(32.2)144] = 0.12 psi.

There is a voluminous literature regarding the use of mixing
tees for pipeline mixing. Unfortunately, for this demanding appli-
cation, an optimally designed mixing tee requires an L/D of about
100, as determined by Gray (1986, pp. 63-131, Chapter 13), who
designed a pipeline mixer for about the same conditions as those
used here. One hundred feet of feedpipe would normally be prohib-
itive for nitric acid plants.

ExampLE 10.18

Blending of Polyethylene Melt from an Extruder Using

an HEM
The thermal homogenizer mixer for a polyethylene melt of
11,000 poise (i.e., 1,100,000 cp) is given as an example in the
Kinecs Bulletin (1991). The 6 element (Le/D = 1.5) HEM mixer
isa 1.77 ID.

The polyethylene mass flow rate is 150 Ibm/hr and the
melt density is 551by/ft>; thus, the volumetric flow rate is
(150 Iby/hr)/(55 by, /ft}) = 2.73 ft*/hr. The experimental results for
the inlet and outlet temperature profiles are given in Figure
10.35. Let’s determine the blending performance of the mixer from
correlations and then relate that to the experimental data.

Nre= VDp/u = (2.73 ft*/hr/0.0171 £t*)(0.148 ft) (55 Ib,/ft?)
/1(2.42)(1.1 E6 by, /hr ft)]
= (160 ft/hr) (0.148 £t) (55 Iby /ft°)/(2.66 E6 Iby, /hr—ft) = 0.0005

From Eq.10.49, COVg = 100%77%6 — 0 26

We can also use the Koch chart on page II-D of these notes to
estimate COV. The 6-element Kenics HEM, with an Element
Length/Element Diameter = 1.5, will have an L/D of 9. From the
figure on page 11-D, the COV will be 0.9 for COVnLgT = 3; thus,
COVg = COV/COV, =0.9/3 =0.3.

Observe the experimental performance of the mixer from Figure
10.35. The experimental cross channel temperature profiles are given;
however, to determine the COVs of the inlet and outlet stream we
would also need the cross channel velocity profile. We would need
the velocity profile because proper averaging must be done on a

flowing enthalpy basis; that is, the averaging would have to be done
as follows:

COV = [{Z[(pCpViTy) (1 =1 ”)" Y (N=1)]"*/[R* (pCpV{T}) avc)

Lacking the velocity profile we can only make a “ballpark” esti-
mate of the COVy of the mixer. We can use the approach in Paul
(2004, p. 440) and use the maximum cross channel ATJ/Tavg as a
measure of the COV; thus, from Figure 10.35

COVy = [(382—379)/381]/[(402 — 362/381] = 0.15

This result compares favorably with the predicted COVy = 0.26;
and this result indicates that, for laminar conditions, one does not
always need to design for very low COVs (e.g., 0.01) for the mixer
to be quite effective. However, for most turbulent applications, it
is prudent to use as a design basis COV = <0.01.

The pressure drop can be calculated using Eq. (10.53) and
Figure 10.32.

L = (1.77/12)(1.5)6 = 1.33 ft

From Figure 10.32, Ng. = 0.0005and Lg/D =1.5,K =5.5.
The flow is deeply laminar; thus, f = 64/Ng, consequently,

AP = 5.5 (64/[VDp/u])(L/D)(pV*/2g)
AP = 5.5x32(L/D)Vu/(Dg,) = 5.5x 32

x (6% 1.5) x (160/3,600ft/s)

(739 Iby,/ft — 5)/[0.1475 £t(32.2 Iby/1bgft/s?)
AP = 10,960 Ibf/ft* = 76 psi.
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Figure 10.34. Dimensionless drop size correlation for a Kenics HEM pipeline mixer.
420
410
400
390
~
380 Hb.;\
—e
370 SN
360 \‘*
T(°F) Center of mixer Wall of mixer
= | T
340 0.0729 ID = 1.77 inch ]
330 | | Flow rate of polyethlene = 150 pounds/hr |
520 A Before homogenization Melt index = 2
b Jat e el Barrel well temperature = 370° F
310
300
290

0 2 4 6 8 10 12 14 16 18 20 22 24

Temperature measurement intervals

Figure 10.35. Temperature distributions before and after a 1.77 inch inside diameter six element Kenics HEM mixer performing thermal homo-
genization of polyethylene melt. The apparent viscosity of polyethylene used in the test was 11,000 poises. A homogeneous melt stream was
obtained using a Kenics Mixer of six elements. It was found that thermal homogenization in the Kenics Mixer is independent of the initial radial
temperature profiles and the size of the unit. A radial thermal gradient reduction from 100 °F to less than 1 °F was obtained in a PVC cast film
production. In general, the unit delivers a polymer melt stream with less than a 3 °F radial temperature gradient.

3. Use draft tubes. 5. Take advantage of the fact that gas flow reduces backmixing.
4. Take advantage of the effect of forward flow through the
stage divider opening to reduce backmixing and potentially The most common stage divider openings are (1) center opening

eliminate it. and (2) center opening with draft tube. Less common openings are
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Figure 10.36. Compartmented, mechanically-agitated vertical column.

(1) ring opening between a disk attached to the shaft and an open-
ing in the stage divider and (2) off-center holes. Without a wall-
ring seal, the gap between the stage divider and the column wall
is a stage divider opening.

All stage divider openings must be designed so that the
column can be free draining. For this reason, draft tubes are often
extended below the opening, or, if they extend above the stage divi-
der, then small weep holes are drilled into the draft tube just above
the stage divider. If a disk attached to the shaft is used to minimize

backmixing (this feature is not recommended), then it is important
that this disk be vertically aligned with the stage divider opening;
otherwise, the vertical misalignment will increase backmixing
(Xu, 1994).

The wall-ring opening is sometimes not sealed on smaller
columns where additional backmixing can be tolerated. If the
wall-ring opening is not sealed, then the thesis by Xu (1994) should
be used to determine the backmixing rate, because it is not included
here.

DESIGN METHODS

In developing a predictive correlation for interstage backmixing,
Xu (1994) first developed a backmixing correlation for zero for-
ward flow. For a given interstage opening geometry, Xu deter-
mined that backmixing data were correlated in dimensionless
form by the following relationship:

Nio =f (Nge) (10.55)
For a centered hole opening, Figure 10.37 presents this correlation
for (1) 6BD and (2) HE-3 impellers.

The effect of a draft tube on backmixing, for a center hole
opening, is correlated in dimensionless form by

Nyo/Nooer/ph=0 = (L/Dy) (10.56)
where L is draft tube length and Dh is the hydraulic diameter of
the stage divider opening.

Figure 10.38 presents the correlation for a 6BD and Figure
10.39 presents the correlation for an HE-3.

Forward liquid flow, in either direction through the stage divi-
der opening, will act to decrease backmixing, and, at some finite
rate of forward flow, the backmixing rate will reduce to zero.
The effect of forward flow is correlated in dimensionless form by:

Vb/Vb() Zf(Vf/Vbo) (1057)
where (vp) is the backmixing velocity at any given forward flow
velocity (vy) through the stage divider opening. Figure 10.40 pre-
sents the correlation for the 6BD and the HE-3 impellers for a cen-
ter hole, without a draft tube. Figure 10.41 presents the correlation
for two different draft tube lengths. There is good agreement for all
geometrical conditions for vy/vyo < 0.5, but there is not good agree-
ment for lower backmixing ratios. Some of the data scatter is a
result of inherent errors in backmixing rate measurements for very
low backmixing rates. However, the economic penalty for a con-
servative design approach is not very great; therefore, for all
designs using any draft tubes, the conservative curves of Figure
10.41 should be used.

The effect of gas has been considered by Takriff and various
colleagues. With countercurrent flow of liquid and gas the column
can flood. Flooding occurs at a constant liquid flow rate when
the gas flow rate is increased to the point where all the liquid enter-
ing the top of the column cannot flow down the column counter to
the upward flow of gas through the stage divider openings. The
column is flooded when the excess liquid entering the column must
flow out the top of the column with the gas.

Takriff and others have presented a dimensional corellation of
(Ugyl:)llzvs(ND)(D/T)O'8 with v¢ as a parameter, which allows
prediction of the column flooding gas rate as a function of liquid
flow and agitation parameters. Their correlation is presented here
as Figure 10.42, where U, is the flooding velocity, m/s, and v¢
is the forward liquid velocity, m/s, with both velocities based on
the area of the stage divider opening.
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Figure 10.39. Effect of length to hydraulic diameter ratio on backmixing through a center draft tube with HE-3 Impellers.
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Takriff et al. have presented correlations for gas holdup in
MSAC. Their correlation is presented in graphical form as Figure
10.43 and the equation of the graphical fit of the correlation is:

a=H =2.1(N,Np)"¢(D/T)**

where Na is the Aeration Number (Qg,s = ND?) and N, is the
Froude number (ND*/g).

For cocurrent gas-liquid flow, Takriff et al. have correlated
the interstage backmixing using the following dimensional corre-
lating method:

Nig = £(Ugo, Vi) (10.58)
where
Npe = 1/(INDy](Di/Dr1)(D1/Z)"* Wog + 5Ugo/Vig) (10.59)

The backmixing correlation to account for the effect of gas flow
for cocurrent flow of gas and liquid is presented as Figure 10.44.

For contercurrent gas-liquid flow, Takriff et al. developed the
correlation of Figure 10.45. Now let’s do an example problem for
multistage column.

10.14. FAST COMPETITIVE/CONSECUTIVE (C/C)
REACTIONS

Acid/base neutralization in the presence of organic substrates is the
most commonly encountered example where poor mixing can pro-
mote undesired side reactions. The neutralization is the desired
reaction; however, many organic species are very reactive under
high concentrations of acid or base and under high feed concentra-
tion. Rapid mixing will promote the very fast neutralization reac-
tion; slow mixing will allow organic species, in the presence of
acids or bases, to react by substitution or decomposition, thereby
producing side products. Fast C/C reaction systems are particu-
larly prevalent in the pharmaceutical and specialty chemical indus-
tries; Paul (1990) has given several examples of fast C/C chemical
reaction systems encountered in the pharmaceutical industry.

Fast C/C reactions are conducted in agitated vessels, agitated
vessels with recycle loops, and continuous flow static mixers.

This section explains the strategies and procedures for hand-
ling fast competitive and/or consecutive (C/C) reactions in agitated
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vessels and pipeline mixers. This is a very important area of
technology for the chemical process industries, and, in industrial
practice, with few exceptions, it is almost always approached as a
scale-up problem even though there is a very large body of literature
related to predictive methods (Baldyga and Bourne, 1999; Knight,
1995). Unfortunately, the reaction kinetics is almost never known
quantitatively; consequently, a fundamental approach is stymied.
Determining the kinetics for fast reaction is a particularly daunting
task, which few laboratories in the world are equipped to handle.

All previous experimental work for fast C/C reactions in agi-
tated vessels has shown what one might suspect intuitively—time
scales in the prototype must be duplicated in the plant. This leads
to a conservative scale-up criterion of constant blend time for agi-
tated vessels and constant residence time for pipeline mixers even
though Patterson, Paul, Kresta and Ethells (in Pauls, (2004,
p- 790) p. 790) say, “If experiments show a possibility of mixing
reaction interactions and the rate of injection is important, con-
sider multiple point injection. The feed time will have to be
increased in large scale equipment.” This author does not recom-
mend multiple point injection, except to gain a small measure of
conservatism. Increasing the feed time is expensive and not advised
for certain reacting systems (e.g., the injection of strong caustic in
an alkylpolyglyciside reactor over longer time leads to even more
product degradation because the strong acid catalyst needs to be
killed at an optimum time in the batch cycle).

By far the best impeller choice is the 6 BD with the feed injected
at rather high velocity into the eye of the impeller. The entering
feed jet impinges against the disk of the impeller, which forces
the feed to flow out along the disk and then immediately enter
the high shear zone around the impeller blade tips. This mechan-
ism of moving the feed immediately to the highest shear zone in
the vessel—around the impeller blade tips—is ideal for promoting
very rapid feed blending. Additionally, the high velocity feed jet
and the impingement on the flat surface of the disk promotes rapid
feed blending. With any other impeller and any other feed loca-
tion, it is possible to miss the high shear zone with the feed with
either too low or too high feed jet velocity.

The choice of the optimum style of in-line mixer is not nearly as
certain as is the choice of the optimum style of agitator impeller. How-
ever, a firm recommendation can be made based on the experimental
record and on judgment. There are several considerations that lead to
the recommendation of the Kenics helical element mixer (HEM) as
the most suitable mixer for handling fast consecutive reactions:
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Figure 10.43. Gas/Hold-up correlation.
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Figure 10.45. Ratio of Feedpipe Velocity to Impeller Tipspeed (v¢/v;) vs. Nger for a 6BD impeller and above impeller feedpipe location
[Jo et al. (1994)].
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ExampLE 10.19

Staged Chemical Reactor
This example is a waste treatment application. It is the reaction of
ethylchloroacetate with caustic:

CH,CICOOC,H;(ECA) + NaOH — C,HsOH
+CH,CICOONa(NaA)

The second order reaction rate constant over the range of
275-299 K is given in Baldyga and Bourne [1999, p. 654] as:

k = 2.5x10%°exp(—3.891 x 10*/RT){m*/(mols)}
thus, at 25 C (298 K) the second order rate constant is
Kaos = 0.03m%/(mols)

The premise of the practical problem is that a neutral aqueous
stream is contaminated with ECA and the ECA must be neutra-
lized with a stoichometric amount of caustic. ECA is an odorous
compound at very low ambient concentrations. It would need to
be completely neutralized before being sent to waste treatment.
The reaction is to be done in a 15 stage MSAC; the quantitative
details of the design are given here.

Input Variables

1. Number of stages = 15

2. Total mass flow to the reactor = 180,000 kg/hr (50 kg/s)
3. Total volumetric flow rate to the reactor = 0.05 m>/s

4. Concentrations of reactants in the feed: C,r = C¢ = 70 kg-

mole/m®

5. Column inside diameter = T = 2m

6. Stage height = 1m

7. 6BD impeller; D = 2/3 m; impeller speed = 150 rpm

8. Diameter of stage divider opening = D, = 1 m

9. Diameter of shaft = Dg = 0.15m
10. Length of draft tube = 0
11. Volumetric flow rate of gas = Qgas = 0
Output Parameters

1. Total agitator power = HP = 201
2. Total agitator per unit reactor volume = HP/V = 16.2HP/
1000 gal

3. Impeller tip speed = v, = 5.23 m/s

4. Liquid velocity through stage divider opening = vq = 0.065m = s

5. Backmixing velocity at zero forward flow = vig; = 0.102 m/s

6. Backmixing velocity with forward flow = vb0 g = 0.074 m/s

7. Volumetric backmixing rate = Quoe = 0.057 m’/s

8. Ratio: Backmixing flow rate/Forward flow rate = Ry, = 1.18

9. Total residence time of liquid in the reactor = 7 = 942 min
10. {(1-Fractional Conversions) = X} of ECA & NaOH within

column stages

X =(1-C, or C./C, or Cg)

0.08
0.0273
0.0134
0.0081
0.0055
0.004
0.0031
0.0025

Stage Number

ONOOOAWN =

9 0.0021
10 0.0017
11 0.0015
12 0.00133
13 0.00118
14 0.00108
15 0.00101

This design has a rather large stage divider opening. Let’s see
what we would need to do to reduce the backmixing to zero. From
Figure 10.44, vdvyy needs to exceed 7 to shut off backmixing.
Thus, we need to increase the hole velocity by a factor of 7. Agow =
a4(1°=0.15*) = 0.767 m>. Reduced A =0.767/7=0.109m’.
Dy = [0.109x4/x+0.15%]"> = 0.22m. This gives a clearance
between the shaft and the divider opening of (0.22-0.15)/2 =
0.033 m = 1.3”. This could be reasonable for this column.

Nomenclature Only for Staged Columns

D  Impeller diameter, m

Dy Hydraulic diameter of stage divider opening =
(Do + Dy)

D; Impeller diameter on the figures in this chapter, m (Note:
This parameter is identified as D in the text material.)

Dt Column inside diameter on the figures in this chapter, m
(Note: This parameter is identified as T in the text material.)

Do Diameter of the stage divider opening, m

Dg Diameter of the agitator shaft, m

H  Gas stage holdup = (total volume — liquid volume)/total
volume

L  Vertical length of draft tube, m

N Impeller speed, m/s

Qgas Gas volumetric flow rate, m>/s

T  Column inside diameter, m

Superficial gas velocity through stage divider opening, m/s

Ugr Flooding gas velocity through stage divider opening, m/s

vy Backmixing velocity through stage divider opening, m/s

Ve  Gassed backmixing flow rate through stage divider opening,
m/s

Vo  Backmixing velocity at zero forward liquid through stage
divider opening, m/s

ve  Velocity of forward flow through stage divider opening, m/s

Superficial velocity of gas flow through stage divider open-

ing, m/s

V¢ Forward velocity through the stage divider opening on the
Figures, m/s (Note: This parameter is identified as vy in the
text material.)

Z  Height of a compartment, m

(D/4)/

Greek Characters

w1 Fluid viscosity, cp, mPs
p  Fluid density, kg/m’

Dimensionless Parameters

Nyo Dimensionless backmixing parameter at vy = 0
{vo/[ND(D/T) (T/ZP”Z]}

Nig 1/(IND](D/T)(T/Z)" Vog + 5Vgo/Vig)

Nioer/ph=0 = Ny in the absence of a draft tube (i.e., at L =0)

Ugr Flooding gas velocity through the stage divi-
der opening, m/s

N, Aeration number (Q,,/ND?)

Ng; Froude number (Nd“/g)

Nrke Impeller Reynolds number (ND?p/u)
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1. The HEM can be purchased in sizes down to 1/8”. This is a
great advantage for laboratory units.

2. The HEM will handle both laminar and turbulent flow regimes;
the HEV will not. This is a very significant advantage when
scaling-up from small diameter mixers in the laboratory (per-
haps 1/8”) to large mixers in the plant. In the laboratory it
may be that the flow regime is transition or laminar.

3. The geometry of the HEM is ideal for feeding the sidestreams
so that initial feed mixing is rapid. The recommended feed point
is midway along the third element. The feed is introduced in
two locations on opposite sides of the mixer so that the feed
enters normal (i.e., at right angles) to the midpoint of the third
helical element. It is often introduced at high velocities, which
causes the feed jet to penetrate halfway across the pipe and
impinge against the helical tape. This impingement against the
tape surface and subsequent flattening of the feed jet(s) pro-
vided rapid initial mixing, just like the flattening of the feed
jet against the disk of a 6BD.

For agitated vessels, it is most important that the proper labora-
tory experimental program be implemented so that effective
scale-up is accomplished. A more complete and comprehensive
discussion (than the discussion presented here) of the proper
laboratory experimental program is given by Penney and Fasano
(1991). The key features of the recommended experimental pro-
gram are:

1. Select the proper size vessel and batch dimensions.

a. Penney and Fasano (1991) recommend a 4 liter (1 gallon)
minimum size.

b. Use a “square batch” (i.e., T = Z = 6.77 inch = 17.2 cm).

2. Select the proper impeller, impeller position and ratio of impel-

ler diameter to tank diameter ratio (D/T).

a. Use a 6BD placed C/D = 1, although C is of secondary
importance.

b. Use a relatively small ratio of impeller diameter to tank dia-
meter (D/T) in the laboratory reactor to obtain a reasonable
balance between blend time, impeller tip speed, and power
input per unit volume. (For an in-depth discussion of these
considerations, refer to the paper by Penney and Vo
[1997].) Use 1/4 > D/T < 1/3 in the laboratory unit and then
perhaps increase D/T up to 1/2 in the plant reactor.

3. Select the proper feedpipe position and feedpipe velocity.

a. The feedpipe should feed in a near vertical direction to the
impeller eye (i.e., as near the center as reasonably possible
and about 1/6 < G/D < 1/4 above the impeller disk).

b. The feedpipe velocity should be sufficiently great to prevent
feedpipe backmixing (Jo et al., 1994; Jo, 1993). For a verti-
cally oriented feedpipe feeding near the eye of a 6BD, feed-
pipe backmixing is prevented provided v¢v, > 0.3 (i.e., the
feedpipe velocity exceeds 30% of the impeller tip speed).

4. Conduct tests over a range of impeller speeds.

Experiments must be conducted over a range of impeller speeds. It
is important to operate at a speed sufficiently high so that the yield
of the desired reaction(s) reaches an asymptotic high value or at
least starts to level off at the highest speeds tested. For certain reac-
tions this may not be possible because the rate of the slow reaction
is so high that the yield of the desired reaction(s) continually
improve as impeller speed is increased.

5. Select the most economical scale-up speed.

Choose an experimental impeller speed for scale-up purposes that
gives a reasonable balance between:

a. High yield of the desired reaction(s) and

b. Economically reasonable agitator power requirements on the
plant scale (Note: This is obviously an iterative process
because one does not know anything about “economically
reasonable power requirements for the plant agitator” until
the plant agitator is sized the first time.)

The scale-up procedure for agitated vessels are straightforward.

1. Feed in the same location on both scales.
2. Maintain a high feedpipe velocity on both scales.

a. It must be sufficiently high to prevent feedpipe backmixing.
3. Keep the time scales the same as you scale-up.

a. Maintain the same feed time of the semi-batch feed.

b. Maintain the same blend time of the agitator impeller.

4. Maintain reasonable geometrical similarity for the following
parameters

a. 6 BD impeller of standard dimensions.

b. Impeller off-bottom clearance of C/D = 1.

c. 4 longitudinal baffles, each 1/12 the tank diameter (i.e., B/T =
1/12).

d. Feedpipe discharge to the eye of the impeller as close to the
shaft and as close to the impeller disk as mechanically
possible.

5. Normally break geometrical similarity with respect to impeller
diameter.

a. From 1/4 < D/T < 1/3 in the prototype, use 1/3 < D/T < 1/2
in the plant.

You will find other recommended procedures in the literature,
some of which hint that one can scale-up at constant (P/V) rather
than using constant t,, by

1. Increasing the number of feed points (i.e., increase the number
of feedpipes)
2. Increasing the feed time of the semi-batch feed.

This procedure is not conservative and its success has not been fully
documented in the literature over a wide range of vessel sizes. It
could be that this inexpensive alternate may be viable; however,
an extensive experimental program is recommended before its
implementation in scaling from a laboratory size vessel (perhaps 2
to 8 liters) to a reasonable plant size vessel (perhaps 2000 to 8000
liters). The scale-up procedures recommended here are those that
have been shown to effect a successful scale-up for every case that
has been technically documented. The procedure of scaling-up at
constant blend time, constant feed time, with one feed point and a
feedpipe velocity sufficiently high to prevent feedpipe backmixing,
using a 6BD, is a procedure that will always produce equal yield
results from laboratory to plant, which will maintain the desired
yield of valuable products and, perhaps, prevent loss of job.

However, there are practical considerations other than scale-
up that make these options highly viable. For example, if you are
attempting to increase yields in an operating plant reactor, then
adding additional feed points and/or increasing the feed time are
logical changes that could improve yields. However, if this author
were faced with scaling from a laboratory reactor, the multiple
feed points and/or longer feed times would be tested in the labora-
tory and then scale-up would be accomplished using the same
number of feed points and/or feed time in the plant reactor as those
used in the laboratory reactor.

For a conservative pipeline mixer scale-up, use the following
procedure.

1. Maintain equal time scales upon scale-up.



2. Use the same number of elements (9 is good) for the experimen-
tal and plant units.

3. Use two feed points, at the midpoint of the third element, at 90°
to its surface.

4. Maintain geometrical similarity as much as reasonably possible.
From practical procurement considerations, the smallest (about
1/8" for the HEM), least expensive, and most readily available
mixers have relatively shorter elements (Lo/D < 1) and lower
void volumes (VF < 0.8), whereas plant-size units have rela-
tively longer elements (L./D = 1.5) and larger void volume frac-
tions (VF=0.9). Thus, if needed, scale-up may be accomplished
by breaking geometrical similarity, but deviate only as needed.

5. Maintain equal residence time on scale-up (i.e., the volumetric
flow rate divided by the mixer void volume remains constant
on scale-up).

6. Increase the velocity of the entering wall jets by the ratio of lin-
ear dimension. (Note: This is of secondary importance; how-
ever, to maintain time scales the same, it needs to be done to
the extent that it is technically feasible.)

It is not uncommon to scale-up from a 1/8 in. diameter unit in
the laboratory to a unit exceeding 1in. in diameter in the plant.
The flow regime in the 1/8 unit may be in the transition regime or
even in the laminar regime, whereas the flow regime in the plant unit
may be fully turbulent. This scale-up, from the transition or laminar
regime to the turbulent regime, is very likely conservative because
the increasing turbulence in the plant mixer will promote better feed
blending. The other alternative to scaling-up across flow regimes is
to conduct experiments on the laboratory scale in a mixer of 3/16 in.
or 1/41n. (or larger where turbulent conditions can be reasonably
obtained, and for which much more laboratory waste is generated).
With the small 1/8 in. diameter mixers, one can increase the velocity
to the extent that turbulent conditions are achieved; however, at
such high velocities it may not be possible to scale-up to a large unit.
For example, if 10 ft/sec velocity were required to achieve a
Reynolds number of even 1000 in a 1/8in. Kenics HEM unit
with 9 elements (with a pitch/diameter ratio of 1), the length
of this unit would be 1.1251n.; then the residence time would
be 1.125/12/10 =0.0094 sec. To obtain this residence time in a
1 in. diameter unit would require 10[1/(1/8)] = 80 ft/sec, which
is unreasonable.

Therefore, one is often confronted with the real need to:

1. Use a small diameter mixer on the laboratory scale to minimize
the production rate to minimize waste disposal and stay within
the limits of typical laboratory feed tanks, feed pumps, and so
on.

2. Scale-up across flow regime boundaries (i.e., scale-up from the
transition or laminar regime in the laboratory to the turbulent
regime in the plant).

The procedure outlined above is conservative because it is thought
to be one that will always give equal or higher yield of the desired
reaction(s) in the plant pipeline mixer reactors than in the labora-
tory pipeline mixer reactors.

There are other less stringent scale-up procedures mentioned
in the literature (Baldyga and Bourne, 1999; Hearn, 1995); how-
ever, their validity have not been determined for practical applica-
tions in scaling from a typical laboratory size pipeline mixer
reactor (perhaps 1/81in. {0.3 cm} to 3/161in. {0.5cm}) to plant size
reactors (perhaps 1/2 {1.25cm} in. to 2in. {5cm}).

Let’s now briefly look at one of the most important experi-
mental fast competitive reactions. Let’s select the Third Bourne
Reaction (Bourne and Yu, 1994; Yu, 1993), which is the hydrolysis
of ethylchloroacetate (ECA) reacting with NaOH in competition
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with the parallel reaction of NaOH with HCI. The reactions, along
with the first order reaction rate constants), are:

A+B=>P +P, [k =13x10"m’kg —mol s@25C] (10.60)

A+C=Q,; +Q, [k =30.4m’/kg — mol s @ 25C] (10.61)
Where:

A = sodium hydroxide (NaOH)
B = hydrochloric acid (HCI)

C = ethylchloroacetate (CH,CICOOCH,CH3 or ECA)

P, = sodium chloride (NaCl)

P, = water (H,O)

Q; = ethanol (EtOH)

Q, = sodium chloroacetate (CH,CICOO Na*, i.e. NaECA)

With very rapid mixing, the yield of ethanol and NaCA are
low, whereas with poor mixing, the yield of ethanol and NaCA
are high. This reaction was used by Tipnis (1994; Tipnis et al.,
1994) in an agitated vessel to determine how impeller speed, feed-
pipe location, and vessel size affected the yield of the instantaneous
reaction (i.e., the neutralization of HCl with NaOH). The experi-
ments were conducted by starting with equimolar amounts of
HCI and ECA in a reaction vessel. To the vessel was added an
NaOH solution on a semi-batch basis. The yield of the fast reac-
tion was increased as impeller speed increased, as the feedpipe
was moved toward the eye of the 6BD impeller, and as vessel size
decreased. In fact, Tipnis’s work was the definitive work to deter-
mine a scale-up procedure because he conducted experiments in
2, 20, 180, and 600 liter vessels. As will be discussed in the next sec-
tion, Tipnis found that blend time was the proper scale-up criterion
for the third Bourne reaction.

Knight (1995) and Colleagues (1995) used the third Bourne
reaction to develop scale-up methods for recycle loops on agitated
vessels. He added the NaOH solution at the entrance of a static
mixer in a recycle loop on the agitated vessel. Knight showed that
higher yields of the fast reaction (i.e., lower yields of the slower
reaction which produces NaECA and ethanol) could be achieved
by using the recycle loop as compared with the agitated vessel
without any recycle loop.

DESIGN METHODS

Agitated Vessels. Figure 10.45 presents the correlation by Jo (1993)
and Colleagues (1994) Penney and Fasano (60, 61) for determining
the minimum feedpipe velocity needed to eliminate feedpipe back-
mixing for a feedpipe discharging vertically downward to the eye
of a 6BD impeller positioned at G/D = 0.55 above the impeller
disk. For conservative design, one uses the curve for zero backmix-
ing into the feedpipe (i.e., the curve identified as L/d = 0). Note
that for high feedpipe Reynolds numbers, the curve for L/d = 0
becomes asymptotic to v¢/ v¢ = 0.3. Thus, for plant vessels, with
a 6BD with the feedpipe above the impeller, the feedpipe velocity
must equal or exceed 30% of the impeller tipspeed. Note that for
low feedpipe Reynolds numbers, in the laminar regime, the feed-
pipe velocity can be reduced to perhaps 15% of the impeller tip
speed and still prevent feedpipe backmixing; however, even for
laboratory vessels, where laminar conditions may occur in the
feedpipe, it still makes sense to maintain the feedpipe velocity
equal to or in excess of 30% of the impeller tipspeed.

Jo (1993) and Colleagues (1994) also presented correlations
for a feedpipe in the radial position to a 6BD impeller and for
radial and above positions for an HE-3 impeller.
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Figure 10.46. Yield data (X = Fraction ECA converted to NaCA) for the 3" Bourne Reaction as tested in 2, 20, 180 and 600 liter reac-
tors correlated at X, vs blend time (6BD impeller used with feedpipe discharging downward to the eye of the impeller).

Scale-up to Maintain Equal Yields for Agitated Vessels. Tipnis
(1994) and Colleagues (1994) have done the definitive work for
scale-up of agitated vessels handling fast C/C reactions. They used
the third Bourne reaction and determined that equal blend time
correlated their yield results for vessel volumes of 2, 20, 180, and
600 liters. Figure 10.46 presents a portion of their results for an
ECA feed concentration of 90 mol/m>, a feed time of 15min, a
ratio of initial batch volume to fed volume (a) of 80 and two feed-
pipe discharge locations — one at G/D = 0.3 and another near the
free surface at G/D = 1.34. Note that the yield data are very well
correlated at equal blend times. Tipnis et al. (1994) also conducted
experiments at other ECA feed concentrations and for other feed
ratios and all the yield data were well correlated by equal blend
time.

Scale-Up Agitated Vessels with Recycle Loops with Semi-
Batch Feed to an In-Line Mixer in the Recycle Loop. Knight
(1995) and Colleagues (1995) conducted a rather definitive study
that determined the pertinent scale-up parameters for a static
mixer in a recycle loop. They used a 20 liter semi-batch reactor

agitated with a 6BD. The third Bourne reaction was used and
the caustic solution was fed into a Kenics helical element static
mixer in a recycle loop. Mixer inside diameters of 3/16, 1/4, and
3/8 in. were tested. The pertinent scale-up parameters, in order of
importance, were found to be:

1. Ratio of caustic feed molar rate to the recycle rate of HCI in the
recycle loop.

2. Residence time in the mixer.

3

. Feedpipe discharge velocity.

Figure 10.47 shows for the /4 in. inside diameter mixer reactor the
importance of the initial molar feed ratio. For relatively low initial
molar feed ratios (below about 1.0) the recycle loop/static mixer
system can actually give poorer performance than the agitated ves-
sel without a recycle loop. The data indicate that this ratio should
be kept above 3 to ensure that the recycle loop/static mixer system
is used to fullest advantage. At recycle ratios of 2.4, the feedpipe
velocity had a minor, although measurable, effect on the yield of
the slowest reaction.
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Figure 10.47. Yield data vs initial molar feed ratio for 3" Bourne Reaction occurring in a 1/4 inch (0.64 cm) Kenics Helical Element Mixer
used on a recycle loop on 20 liter semi-batch reactor agitated with a 6BD impeller.



The scale-up recommendations are as follows:

1. Use an initial recycle ratio (i.e., the ratio of the initial molar
feed rate of the semi-batch chemical species [e.g., NaOH for
the third Bourne Reaction] to the molar feed rate of the fastest
reacting chemical species in the recycle loop [i.e., HCI for the
third Bourne Reaction]) of at least 3:1.

2. Keep the residence time (= volumetric flow rate/void volume) in
the static mixer constant.

3. Maintain a high feedpipe velocity both in the laboratory and
plant reactors—perhaps 5-10 m/sec (1 to 30 ft/sec).

4. Scale-up at equal P/V in the agitated vessel and use a 6BD with
feed to the impeller eye.

Pipeline Mixers used as Reactors for Fast CIC Reactions. Tay-
lor (1996) and Colleagues (1998) conducted a study to determine
scale-up procedures for fast C/C reactions in pipeline mixers. They
used the fourth Bourne reaction, which is the acid catalyzed hydro-
lysis of dimethoxypropane (DMP) to acetone and methanol. This
is an extremely rapid reaction when catalyzed by HCI. The compe-
titive reaction scheme, which is a unique one, is one in which
NaOH reacts practically instantaneously with the HCI to remove
the catalyst for the hydrolysis reaction. A water/ethanol solution
of NaOH and DMP was fed as a main stream to a Kenics helical
element mixer and an aqueous side stream containing slightly
greater (abour 5% greater) than equimolar amount of NaOH was
fed as the side stream. The product was analyzed by GC for
methanol and acetone. For extremely rapid mixing, essentially no
hydrolysis occurred; however, for slow mixing, essentially all the
DMP is hydrolyzed because acidic conditions cause very rapid
hydrolysis of the DMP.

Figure 10.48 presents data of yield (as a fraction of the DMP
hydrolyzed) of the slow hydrolysis reaction versus residence time in
the mixer. The correlation is not perfect; however, the results of
this study indicate that, to be conservative, one must scale-up using
equal residence time in static mixers.

The recommended procedure for doing a scale-up study and a
scale-up are:

1. Use at least a 9 element Kenics helical element mixer (HEM).

2. Introduce the feed at two locations, 180 degrees apart around
the mixer, at the midpoint of the third element. Position the
third element in the tube so that the surface of the tape is nor-
mal to the radially entering feed ports.
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3. Use a sideport velocity at least twice the mainstream velocity.

4. Conduct tests at several, perhaps 5, flow rates through the
laboratory mixer.

5. Scale-up using one or more HEM mixers in parallel.

6. Select a flow rate for the laboratory mixer that gives acceptable
yield.

7. Maintain equal residence time on scale-up.

Note: for equal residence time and geometrical similarity
tresidence = Q/V = Q/({VF}?IDZL/4)°<Q = D3

where VF is the void fraction, thus at constant residence time
1/3: 1/3
DxQ"ie., Dplant§ /Dlaboratory = (Qp]ant/Qlaboratory)

8. As much as is feasible, maintain the same ratio of sideport to
mainstream velocity on scale-up.

Let’s now do examples for an agitated vessel and for a pipeline
mixer.

10.15. SCALE-UP

This section covers the scale-up of agitated vessels. The quantita-
tive scale-up relationships presented here are developed by starting
with

1. The literature correlations for power requirements in both the
laminar and turbulent flow regimes.

2. The literature correlations for various process results (e.g., heat
transfer coefficients, blend time, solids suspension, and so on).

Start by using these correlations to develop algebraic relationships,
for geometrically similar systems, between the impeller power per
unit volume (P/V) required as a function of the vessel volume for
various process results. The culmination of that analysis is pre-
sented as Figure 10.49, which presents (P/V),/(P/V); versus V,/V,
for the various process results.

It is not always possible to maintain geometrical similarity
while doing scale-up; heat transfer is an excellent example where
it is often impossible to scale-up while maintaining geometrical
similarity. Later is a discussion of key situations when geometrical
similarity must be broken.

Yield of Slow Reaction vs Residence Time
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Figure 10.48. Yield of the Dimethoxypropane Hydrolysis Reaction vs Static Mixer Residence Time for three Kenics Helical Element

Mixer of 1/8, 1/4 and 1/2 inch inside diameter.
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ExampLE 10.20

Semi-Batch Fast C/C Reaction in Agitated Reactor
Let’s select laboratory run number 30 from Tipnis (1994) and
Colleagues (1994). The conditions are:

1. Third Bourne reaction; competitive reaction of NaOH with
HCI and ECA.
2. Concentration of ECA in initial batch = 90 mol/m>.
3. ECA, HCL, and NaOH all stoichometrically equal at start of
reaction.
4. Ratio of initial batch volume to semi-batch feed volume = 80.
. Feed time of semi-batch feed = 15 minutes = 900 sec.
. The feedpipe discharges vertically downward very near the
impeller shaft.
7. G=0.0173G/D = 0.0173/0.0365 = 0.47
8. V=215L.
9. T=Z=0.1397m.
10. D =T/3 =0.0365m.
11. C=7Z/2=0.07m.
12. Measured yield of NaCA (i.e., fraction ECA reacted with
NaOH) = 0.141.

The plant reactor will be designed for the same yield of NaCA
(i.e., Xo=0.141) from the slower reaction as obtained in the
laboratory reactor. The plant reactor will be 2150 L (i.e., it will
be 1000 times larger than the laboratory reactor). We don’t need
to maintain geometrical similarity in terms of D/T, so let’s increase
the D/T from 1/3 in the laboratory to 1/2 in the plant reactor. We
know that we must maintain blend time the same in the plant reac-
tor as in the laboratory reactor and we must design to eliminate
backmixing into the plant feedpipe.

The details of the plant agitation system are given here:

1. T=Z=55

2. Standard 6BD impeller; D/T = 1/2,D = 27.5"

3. Blend time =4.71 sec (Note: This variable was inputted on the
Variable Sheet.)

4. N =249 rpm
5. HP = 80; HP/V = 141 HP/1000gal (Note: This is a very high
power input.)

Note that HP/V in the laboratory reactor was only 2.5 HP/
1000 gal, whereas in the plant reactor it is 141 HP/1000 ga/. This
scale-up is right on the verge of not being practical. For any larger
plant reactor one would need to use a recycle loop with a static
mixer to do a practical scale-up.

The feedpipe must now be designed. The impeller tip speed is
30 ft = sec; thus, the feedpipe velocity must be at least 30% of the
impeller tip speed to avoid feedpipe backmixing. Thus, the feed-
pipe velocity must be 0.3 x 30 = 9ft/sec = 2.74 m/s. The volume of
semi-batch feed is 2150/80 = 27 L. This volume is fed over 15 min-
utes; thus, the feed rate of the semi-batch feed is:

Qpea = 27/(15760) = 0.03 L/s = 0.00003 m*/s
The feedpipe area is then determined

Ascedpipe = Queea/Ve = (0.00003 m*/5)/2.74 m/s = 0.000011 m>
The feedpipe diameter is then determined

d = (4x0.000011/7)"* = 0.00374m = 0.374cm = 0.15in

The feedpipe would be a pipe with a larger inside diameter than
0.151n.; thus, it would normally be 1 to 2in. inside diameter
with a pipe cap on its discharge end. The pipe cap would have a
0.151n. hole drilled in it. The discharge end of the feedpipe would
be placed as close to the impeller shaft as possible (perhaps 2 in.
away) and as close to the disk as possible. It should be feasible
to place the end of the feedpipe about 3in. above the disk for a
G/D = 3/27.5 =0.11.

It makes no sense to “beat around the bush” regarding the dif-
ficulty of scale-up. Often, scale-up is very difficult and expensive
and in a few cases it is practically impossible. Listed here are the
“easy” and “difficult” cases.

Easy Scale-Ups

. Solids suspension

. Gas-liquid mass transfer for sparged impellers

. Equal bubble size in gas-liquid dispersions

. Equal drop size in coalescing liquid-liquid dispersions

. Equal drop size, without Time Restraints, for stable liquid-
liquid dispersions

6. Equal heat transfer coefficients

7. Equal blend time in the laminar flow regime
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Difficult Scale-Ups

1. Equal blend time in the turbulent flow regime

a. This capability is needed to scale-up fast competitive reac-
tions.

b. This capability is needed to scale-up batch liquid-liquid dis-
persions and maintain the same drop size distribution with
time as the batch progresses.

(1) This is almost always pertinent for creating liquid-liquid
dispersion in batch feed tanks.

(2