HEAT EXCHANGERS

two fluids that are at different temperatures while keeping them from
mixing with each other. Heat exchangers are commonly used in prac-
tice in a wide range of applications, from heating and air-conditioning systems
in a household, to chemical processing and power production in large plants.
Heat exchangers differ from mixing chambers in that they do not allow the
two fluids involved to mix. In a car radiator, for example, heat is transferred
from the hot water flowing through the radiator tubes to the air flowing
through the closely spaced thin plates outside attached to the tubes.
Heat transfer in a heat exchanger usually involves convection in each fluid
and conduction through the wall separating the two fluids. In the analysis of
heat exchangers, it is convenient to work with an overall heat transfer coeffi-

H eat exchangers are devices that facilitate the exchange of heat between

cient U that accounts for the contribution of all these effects on heat transfer.
The rate of heat transfer between the two fluids at a location in a heat ex-
changer depends on the magnitude of the temperature difference at that
location, which varies along the heat exchanger. In the analysis of heat ex-
changers, it is usually convenient to work with the logarithmic mean temper-
ature difference LMTD, which is an equivalent mean temperature difference
between the two fluids for the entire heat exchanger.

Heat exchangers are manufactured in a variety of types, and thus we start
this chapter with the classification of heat exchangers. We then discuss the de-
termination of the overall heat transfer coefficient in heat exchangers, and the
LMTD for some configurations. We then introduce the correction factor F to
account for the deviation of the mean temperature difference from the LMTD
in complex configurations. Next we discuss the effectiveness—NTU method,
which enables us to analyze heat exchangers when the outlet temperatures of
the fluids are not known. Finally, we discuss the selection of heat exchangers.
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HEAT TRANSFER

FIGURE 13-1

Different flow regimes and
associated temperature profiles in
a double-pipe heat exchanger.

13-1 = TYPES OF HEAT EXCHANGERS

Different heat transfer applications require different types of hardware and
different configurations of heat transfer equipment. The attempt to match the
heat transfer hardware to the heat transfer requirements within the specified
constraints has resulted in numerous types of innovative heat exchanger
designs.

The simplest type of heat exchanger consists of two concentric pipes of dif-
ferent diameters, as shown in Figure 13-1, called the double-pipe heat
exchanger. One fluid in a double-pipe heat exchanger flows through the
smaller pipe while the other fluid flows through the annular space between
the two pipes. Two types of flow arrangement are possible in a double-pipe
heat exchanger: in parallel flow, both the hot and cold fluids enter the heat
exchanger at the same end and move in the same direction. In counter flow,
on the other hand, the hot and cold fluids enter the heat exchanger at opposite
ends and flow in opposite directions.

Another type of heat exchanger, which is specifically designed to realize a
large heat transfer surface area per unit volume, is the compact heat ex-
changer. The ratio of the heat transfer surface area of a heat exchanger to its
volume is called the area density B. A heat exchanger with B > 700 m?/m?
(or 200 ft¥/ft’) is classified as being compact. Examples of compact heat
exchangers are car radiators (B = 1000 m?/m?), glass ceramic gas turbine
heat exchangers (B = 6000 m?*/m?), the regenerator of a Stirling engine
(B = 15,000 m*/m?), and the human lung (8 =~ 20,000 m?*/m?*). Compact heat
exchangers enable us to achieve high heat transfer rates between two fluids in
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a small volume, and they are commonly used in applications with strict limi-
tations on the weight and volume of heat exchangers (Fig. 13-2).

The large surface area in compact heat exchangers is obtained by attaching
closely spaced thin plate or corrugated fins to the walls separating the two flu-
ids. Compact heat exchangers are commonly used in gas-to-gas and gas-to-
liquid (or liquid-to-gas) heat exchangers to counteract the low heat transfer
coefficient associated with gas flow with increased surface area. In a car radi-
ator, which is a water-to-air compact heat exchanger, for example, it is no sur-
prise that fins are attached to the air side of the tube surface.

In compact heat exchangers, the two fluids usually move perpendicular to
each other, and such flow configuration is called cross-flow. The cross-flow
is further classified as unmixed and mixed flow, depending on the flow con-
figuration, as shown in Figure 13-3. In (a) the cross-flow is said to be un-
mixed since the plate fins force the fluid to flow through a particular interfin
spacing and prevent it from moving in the transverse direction (i.e., parallel to
the tubes). The cross-flow in (b) is said to be mixed since the fluid now is free
to move in the transverse direction. Both fluids are unmixed in a car radiator.
The presence of mixing in the fluid can have a significant effect on the heat
transfer characteristics of the heat exchanger.

FIGURE 13-2

A gas-to-liquid compact heat
exchanger for a residential air-
conditioning system.
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FIGURE 13-4
The schematic of
a shell-and-tube
heat exchanger
(one-shell pass
and one-tube

pass).
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FIGURE 13-5

Multipass flow arrangements in shell-
and-tube heat exchangers.
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Perhaps the most common type of heat exchanger in industrial applications
is the shell-and-tube heat exchanger, shown in Figure 13—4. Shell-and-tube
heat exchangers contain a large number of tubes (sometimes several hundred)
packed in a shell with their axes parallel to that of the shell. Heat transfer takes
place as one fluid flows inside the tubes while the other fluid flows outside the
tubes through the shell. Baffles are commonly placed in the shell to force the
shell-side fluid to flow across the shell to enhance heat transfer and to main-
tain uniform spacing between the tubes. Despite their widespread use, shell-
and-tube heat exchangers are not suitable for use in automotive and aircraft
applications because of their relatively large size and weight. Note that the
tubes in a shell-and-tube heat exchanger open to some large flow areas called
headers at both ends of the shell, where the tube-side fluid accumulates before
entering the tubes and after leaving them.

Shell-and-tube heat exchangers are further classified according to the num-
ber of shell and tube passes involved. Heat exchangers in which all the tubes
make one U-turn in the shell, for example, are called one-shell-pass and two-
tube-passes heat exchangers. Likewise, a heat exchanger that involves two
passes in the shell and four passes in the tubes is called a two-shell-passes and
Sfour-tube-passes heat exchanger (Fig. 13-5).

An innovative type of heat exchanger that has found widespread use is the
plate and frame (or just plate) heat exchanger, which consists of a series of
plates with corrugated flat flow passages (Fig. 13—6). The hot and cold fluids
flow in alternate passages, and thus each cold fluid stream is surrounded by
two hot fluid streams, resulting in very effective heat transfer. Also, plate heat
exchangers can grow with increasing demand for heat transfer by simply
mounting more plates. They are well suited for liquid-to-liquid heat exchange
applications, provided that the hot and cold fluid streams are at about the same
pressure.

Another type of heat exchanger that involves the alternate passage of the hot
and cold fluid streams through the same flow area is the regenerative heat ex-
changer. The static-type regenerative heat exchanger is basically a porous
mass that has a large heat storage capacity, such as a ceramic wire mesh. Hot
and cold fluids flow through this porous mass alternatively. Heat is transferred
from the hot fluid to the matrix of the regenerator during the flow of the hot
fluid, and from the matrix to the cold fluid during the flow of the cold fluid.
Thus, the matrix serves as a temporary heat storage medium.
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FIGURE 13-6

A plate-and-frame

s st e siaerar liquid-to-liquid heat

Pressilfog inkeat exchanger (courtesy of
Trante Corp.).
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The dynamic-type regenerator involves a rotating drum and continuous flow
of the hot and cold fluid through different portions of the drum so that any

portion of the drum passes periodically through the hot stream, storing heat, Cold
and then through the cold stream, rejecting this stored heat. Again the drum fluid
serves as the medium to transport the heat from the hot to the cold fluid
stream.

Heat exchangers are often given specific names to reflect the specific appli- flli ?:1

cation for which they are used. For example, a condenser is a heat exchanger
in which one of the fluids is cooled and condenses as it flows through the heat
exchanger. A boiler is another heat exchanger in which one of the fluids ab-
sorbs heat and vaporizes. A space radiator is a heat exchanger that transfers
heat from the hot fluid to the surrounding space by radiation.

Heat
transfer

Cold

13-2 = THE OVERALL HEAT TRANSFER COEFFICIENT

A heat exchanger typically involves two flowing fluids separated by a solid
wall. Heat is first transferred from the hot fluid to the wall by convection,

through the wall by conduction, and from the wall to the cold fluid again by R = Rya R =
convection. Any radiation effects are usually included in the convection heat hidi hoA,
transfer coefficients. FIGURE 13-7

The thermal resistance network associated with this heat transfer process
involves two convection and one conduction resistances, as shown in Figure
13-7. Here the subscripts i and o represent the inner and outer surfaces of the

Thermal resistance network
associated with heat transfer

in a double-pipe heat exchanger.
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Heat
transfer

FIGURE 13-8

The two heat transfer surface areas
associated with a double-pipe heat
exchanger (for thin tubes, D; = D,
and thus A; = A)).

inner tube. For a double-pipe heat exchanger, we have A; = wD,L and A, =
wD, L, and the thermal resistance of the tube wall in this case is

In (D,/D;)

wall — 21rkL (13-1)

where £ is the thermal conductivity of the wall material and L is the length of
the tube. Then the total thermal resistance becomes

1 ]n (D()/Di) 1
h A, 2mkL h,A

1 4 0 o

R = Rlolal = Ri + Rwull + R() = (13-2)

The A; is the area of the inner surface of the wall that separates the two fluids,
and A, is the area of the outer surface of the wall. In other words, A; and A, are
surface areas of the separating wall wetted by the inner and the outer fluids,
respectively. When one fluid flows inside a circular tube and the other outside
of it, we have A; = mD,L and A, = wD,L (Fig. 13-8).

In the analysis of heat exchangers, it is convenient to combine all the ther-
mal resistances in the path of heat flow from the hot fluid to the cold one into
a single resistance R, and to express the rate of heat transfer between the two
fluids as

AT

0 =% = UAAT = UA; AT = U,A, AT (13-3)

where U is the overall heat transfer coefficient, whose unit is W/m? - °C,
which is identical to the unit of the ordinary convection coefficient 4. Cancel-
ing AT, Eq. 13-3 reduces to

| 1 1 | 1

TUACUA, KT A T R Ty (13-4

i o‘to P4 o‘to

Perhaps you are wondering why we have two overall heat transfer coefficients
U; and U, for a heat exchanger. The reason is that every heat exchanger has
two heat transfer surface areas A; and A,, which, in general, are not equal to
each other.

Note that U;A; = U,A,, but U; # U, unless A; = A,. Therefore, the overall
heat transfer coefficient U of a heat exchanger is meaningless unless the area
on which it is based is specified. This is especially the case when one side of
the tube wall is finned and the other side is not, since the surface area of the
finned side is several times that of the unfinned side.

When the wall thickness of the tube is small and the thermal conductivity of
the tube material is high, as is usually the case, the thermal resistance of the
tube is negligible (R,,; = 0) and the inner and outer surfaces of the tube are
almost identical (A; = A, = A,). Then Eq. 13-4 for the overall heat transfer co-
efficient simplifies to

[ =

1 1
U= + h, (13-5)

~

i

where U = U; = U,. The individual convection heat transfer coefficients
inside and outside the tube, &; and &, are determined using the convection
relations discussed in earlier chapters.



The overall heat transfer coefficient U in Eq. 13-5 is dominated by the
smaller convection coefficient, since the inverse of a large number is small.
When one of the convection coefficients is much smaller than the other (say,
h; < h,), we have 1/h; > 1/h,, and thus U = h,. Therefore, the smaller heat
transfer coefficient creates a bottleneck on the path of heat flow and seriously
impedes heat transfer. This situation arises frequently when one of the fluids
is a gas and the other is a liquid. In such cases, fins are commonly used on the
gas side to enhance the product UA, and thus the heat transfer on that side.

Representative values of the overall heat transfer coefficient U are given in
Table 13—1. Note that the overall heat transfer coefficient ranges from about
10 W/m? - °C for gas-to-gas heat exchangers to about 10,000 W/m? - °C for
heat exchangers that involve phase changes. This is not surprising, since gases
have very low thermal conductivities, and phase-change processes involve
very high heat transfer coefficients.

When the tube is finned on one side to enhance heat transfer, the total heat
transfer surface area on the finned side becomes

As = Amml = At‘in + Aunfinned (13-6)

where Ay, is the surface area of the fins and A, ¢,neq 1S the area of the unfinned
portion of the tube surface. For short fins of high thermal conductivity, we can
use this total area in the convection resistance relation R,,,, = 1/hA; since the
fins in this case will be very nearly isothermal. Otherwise, we should deter-
mine the effective surface area A from

A.s = Aunfinned + T]finAfin (13-7)

TABLE 13-1

Representative values of the overall heat transfer coefficients in
heat exchangers

Type of heat exchanger U, W/m2 - °C*
Water-to-water 850-1700
Water-to-oil 100-350
Water-to-gasoline or kerosene 300-1000
Feedwater heaters 1000-8500
Steam-to-light fuel oil 200-400
Steam-to-heavy fuel oil 50-200
Steam condenser 1000-6000
Freon condenser (water cooled) 300-1000
Ammonia condenser (water cooled) 800-1400
Alcohol condensers (water cooled) 250-700
Gas-to-gas 10-40
Water-to-air in finned tubes (water in tubes) 30-607
400-850"
Steam-to-air in finned tubes (steam in tubes) 30-300f
400-4000¢*

*Multiply the listed values by 0.176 to convert them to Btu/h - ft? - °F.
TBased on air-side surface area.
fBased on water- or steam-side surface area.

CHAPTER 13
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FIGURE 13-9
Precipitation fouling of
ash particles on superheater tubes

(from Steam, Its Generation, and Use,
Babcock and Wilcox Co., 1978).

where mj, is the fin efficiency. This way, the temperature drop along the fins
is accounted for. Note that ng, = 1 for isothermal fins, and thus Eq. 13-7
reduces to Eq. 13-6 in that case.

Fouling Factor

The performance of heat exchangers usually deteriorates with time as a result
of accumulation of deposits on heat transfer surfaces. The layer of deposits
represents additional resistance to heat transfer and causes the rate of heat
transfer in a heat exchanger to decrease. The net effect of these accumulations
on heat transfer is represented by a fouling factor R,, which is a measure of
the thermal resistance introduced by fouling.

The most common type of fouling is the precipitation of solid deposits in a
fluid on the heat transfer surfaces. You can observe this type of fouling even
in your house. If you check the inner surfaces of your teapot after prolonged
use, you will probably notice a layer of calcium-based deposits on the surfaces
at which boiling occurs. This is especially the case in areas where the water is
hard. The scales of such deposits come off by scratching, and the surfaces can
be cleaned of such deposits by chemical treatment. Now imagine those min-
eral deposits forming on the inner surfaces of fine tubes in a heat exchanger
(Fig. 13-9) and the detrimental effect it may have on the flow passage area
and the heat transfer. To avoid this potential problem, water in power and
process plants is extensively treated and its solid contents are removed before
it is allowed to circulate through the system. The solid ash particles in the flue
gases accumulating on the surfaces of air preheaters create similar problems.

Another form of fouling, which is common in the chemical process indus-
try, is corrosion and other chemical fouling. In this case, the surfaces are
fouled by the accumulation of the products of chemical reactions on the sur-
faces. This form of fouling can be avoided by coating metal pipes with glass
or using plastic pipes instead of metal ones. Heat exchangers may also be
fouled by the growth of algae in warm fluids. This type of fouling is called
biological fouling and can be prevented by chemical treatment.

In applications where it is likely to occur, fouling should be considered in
the design and selection of heat exchangers. In such applications, it may be




necessary to select a larger and thus more expensive heat exchanger to ensure
that it meets the design heat transfer requirements even after fouling occurs.
The periodic cleaning of heat exchangers and the resulting down time are ad-
ditional penalties associated with fouling.

The fouling factor is obviously zero for a new heat exchanger and increases
with time as the solid deposits build up on the heat exchanger surface. The
fouling factor depends on the operating temperature and the velocity of the
fluids, as well as the length of service. Fouling increases with increasing tem-
perature and decreasing velocity.

The overall heat transfer coefficient relation given above is valid for clean
surfaces and needs to be modified to account for the effects of fouling on both
the inner and the outer surfaces of the tube. For an unfinned shell-and-tube
heat exchanger, it can be expressed as

In(D,/D;) R;,, 1
((1 1)+L+

2mkL A h,A

o 0 o

1 1
hA.

1 4

Ry
A.

1

(13-8)

where A; = wD,;L and A, = wD, L are the areas of inner and outer surfaces,
and R;; and R; , are the fouling factors at those surfaces.

Representative values of fouling factors are given in Table 13-2. More com-
prehensive tables of fouling factors are available in handbooks. As you would
expect, considerable uncertainty exists in these values, and they should be
used as a guide in the selection and evaluation of heat exchangers to account
for the effects of anticipated fouling on heat transfer. Note that most fouling
factors in the table are of the order of 10~* m? - °C/W, which is equivalent to
the thermal resistance of a 0.2-mm-thick limestone layer (k = 2.9 W/m - °C)
per unit surface area. Therefore, in the absence of specific data, we can as-
sume the surfaces to be coated with 0.2 mm of limestone as a starting point to
account for the effects of fouling.

Overall Heat Transfer Coefficient of a
Heat Exchanger

EXAMPLE 13-1

Hot oil is to be cooled in a double-tube counter-flow heat exchanger. The copper
inner tubes have a diameter of 2 cm and negligible thickness. The inner diame-
ter of the outer tube (the shell) is 3 cm. Water flows through the tube at a rate of
B 0.5 kg/s, and the oil through the shell at a rate of 0.8 kg/s. Taking the average
® temperatures of the water and the oil to be 45°C and 80°C, respectively, deter-
mine the overall heat transfer coefficient of this heat exchanger.

|

|

® SOLUTION Hot oil is cooled by water in a double-tube counter-flow heat
exchanger. The overall heat transfer coefficient is to be determined.
Assumptions 1 The thermal resistance of the inner tube is negligible since
the tube material is highly conductive and its thickness is negligible. 2 Both
the oil and water flow are fully developed. 3 Properties of the oil and water are
constant.
Properties The properties of water at 45°C are (Table A-9)

Pr =391
v =w/p = 0.602 X 107° m?s

p = 990 kg/m?
k= 0.637 W/m - °C

CHAPTER 13

TABLE 13-2

Representative fouling

factors (thermal resistance due
to fouling for a unit surface area)
(Source: Tubular Exchange Manufacturers

Association.)
Fluid R;, m?2 . °C/W
Distilled water, sea
water, river water,
boiler feedwater:
Below 50°C 0.0001
Above 50°C 0.0002
Fuel oil 0.0009
Steam (oil-free) 0.0001
Refrigerants (liquid) 0.0002
Refrigerants (vapor) 0.0004
Alcohol vapors 0.0001
Air 0.0004
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The properties of oil at 80°C are (Table A-16).

p = 852 kg/m? Pr = 490
k=0.138 W/m - °C v =375 X 10" m?s
Hot oil Analysis The schematic of the heat exchanger is given in Figure 13-10. The
0.8 kg/sl overall heat transfer coefficient U can be determined from Eq. 13-5:
Cold 1 1 1
water | ﬂ U = W + n
—Q f2cm [3cm D e
0.5 kg/s LJ | where h; and h, are the convection heat transfer coefficients inside and outside
the tube, respectively, which are to be determined using the forced convection
¢ relations.
FIGURE 13-10 The hydraulic diameter for a circular tube is the diameter of the tube itself,
i D, = D = 0.02 m. The mean velocity of water in the tube and the Reynolds
Schematic for Example 13-1. e 2
m m 0.5 kg/s
Vy=—= = = 1.61 m/
"~ oA, p(twD?) (990 kg/m*)[L(0.02 m)’] °
and
Re — V.D, (1.61 m/s)(0.02m) 53.490

v 0.602 X 10" °m¥s
which is greater than 4000. Therefore, the flow of water is turbulent. Assuming

the flow to be fully developed, the Nusselt number can be determined from

hD
Nu = Th = 0.023 Re®3Pr%* = 0.023(53,490)°8(3.91)%4 = 240.6

Then,

_ k. _ 0.637 W/m - °C _ 5
h= Nu = =g (240.6) = 7663 W/m? - °C

Now we repeat the analysis above for oil. The properties of oil at 80°C are

p = 852 kg/m? v =375 X 10"°m?s
k=0.138W/m-°C  Pr =490

The hydraulic diameter for the annular space is

D,=D,— D,=0.03 - 0.02 =00l m

LA U= The mean velocity and the Reynolds number in this case are

Nusselt number for fully developed . . 0.8 ko

laminar flow in a circular annulus g =M _ m = LB = 2.39 m/s

with one surface insulated and the " pA. p[i’n(DZ — D)l (852 kg/m3)[i (0.03% — 0.02%)] m?

other isothermal (Kays and Perkins, i

Ref. 8.) V. D, (2.39 m/s)0.01 m)
DD, Nu _ Nu, Re = " 575 %10 oms
0.00 — 3.66 L _— : .
0.05 17.46  4.06 which is less than 4000. Therefore, the flow of oil is laminar. Assuming fully
0.10 11.56 4.11 developed flow, the Nusselt number on the tube side of the annular space
0.25 737  4.23 Nu; corresponding to D;/D, = 0.02/0.03 = 0.667 can be determined from
0.50 5.74  4.43 Table 13-3 by interpolation to be

1.00 486 4.86 Nu = 5.45




and

k _ 0138 W/m - °

_ Kk C _ 2.0
h, = 7 Nu S0l (5:45) =752 Wim? - °C

Then the overall heat transfer coefficient for this heat exchanger becomes

1 1
1 1
7663 W/m? - °C 752 W/m? - °C

U =745 W/m? - °C

-1
n

Discussion Note that U = h, in this case, since h; > h,. This confirms our ear-
lier statement that the overall heat transfer coefficient in a heat exchanger is
dominated by the smaller heat transfer coefficient when the difference between
the two values is large.

To improve the overall heat transfer coefficient and thus the heat transfer in
this heat exchanger, we must use some enhancement techniques on the oil
side, such as a finned surface.

EXAMPLE 13-2 Effect of Fouling on the Overall Heat

Transfer Coefficient

A double-pipe (shell-and-tube) heat exchanger is constructed of a stainless steel
(k=15.1 W/m - °C) inner tube of inner diameter D; = 1.5 cm and outer diam-
eter D, = 1.9 cm and an outer shell of inner diameter 3.2 cm. The convection
heat transfer coefficient is given to be h; = 800 W/m? - °C on the inner surface
of the tube and h, = 1200 W/m? - °C on the outer surface. For a fouling factor
of R;; = 0.0004 m? - °C/W on the tube side and R; , = 0.0001 m? - °C/W on
the shell side, determine (a) the thermal resistance of the heat exchanger per
unit length and (b) the overall heat transfer coefficients, U; and U, based on the
inner and outer surface areas of the tube, respectively.

SOLUTION The heat transfer coefficients and the fouling factors on the tube
and shell sides of a heat exchanger are given. The thermal resistance and the
overall heat transfer coefficients based on the inner and outer areas are to be
determined.

Assumptions The heat transfer coefficients and the fouling factors are constant
and uniform.

Analysis (a) The schematic of the heat exchanger is given in Figure 13-11.
The thermal resistance for an unfinned shell-and-tube heat exchanger with foul-
ing on both heat transfer surfaces is given by Eq. 13-8 as

1 1 R:i In(D,/D;) IL 1

SUA hA AT T 2mr Ta, Tha

_1
UiAi
where

A; = wD;L = w(0.015 m)(1 m) = 0.0471 m>
A, = wD,L = w(0.019 m)(1 m) = 0.0597 m?

Substituting, the total thermal resistance is determined to be

CHAPTER 13

Cold fluid
Outer layer of fouling
Tube wall

Hot Inner layer of fouling

fluid Cold fluid

Hot

fluid [T

—0 \ 7 0~

f
D; =15cm
h; =800 W/m2-°C
R” =0.0004 m2-°C/W
D, =19cm v

h, =1200 W/m?-°C

o0

R, ,=0.0001 m2-°C/W

FIGURE 13-11
Schematic for Example 13-2.
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R 1 0.0004 m? - °C/W
(800 W/m? - °C)(0.0471 m?) 0.0471 m>
. In(0.019/0.015)
2m(15.1 W/m - °C)(1 m)
0.0001 m? - °C/W 1
0.0597 m> (1200 W/m? - °C)(0.0597 m>)
= (0.02654 + 0.00849 + 0.0025 + 0.00168 + 0.01396)°C/W
= 0.0532°C/W

Note that about 19 percent of the total thermal resistance in this case is due to
fouling and about 5 percent of it is due to the steel tube separating the two flu-
ids. The rest (76 percent) is due to the convection resistances on the two sides
of the inner tube.

(b) Knowing the total thermal resistance and the heat transfer surface areas,
the overall heat transfer coefficient based on the inner and outer surfaces of the
tube are determined again from Eq. 13-8 to be

1 1

U=—=-= = 399 W/m? - °C
"7 RA;  (0.0532 °C/W)(0.0471 m?) m

and

Uu,= L | = 315 W/m? - °C

° " RA,  (0.0532 °C/W)(0.0597 m?)

Discussion Note that the two overall heat transfer coefficients differ signifi-
cantly (by 27 percent) in this case because of the considerable difference be-
tween the heat transfer surface areas on the inner and the outer sides of the
tube. For tubes of negligible thickness, the difference between the two overall
heat transfer coefficients would be negligible.

13-3 = ANALYSIS OF HEAT EXCHANGERS

Heat exchangers are commonly used in practice, and an engineer often finds
himself or herself in a position to select a heat exchanger that will achieve a
specified temperature change in a fluid stream of known mass flow rate, or to
predict the outlet temperatures of the hot and cold fluid streams in a specified
heat exchanger.

In upcoming sections, we will discuss the two methods used in the analysis
of heat exchangers. Of these, the log mean temperature difference (or LMTD)
method is best suited for the first task and the effectiveness—NTU method for
the second task as just stated. But first we present some general considerations.

Heat exchangers usually operate for long periods of time with no change in
their operating conditions. Therefore, they can be modeled as steady-flow de-
vices. As such, the mass flow rate of each fluid remains constant, and the fluid
properties such as temperature and velocity at any inlet or outlet remain the
same. Also, the fluid streams experience little or no change in their velocities
and elevations, and thus the kinetic and potential energy changes are negligi-
ble. The specific heat of a fluid, in general, changes with temperature. But, in



a specified temperature range, it can be treated as a constant at some average
value with little loss in accuracy. Axial heat conduction along the tube is usu-
ally insignificant and can be considered negligible. Finally, the outer surface
of the heat exchanger is assumed to be perfectly insulated, so that there is no
heat loss to the surrounding medium, and any heat transfer occurs between the
two fluids only.

The idealizations stated above are closely approximated in practice, and
they greatly simplify the analysis of a heat exchanger with little sacrifice of
accuracy. Therefore, they are commonly used. Under these assumptions, the
first law of thermodynamics requires that the rate of heat transfer from the hot
fluid be equal to the rate of heat transfer to the cold one. That is,

0 = m.ColT. ou — Tein) (13-9)
and

Q = 1y CoTyin = T ow) (13-10)
where the subscripts ¢ and & stand for cold and hot fluids, respectively, and

n,, ny, = mass flow rates

C,.» C,, = specific heats
T, ou T), o = outlet temperatures
T, i Tj 3o = inlet temperatures

Note that the heat transfer rate Q is taken to be a positive quantity, and its di-
rection is understood to be from the hot fluid to the cold one in accordance
with the second law of thermodynamics.

In heat exchanger analysis, it is often convenient to combine the product of
the mass flow rate and the specific heat of a fluid into a single quantity. This
quantity is called the heat capacity rate and is defined for the hot and cold
fluid streams as

C/‘l = n:lhc,h and C(‘ = Vi’l C (13'1 1)

I c“pc

The heat capacity rate of a fluid stream represents the rate of heat transfer
needed to change the temperature of the fluid stream by 1°C as it flows
through a heat exchanger. Note that in a heat exchanger, the fluid with a large
heat capacity rate will experience a small temperature change, and the fluid
with a small heat capacity rate will experience a large temperature change.
Therefore, doubling the mass flow rate of a fluid while leaving everything else
unchanged will halve the temperature change of that fluid.

With the definition of the heat capacity rate above, Eqgs. 13-9 and 13-10 can
also be expressed as

Q = CC(T(‘, out Tc, in) (13'12)
and
Q = C/z(leA in leA ()ul) (13-13)

That is, the heat transfer rate in a heat exchanger is equal to the heat capacity
rate of either fluid multiplied by the temperature change of that fluid. Note
that the only time the temperature rise of a cold fluid is equal to the tempera-
ture drop of the hot fluid is when the heat capacity rates of the two fluids are
equal to each other (Fig. 13-12).
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Cold fluid L
C.=C, =

AT = AT, = AT, = constant

L »x
Inlet Outlet

FIGURE 13-12

Two fluids that have the same mass
flow rate and the same specific heat
experience the same temperature
change in a well-insulated heat
exchanger.




HEAT TRANSFER
Two special types of heat exchangers commonly used in practice are con-

densers and boilers. One of the fluids in a condenser or a boiler undergoes a
phase-change process, and the rate of heat transfer is expressed as

0 = rihy, (13-14)

where m is the rate of evaporation or condensation of the fluid and #;, is the

enthalpy of vaporization of the fluid at the specified temperature or pressure.

An ordinary fluid absorbs or releases a large amount of heat essentially

T ] ) | at constant temperature during a phase-change process, as shown in Figure

.~ Condensing fluid | 13-13. The heat capacity rate of a fluid during a phase-change process must

) approach infinity since the temperature change is practically zero. That is,

‘ Q C = mC, — © when AT — 0, so that the heat transfer rate 0= mC, AT'is a
‘k Cold fluid

finite quantity. Therefore, in heat exchanger analysis, a condensing or boiling
fluid is conveniently modeled as a fluid whose heat capacity rate is infinity.

The rate of heat transfer in a heat exchanger can also be expressed in an
analogous manner to Newton’s law of cooling as

QO = UA, AT, (13-15)

where U is the overall heat transfer coefficient, A, is the heat transfer area, and

AT,, is an appropriate average temperature difference between the two fluids.

Here the surface area A, can be determined precisely using the dimensions of

(a) Condenser (C), — ) the heat exchanger. However, the overall heat transfer coefficient U and the
temperature difference AT between the hot and cold fluids, in general, are not
constant and vary along the heat exchanger.

| The average value of the overall heat transfer coefficient can be determined

| as described in the preceding section by using the average convection coeffi-

| cients for each fluid. It turns out that the appropriate form of the mean tem-

| perature difference between the two fluids is logarithmic in nature, and its

i determination is presented in Section 13—4.

|

|

|

|

|

|

Inlet Outlet

T

e Hot fluid

o

& Boiling fluid

Inlet -~ 13-4 = THE LOG MEAN TEMPERATURE
DIFFERENCE METHOD

Earlier, we mentioned that the temperature difference between the hot and
cold fluids varies along the heat exchanger, and it is convenient to have a
mean temperature difference AT, for use in the relation O = UA, AT,,.

In order to develop a relation for the equivalent average temperature differ-
ence between the two fluids, consider the parallel-flow double-pipe heat ex-
changer shown in Figure 13-14. Note that the temperature difference AT
between the hot and cold fluids is large at the inlet of the heat exchanger but
decreases exponentially toward the outlet. As you would expect, the tempera-
ture of the hot fluid decreases and the temperature of the cold fluid increases
along the heat exchanger, but the temperature of the cold fluid can never
exceed that of the hot fluid no matter how long the heat exchanger is.

Assuming the outer surface of the heat exchanger to be well insulated so
that any heat transfer occurs between the two fluids, and disregarding any

(b) Boiler (C, — )

FIGURE 13-13

Variation of fluid temperatures in a
heat exchanger when one of the fluids
condenses or boils.
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changes in kinetic and potential energy, an energy balance on each fluid in a T
differential section of the heat exchanger can be expressed as Thin NG 80=U(T, - T,)dA,
8Q = —m, C,, dT, (13-16) T, dr,
! I Th,out
and c,out
80 = m,C,, dT, (13-17) ,
: A - Tc,in
That is, the rate of heat loss from the hot fluid at any section of a heat ex- r W VAT =T, T o
changer is equal to the rate of heat gain by the cold fluid in that section. The o L N
. . . . . T
temperature change of the hot fluid is a negative quantity, and so a negative i1 —1 R dA 2 A
sign s added to Eq. 13-16 to make the heat transfer rate Q a positive quantity. : L T out
Solving the equations above for d7), and dT, gives Hot | L1 dA,
. fluid i — | . Th,out
ar, = — 22 (13-18) 1 2 — o
" mhcph Thin u il B |
and
50 Cold fluid
dT,. = — g (13-19) Tein
e pe FIGURE 13-14

Variation of the fluid temperatures in a
parallel-flow double-pipe heat
1 1 ) exchanger.

Taking their difference, we get

7n Con + . Cp (13-20)

dr, — dT. = d(T, — T,) = —8Q<

The rate of heat transfer in the differential section of the heat exchanger can
also be expressed as

830 = U(T, — T,) dA, (13-21)

Substituting this equation into Eq. 13-20 and rearranging gives

S Rk Y 0 (13-22)
Th - Tc ' mh Cph mc Cpc

Integrating from the inlet of the heat exchanger to its outlet, we obtain

L7y B (13-23)
t Th, in Tc, in a ! mh Cph mc Cpc ’
Finally, solving Egs. 13-9 and 13-10 for m,C,, and m,C,,, and substituting into

Eq. 13-23 gives, after some rearrangement,
0 = UA, AT, (13-24)

where

ar, = AT ZAD 13-25
m = In (AT,/AT,) (13-29)

is the log mean temperature difference, which is the suitable form of the
average temperature difference for use in the analysis of heat exchangers.
Here AT, and AT, represent the temperature difference between the two fluids
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? T, out
Hot AT,
fluid | —
Fﬁ) —> D—
hin u — | Th,out
AT} Cold fluid
e in ATy =Tyin =T in
ATZ = Th,out - Tc, out

(a) Parallel-flow heat exchangers

Cold

fluid

T;, in

Hot AT,
fluid | —
—9 = — D~
Th,in u == | Th,out
ATt

Tc, out ATl = Th,in - Tc, out

ATZ = Th,out - Tr, in

(b) Counter-flow heat exchangers

FIGURE 13-15

The AT, and AT, expressions in
parallel-flow and counter-flow heat
exchangers.

at the two ends (inlet and outlet) of the heat exchanger. It makes no difference
which end of the heat exchanger is designated as the inlet or the outlet
(Fig. 13-15).

The temperature difference between the two fluids decreases from AT at
the inlet to AT, at the outlet. Thus, it is tempting to use the arithmetic mean
temperature AT, = %(AT1 + AT,) as the average temperature difference. The
logarithmic mean temperature difference AT}, is obtained by tracing the ac-
tual temperature profile of the fluids along the heat exchanger and is an exact
representation of the average temperature difference between the hot and
cold fluids. It truly reflects the exponential decay of the local temperature
difference.

Note that AT, is always less than AT,,,. Therefore, using AT, in calcula-
tions instead of AT),, will overestimate the rate of heat transfer in a heat ex-
changer between the two fluids. When AT, differs from AT, by no more than
40 percent, the error in using the arithmetic mean temperature difference is
less than 1 percent. But the error increases to undesirable levels when AT,
differs from AT, by greater amounts. Therefore, we should always use the
logarithmic mean temperature difference when determining the rate of heat
transfer in a heat exchanger.

Counter-Flow Heat Exchangers

The variation of temperatures of hot and cold fluids in a counter-flow heat ex-
changer is given in Figure 13—-16. Note that the hot and cold fluids enter the
heat exchanger from opposite ends, and the outlet temperature of the cold
fluid in this case may exceed the outlet temperature of the kot fluid. In the lim-
iting case, the cold fluid will be heated to the inlet temperature of the hot fluid.
However, the outlet temperature of the cold fluid can never exceed the inlet
temperature of the hot fluid, since this would be a violation of the second law
of thermodynamics.

The relation above for the log mean temperature difference is developed us-
ing a parallel-flow heat exchanger, but we can show by repeating the analysis
above for a counter-flow heat exchanger that is also applicable to counter-
flow heat exchangers. But this time, AT, and AT, are expressed as shown in
Figure 13-15.

For specified inlet and outlet temperatures, the log mean temperature
difference for a counter-flow heat exchanger is always greater than that for a
parallel-flow heat exchanger. That is, ATy, ¢ > ATy, pr, and thus a smaller
surface area (and thus a smaller heat exchanger) is needed to achieve a speci-
fied heat transfer rate in a counter-flow heat exchanger. Therefore, it is com-
mon practice to use counter-flow arrangements in heat exchangers.

In a counter-flow heat exchanger, the temperature difference between the
hot and the cold fluids will remain constant along the heat exchanger when
the heat capacity rates of the two fluids are equal (that is, AT = constant
when C, = C. or mC,, = m,C,.). Then we have AT, = AT,, and the last log
mean temperature difference relation gives AT}, = g, which is indeterminate.
It can be shown by the application of I’Ho6pital’s rule that in this case we have
AT, = AT, = AT,, as expected.

A condenser or a boiler can be considered to be either a parallel- or counter-
flow heat exchanger since both approaches give the same result.



Multipass and Cross-Flow Heat Exchangers:
Use of a Correction Factor

The log mean temperature difference AT}, relation developed earlier is limited
to parallel-flow and counter-flow heat exchangers only. Similar relations are
also developed for cross-flow and multipass shell-and-tube heat exchangers,
but the resulting expressions are too complicated because of the complex flow
conditions.

In such cases, it is convenient to relate the equivalent temperature dif-
ference to the log mean temperature difference relation for the counter-flow
case as

AT, = F ATy, or (13-26)
where F is the correction factor, which depends on the geometry of the heat
exchanger and the inlet and outlet temperatures of the hot and cold fluid
streams. The AT}, ¢ is the log mean temperature difference for the case of
a counter-flow heat exchanger with the same inlet and outlet temperatures
and is determined from Eq. 13-25 by taking AT, = T, ;, — T, o and AT, =
Th, out Tc, in (Flg 13_17)

The correction factor is less than unity for a cross-flow and multipass shell-
and-tube heat exchanger. That is, ' = 1. The limiting value of F' = 1 corre-
sponds to the counter-flow heat exchanger. Thus, the correction factor F for a
heat exchanger is a measure of deviation of the AT\, from the corresponding
values for the counter-flow case.

The correction factor F for common cross-flow and shell-and-tube heat ex-
changer configurations is given in Figure 13—18 versus two temperature ratios
P and R defined as

L=

P:Tl_tl

(13-27)

and

T] - T2 (n;lcp)tube side
R= =

L=t (MC))spen side

(13-28)

where the subscripts 1 and 2 represent the inlet and outlet, respectively. Note
that for a shell-and-tube heat exchanger, 7 and ¢ represent the shell- and
tube-side temperatures, respectively, as shown in the correction factor
charts. It makes no difference whether the hot or the cold fluid flows
through the shell or the tube. The determination of the correction factor F
requires the availability of the inlet and the outlet temperatures for both the
cold and hot fluids.

Note that the value of P ranges from O to 1. The value of R, on the other
hand, ranges from O to infinity, with R = 0 corresponding to the phase-change
(condensation or boiling) on the shell-side and R — % to phase-change on the
tube side. The correction factor is F = 1 for both of these limiting cases.
Therefore, the correction factor for a condenser or boiler is F = 1, regardless
of the configuration of the heat exchanger.
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T
Th,in
T out
¢ in Cold
l fluid
Hot
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FIGURE 13-16

The variation of the fluid temperatures
in a counter-flow double-pipe heat

exchanger.
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Heat transfer rate:
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where AT, =
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AT2 = Th,oul - Tc,in
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FIGURE 13-17

The determination of the heat transfer
rate for cross-flow and multipass
shell-and-tube heat exchangers

using the correction factor.



HEAT TRANSFER

1.0 \\\Ei\\\ \\\ T 1
™~ ™~
0.9 N \ AN NN N 1
. MASNANS NRNER et
i<} N N ¥
S \ NRNEN
S 0.8 A \ \ X T2
g L | R=4.013.012.0.15/.100.8.0.6.104_] 0.2
£ 07 \ VAN \
A \CN
8ol 71, W ANENA|
(R=7 EAVEEAEA
05L—L 1 | \ \ \ \ l PR
0 01 02 03 04 05 06 07 08 09 10 P= T2 t‘
174
(a) One-shell pass and 2, 4, 6, etc. (any multiple of 2), tube passes
1.0
N~ T,
= 09 N \\ \\‘\\ \\\\ N, l p
5 \[\ \\\ NAN 2
2 os | VN NN N —
£ R=4030| 20 |15 | (100806 0402 [S——sd=1,
£ 07 [ WA }
= \ \ T,
]
Soel 1-T, \
R= \ |
- L
05 1 [ | | | o
0 01 02 03 04 05 06 07 08 09 10 P= T2 tl
174
(b) Two-shell passes and 4, 8, 12, etc. (any multiple of 4), tube passes
1.0
— —— — — Tl
@ 0.9 N, \\ N e ‘
» \ N ANNNONUAN
9 A ANMNANAN
£ 08 \ X N N TN f— — 1
H R=4.043\0__ 20_1.5_11.0 _0.8\,0.Q,0.41\ \2
507 N
2 \ ANIAVALR! |
So6l. T,-T, (WA ;
| R= P \ \ [\ 2
o5 | \ A AVATA o
0 01 02 03 04 05 06 07 08 09 10 P= Tz—tl
174
(c) Single-pass cross-flow with both fluids unmixed
1.0 ———— T
B \\ S\\ - — ~ 1
= 09 \\ \ \ \\ N \‘ \\ ‘
5 A\ NN
2 o8 VRN NANNAVERNEL
[ . \ \ '\ N\ \l \ tl —_— —_— l‘2
g L | R= 4.0143.0 2.0-15-11.00.8 0.6/-041.0.2
£ 07 I \ N\
2 \WIAVA \[
FIGURE 13-18 5 I/ \[ T |
Correction factor F charts C|R= t; - ,12 | [\ \ T
for common shell-and-tube and o5LL [ | | L[ bty
cross-flow heat exchangers (from 0 01 02 03 04 05 06 07 08 09 L0 P=p—

(d) Single-pass cross-flow with one fluid mixed and the other unmixed

Bowman, Mueller, and Nagle, Ref. 2).



EXAMPLE 13-3 The Condensation of Steam in a Condenser

Steam in the condenser of a power plant is to be condensed at a temperature of
30°C with cooling water from a nearby lake, which enters the tubes of the con-
denser at 14°C and leaves at 22°C. The surface area of the tubes is 45 m?, and
the overall heat transfer coefficient is 2100 W/m? - °C. Determine the mass flow
rate of the cooling water needed and the rate of condensation of the steam in
the condenser.

SOLUTION Steam is condensed by cooling water in the condenser of a power
plant. The mass flow rate of the cooling water and the rate of condensation are
to be determined.
Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes
in the kinetic and potential energies of fluid streams are negligible. 4 There is
no fouling. 5 Fluid properties are constant.
Properties The heat of vaporization of water at 30°C is h, = 2431 klJ/kg
and the specific heat of cold water at the average temperature of 18°C is
C, = 4184 J/kg - °C (Table A-9).
Analysis The schematic of the condenser is given in Figure 13-19. The con-
denser can be treated as a counter-flow heat exchanger since the temperature
of one of the fluids (the steam) remains constant.

The temperature difference between the steam and the cooling water at the
two ends of the condenser is

AT, = Ty o — To 0w = (30 — 22)°C = 8°C
AT, = T), o — Toin = (30 — 14)°C = 16°C

That is, the temperature difference between the two fluids varies from 8°C at
one end to 16°C at the other. The proper average temperature difference be-
tween the two fluids is the logarithmic mean temperature difference (not the
arithmetic), which is determined from

AT, — AT, 8-16
In (AT/AT,)  In (8/16)

AT,, = = 11.5°C

This is a little less than the arithmetic mean temperature difference of
%(8 + 16) = 12°C. Then the heat transfer rate in the condenser is determined
from

0 = UA, AT, = (2100 W/m? - °C)(45 m?)(11.5°C) = 1.087 X 106 W = 1087 kW

Therefore, the steam will lose heat at a rate of 1,087 kW as it flows through the
condenser, and the cooling water will gain practically all of it, since the con-
denser is well insulated.

The mass flow rate of the cooling water and the rate of the condensation of the
steam are determined from Q = [MCy(Touw — Tin)leooling water = (MArdsteam t0 be

. _ 0
mcooling water Cp (Tout _ Tm)

B 1,087 KJ/s
" (4184 Kl/kg - °C)(22 — 14)°C

= 32.5kg/s
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FIGURE 13-19
Schematic for Example 13-3.
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FIGURE 13-20

Schematic for Example 13-4.

and
0 1,087 Kkls

Meam = = 2431 Kl/kg

8

= 0.45 kg/s

Therefore, we need to circulate about 72 kg of cooling water for each 1 kg of
steam condensing to remove the heat released during the condensation process.

EXAMPLE 13-4 Heating Water in a Counter-Flow Heat Exchanger

A counter-flow double-pipe heat exchanger is to heat water from 20°C to 80°C
at a rate of 1.2 kg/s. The heating is to be accomplished by geothermal water
available at 160°C at a mass flow rate of 2 kg/s. The inner tube is thin-walled
and has a diameter of 1.5 cm. If the overall heat transfer coefficient of the heat
exchanger is 640 W/m? - °C, determine the length of the heat exchanger re-
quired to achieve the desired heating.

SOLUTION Water is heated in a counter-flow double-pipe heat exchanger by
geothermal water. The required length of the heat exchanger is to be determined.
Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to the heat transfer to the cold fluid. 3 Changes
in the kinetic and potential energies of fluid streams are negligible. 4 There is
no fouling. 5 Fluid properties are constant.

Properties We take the specific heats of water and geothermal fluid to be 4.18
and 4.31 kJ/kg - °C, respectively.

Analysis The schematic of the heat exchanger is given in Figure 13-20. The
rate of heat transfer in the heat exchanger can be determined from

To)lwaer = (1.2 ke/s)(4.18 kI/kg - °C)(80 — 20)°C = 301 kW

Q = [mC(Tow —

Noting that all of this heat is supplied by the geothermal water, the outlet
temperature of the geothermal water is determined to be

. : 0

Q = [me(Tm - Tout)]geothermal — Tout = Tin - m_Cp
PR 301 kW
= 160°C — o s)@.31 Kikg -°C)
= 125°C

Knowing the inlet and outlet temperatures of both fluids, the logarithmic mean
temperature difference for this counter-flow heat exchanger becomes

ATI = Th, in Tc, out — (160 — 80)°C = 80°C
AT, = T, o — T, 1w = (125 — 20)°C = 105°C
and
A7 = AT — AT, _ 80— 105
m " In (AT,/AT,) In (80/105)

= 92.0°C

Then the surface area of the heat exchanger is determined to be

0 301,000 W

= = 5.11 m?
UAT,, (640 W/m? - °C)(92.0°C) >-11m

Q =UAAT,, — A, =




To provide this much heat transfer surface area, the length of the tube must be

A, 2
A=mDL —> L=—t=—>llm

oD el

Discussion The inner tube of this counter-flow heat exchanger (and thus the
heat exchanger itself) needs to be over 100 m long to achieve the desired heat
transfer, which is impractical. In cases like this, we need to use a plate heat
exchanger or a multipass shell-and-tube heat exchanger with multiple passes of
tube bundles.

EXAMPLE 13-5 Heating of Glycerin in a
Multipass Heat Exchanger

A 2-shell passes and 4-tube passes heat exchanger is used to heat glycerin from
20°C to 50°C by hot water, which enters the thin-walled 2-cm-diameter tubes
at 80°C and leaves at 40°C (Fig. 13-21). The total length of the tubes in the
heat exchanger is 60 m. The convection heat transfer coefficient is 25 W/m? -
°C on the glycerin (shell) side and 160 W/m? - °C on the water (tube) side. De-
termine the rate of heat transfer in the heat exchanger (a) before any fouling oc-
curs and (b) after fouling with a fouling factor of 0.0006 m? - °C/W occurs on
the outer surfaces of the tubes.

SOLUTION Glycerin is heated in a 2-shell passes and 4-tube passes heat
exchanger by hot water. The rate of heat transfer for the cases of fouling and no
fouling are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to heat transfer to the cold fluid. 3 Changes in the
kinetic and potential energies of fluid streams are negligible. 4 Heat transfer co-
efficients and fouling factors are constant and uniform. 5 The thermal resis-
tance of the inner tube is negligible since the tube is thin-walled and highly
conductive.

Analysis The tubes are said to be thin-walled, and thus it is reasonable to
assume the inner and outer surface areas of the tubes to be equal. Then the
heat transfer surface area becomes

A, = wDL = w(0.02 m)(60 m) = 3.77 m?
The rate of heat transfer in this heat exchanger can be determined from
Q = UAF ATlm, CF

where Fis the correction factor and AT, ¢ is the log mean temperature differ-
ence for the counter-flow arrangement. These two quantities are determined
from

AT, = Ty o — T ow = (80 — 50)°C = 30°C
AT, = T;, o — T..in = (40 — 20)°C = 20°C
AT, — AT, 30 -20

Alw,cr = [ AT/AT,) ~ GO0y~ 2+7°C
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and
_h=hL 40 —-80
P_Tl—t1_20—80_0'67 )
S F=0091 (Fig. 13-18b)
R=_ 2_20—50_0.75

L=t 40 —80

(a) In the case of no fouling, the overall heat transfer coefficient U is deter-
mined from

1 1
1 1
+
160 W/m?- °C = 25 W/m? - °C

U =21.6 W/m? - °C

== T=
n o h,
Then the rate of heat transfer becomes

0 = UA,F AT,, ¢ = (21.6 W/m? - °C)(3.77m2)(0.91)(24.7°C) = 1830 W

(b) When there is fouling on one of the surfaces, the overall heat transfer coef-
ficient U is

_ 1 _ 1
=T = I 1
1,1, R n + 0.0006 m? - °C/W
m ok, 160 W/m? - °C | 25 W/m? - °C m
=213 W/m? - °C

The rate of heat transfer in this case becomes
Q = UA,F ATy cr = (21.3 W/m? - °C)(3.77 m?)(0.91)(24.7°C) = 1805 W

Discussion Note that the rate of heat transfer decreases as a result of fouling,
as expected. The decrease is not dramatic, however, because of the relatively
low convection heat transfer coefficients involved.

EXAMPLE 13-6 Cooling of an Automotive Radiator

A test is conducted to determine the overall heat transfer coefficient in an au-
tomotive radiator that is a compact cross-flow water-to-air heat exchanger with
both fluids (air and water) unmixed (Fig. 13-22). The radiator has 40 tubes of
internal diameter 0.5 cm and length 65 cm in a closely spaced plate-finned
matrix. Hot water enters the tubes at 90°C at a rate of 0.6 kg/s and leaves at
65°C. Air flows across the radiator through the interfin spaces and is heated
from 20°C to 40°C. Determine the overall heat transfer coefficient U, of this ra-
diator based on the inner surface area of the tubes.

SOLUTION During an experiment involving an automotive radiator, the inlet
and exit temperatures of water and air and the mass flow rate of water are mea-
sured. The overall heat transfer coefficient based on the inner surface area is to
be determined.

Assumptions 1 Steady operating conditions exist. 2 Changes in the kinetic
and potential energies of fluid streams are negligible. 3 Fluid properties are
constant.




90°C

Air flow
(unmixed)
20°C

— 40°C

AN

Water flow
(unmixed)

Properties The specific heat of water at the average temperature of (90 + 65)/
2 =77.5°Cis 4.195 kJ/kg - °C.

Analysis The rate of heat transfer in this radiator from the hot water to the air
is determined from an energy balance on water flow,

0 = [mC, (T, — Tow)lyaer = (0.6 kg/s)(4.195 kl/kg - °C)(90 — 65)°C = 62.93 kW
The tube-side heat transfer area is the total surface area of the tubes, and is
determined from

A; = nwD; L = (40)m(0.005 m)(0.65 m) = 0.408 m>

Knowing the rate of heat transfer and the surface area, the overall heat transfer
coefficient can be determined from
0

Q = UiAiFATlm,CF Ui :m

where Fis the correction factor and AT, ¢ is the log mean temperature differ-
ence for the counter-flow arrangement. These two quantities are found to be
AT, =T}, 1 — T.. o = (90 — 40)°C = 50°C
AT, =T}, o — T..1n = (65 — 20)°C = 45°C
AT, — AT, 50— 45

Alw,cr = [T AT/AT,) — In (50/5) ~ 416°C
and
L= 65—90
P == =20-90 036
_ F =097 (Fig. 13-18¢)
T —T _
R = 1 220 40:0.80

L=t  65—90

Substituting, the overall heat transfer coefficient U; is determined to be

s O B 62,930 W
" AFAT, v (0.408 m?)(0.97)(47.6°C)

= 3341 W/m?- °C

Note that the overall heat transfer coefficient on the air side will be much lower
because of the large surface area involved on that side.

CHAPTER 13

FIGURE 13-22
Schematic for Example 13-6.
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13-5 = THE EFFECTIVENESS-NTU METHOD

The log mean temperature difference (LMTD) method discussed in Section
13-4 is easy to use in heat exchanger analysis when the inlet and the outlet
temperatures of the hot and cold fluids are known or can be determined from
an energy balance. Once AT, the mass flow rates, and the overall heat trans-
fer coefficient are available, the heat transfer surface area of the heat ex-
changer can be determined from

O = UA,AT,,

Therefore, the LMTD method is very suitable for determining the size
of a heat exchanger to realize prescribed outlet temperatures when the mass
flow rates and the inlet and outlet temperatures of the hot and cold fluids are
specified.

With the LMTD method, the task is to select a heat exchanger that will meet
the prescribed heat transfer requirements. The procedure to be followed by the
selection process is:

1. Select the type of heat exchanger suitable for the application.

2. Determine any unknown inlet or outlet temperature and the heat transfer
rate using an energy balance.

3. Calculate the log mean temperature difference AT}, and the correction
factor F, if necessary.

4. Obtain (select or calculate) the value of the overall heat transfer co-
efficient U.

5. Calculate the heat transfer surface area A;.

The task is completed by selecting a heat exchanger that has a heat transfer
surface area equal to or larger than A,.

A second kind of problem encountered in heat exchanger analysis is the de-
termination of the heat transfer rate and the outlet temperatures of the hot and
cold fluids for prescribed fluid mass flow rates and inlet temperatures when
the type and size of the heat exchanger are specified. The heat transfer surface
area A of the heat exchanger in this case is known, but the outlet temperatures
are not. Here the task is to determine the heat transfer performance of a spec-
ified heat exchanger or to determine if a heat exchanger available in storage
will do the job.

The LMTD method could still be used for this alternative problem, but the
procedure would require tedious iterations, and thus it is not practical. In an
attempt to eliminate the iterations from the solution of such problems, Kays
and London came up with a method in 1955 called the effectiveness—NTU
method, which greatly simplified heat exchanger analysis.

This method is based on a dimensionless parameter called the heat trans-
fer effectiveness &, defined as

0 Actual heat transfer rate

= = - - - 13-29
¢ Omax  Maximum possible heat transfer rate ( )

The actual heat transfer rate in a heat exchanger can be determined from an
energy balance on the hot or cold fluids and can be expressed as

Q = C{,(TL out Tc, in) = Ch(Th, in Th, out) (13-30)



where C. = m.C,. and C, = m.C,, are the heat capacity rates of the cold and
the hot fluids, respectively.

To determine the maximum possible heat transfer rate in a heat exchanger,
we first recognize that the maximum temperature difference in a heat ex-
changer is the difference between the inlet temperatures of the hot and cold
fluids. That is,

AT,

max

= T/I. in sz, in (13-31)

The heat transfer in a heat exchanger will reach its maximum value when
(1) the cold fluid is heated to the inlet temperature of the hot fluid or (2) the
hot fluid is cooled to the inlet temperature of the cold fluid. These two limit-
ing conditions will not be reached simultaneously unless the heat capacity
rates of the hot and cold fluids are identical (i.e., C. = C,). When C. # C,,
which is usually the case, the fluid with the smaller heat capacity rate will ex-
perience a larger temperature change, and thus it will be the first to experience
the maximum temperature, at which point the heat transfer will come to a halt.
Therefore, the maximum possible heat transfer rate in a heat exchanger is
(Fig. 13-23)

Qmax = Cmin(le, in T(-, in) (13-32)

= m,C,, and C, = m,C,. This is further

pc*

where C,;, is the smaller of C,
clarified by the following example.

: EXAMPLE 13-7 Upper Limit for Heat Transfer in a
n Heat Exchanger

: Cold water enters a counter-flow heat exchanger at 10°C at a rate of 8 kg/s,
m where it is heated by a hot water stream that enters the heat exchanger at 70°C
B at a rate of 2 kg/s. Assuming the specific heat of water to remain constant at
® C,=4.18 kl/kg - °C, determine the maximum heat transfer rate and the outlet
: temperatures of the cold and the hot water streams for this limiting case.

[ |
SOLUTION Cold and hot water streams enter a heat exchanger at specified

temperatures and flow rates. The maximum rate of heat transfer in the heat ex-
changer is to be determined.

Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
insulated so that heat loss to the surroundings is negligible and thus heat trans-
fer from the hot fluid is equal to heat transfer to the cold fluid. 3 Changes in the
kinetic and potential energies of fluid streams are negligible. 4 Heat transfer co-
efficients and fouling factors are constant and uniform. 5 The thermal resis-
tance of the inner tube is negligible since the tube is thin-walled and highly
conductive.

Properties  The specific heat of water is given to be C, = 4.18 kl/kg - °C.
Analysis A schematic of the heat exchanger is given in Figure 13-24. The heat
capacity rates of the hot and cold fluids are determined from

C, = m,Cy, = (2kg/s)(4.18 kl/kg - °C) = 8.36 kW/°C
and

C, = in.C,. = (8 kg/s)(4.18 KJ/kg - °C) = 33.4 kW/°C

CHAPTER 13

20°C Cold
25 kg/s y water
Hot q
oil |
—) O

130°C |
40 kg/s

C,=m,C,=1045KkW/°C
C,=,C,,=92kW/°C
Cprin = 92 kW/°C

AT, =Ty T, 5= 110°C

C,

Qmax = Cmin ATmax =10,120 kW
FIGURE 13-23

The determination of the maximum
rate of heat transfer in a heat

exchanger.
10°C Cold
8 kg/s water
Hot
water |
70°C |
2 kgls
FIGURE 13-24

Schematic for Example 13-7.
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c Cold
e Cpel fluid
Hot
fluid |
—) [0t

ny, Cph

0 =, C,, AT,
=1, C,, AT,

If mccpc =my, Con

then AT, = AT,

FIGURE 13-25

The temperature rise of the cold fluid
in a heat exchanger will be equal to
the temperature drop of the hot fluid
when the mass flow rates and the
specific heats of the hot and cold
fluids are identical.

Therefore
Coin = C, = 836 kW/°C

which is the smaller of the two heat capacity rates. Then the maximum heat
transfer rate is determined from Eq. 13-32 to be

Qmax = Cmin(Th, in Tc, in)
= (8.36 kW/°C)(70 — 10)°C
= 502 kW

That is, the maximum possible heat transfer rate in this heat exchanger is
502 kW. This value would be approached in a counter-flow heat exchanger with
a very large heat transfer surface area.

The maximum temperature difference in this heat exchanger is AT, =
Thin — T, in = (70 = 10)°C = 60°C. Therefore, the hot water cannot be cooled
by more than 60°C (to 10°C) in this heat exchanger, and the cold water cannot
be heated by more than 60°C (to 70°C), no matter what we do. The outlet tem-
peratures of the cold and the hot streams in this limiting case are determined
to be

- _ O . 502kW _ __
Q - Cc(Tc,oul Tc, in) ? Tc,out - Tc,in + Cc - 10 C + 334 kW/oC = 25°C
. _ o 502kW
Q - Ch(Th, in Th, out) ? Th out Th, in Ch - 70 C 838 leoC =10°C

Discussion Note that the hot water is cooled to the limit of 10°C (the inlet
temperature of the cold water stream), but the cold water is heated to 25°C only
when maximum heat transfer occurs in the heat exchanger. This is not surpris-
ing, since the mass flow rate of the hot water is only one-fourth that of the cold
water, and, as a result, the temperature of the cold water increases by 0.25°C
for each 1°C drop in the temperature of the hot water.

You may be tempted to think that the cold water should be heated to 70°C in
the limiting case of maximum heat transfer. But this will require the tempera-
ture of the hot water to drop to —170°C (below 10°C), which is impossible.
Therefore, heat transfer in a heat exchanger reaches its maximum value when
the fluid with the smaller heat capacity rate (or the smaller mass flow rate when
both fluids have the same specific heat value) experiences the maximum tem-
perature change. This example explains why we use C, in the evaluation of
Qs instead of C..y.

We can show that the hot water will leave at the inlet temperature of the cold
water and vice versa in the limiting case of maximum heat transfer when the mass
flow rates of the hot and cold water streams are identical (Fig. 13-25). We can
also show that the outlet temperature of the cold water will reach the 70°C limit
when the mass flow rate of the hot water is greater than that of the cold water.

The determination of Q,,,, requires the availability of the inlet temperature
of the hot and cold fluids and their mass flow rates, which are usually speci-
fied. Then, once the effectiveness of the heat exchanger is known, the actual
heat transfer rate O can be determined from

Q = 8Q.max = SCmin(Th, in Tc. in) (13-33)



Therefore, the effectiveness of a heat exchanger enables us to determine the
heat transfer rate without knowing the outlet temperatures of the fluids.

The effectiveness of a heat exchanger depends on the geometry of the heat
exchanger as well as the flow arrangement. Therefore, different types of heat
exchangers have different effectiveness relations. Below we illustrate the de-
velopment of the effectiveness € relation for the double-pipe parallel-flow
heat exchanger.

Equation 13-23 developed in Section 13-4 for a parallel-flow heat ex-
changer can be rearranged as

Th, out Tc, out UA; 1 n CC 13-34
f Th, in Tc, in a C. ( Ch) (13:34)
Also, solving Eq. 13-30 for 7}, ,,, gives
Th out — Th in — (Tc out Tc in) (13-35)
3 s Ch 5 s

Substituting this relation into Eq. 13-34 after adding and subtracting
T, ;, gives

C.
| Th, in Tc, in + Tc, in Tc, out Eh(Tc out Tv, in) B UAS . Cc
n Th, in Tc, in a CC ( Ch)
which simplifies to
|1 = (1 4+ Sy Loon = Tem) __UA /L G 13-36
1 ( Ch) Th, in Tc, in B Cc ( Ch) (13-38)

We now manipulate the definition of effectiveness to obtain

Q Cc(Tc, out Tc, in) Tc, out Tc, in Cmin
_ —¢

- Qmax B Cmin(Th, in Tc,in) Th, in Tc,in CC

€

Substituting this result into Eq. 13-36 and solving for ¢ gives the following
relation for the effectiveness of a parallel-flow heat exchanger:

UA, C,
1 —exp _T<1 +Eh)

8parallel flow — (1 N CL) Cmin (13-37)

c,) C

c

Taking either C. or C, to be C,;, (both approaches give the same result), the
relation above can be expressed more conveniently as

1 UAY 1+ Cmin
P Cmin ( Cmax)
sparallel flow — (13-38)

1+ min
Cmax

Again C,, is the smaller heat capacity ratio and C,,,, is the larger one, and it
makes no difference whether C,,;, belongs to the hot or cold fluid.

CHAPTER 13
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Effectiveness relations of the heat exchangers typically involve the dimen-
sionless group UA,/C.,;,- This quantity is called the number of transfer units
NTU and is expressed as

UA, UA,

NTU = ~— = —— (13-39)
Cmin (m Cp)min

where U is the overall heat transfer coefficient and A; is the heat transfer surface
area of the heat exchanger. Note that NTU is proportional to A,. Therefore, for
specified values of U and C,,;,, the value of NTU is a measure of the heat trans-
fer surface area A,. Thus, the larger the NTU, the larger the heat exchanger.

In heat exchanger analysis, it is also convenient to define another dimen-
sionless quantity called the capacity ratio ¢ as

o Cmin
c=c (13-40)

It can be shown that the effectiveness of a heat exchanger is a function of the
number of transfer units NTU and the capacity ratio c¢. That is,

e = function (UA,/C ,in, Ciin/Cimax) = function (NTU, ¢)
Effectiveness relations have been developed for a large number of heat ex-

changers, and the results are given in Table 13—4. The effectivenesses of some
common types of heat exchangers are also plotted in Figure 13-26. More

TABLE 13-4

Effectiveness relations for heat exchangers: NTU = UA,/C,,, and
€ = Coin/ Cnax = (MCp)iin/(MCp)ax (Kays and London, Ref. 5.)

Heat exchanger
type Effectiveness relation

1 Double pipe:
1 —exp[-NTU(1 + ¢)]

1+c¢
1 —exp [-NTU(1 — ¢)]
® T T - Ccexp [-NTU(I — 0)]

Parallel-flow e

Counter-flow

2 Shell and tube:
One-shell pass

2,4, ... tube s=2{1+c+\/1+02

passes

1 +exp [-NTUVT + (:2]}1

1 —exp [-NTUVT + c2]

3 Cross-flow
(single-pass)
Both fluids

0.22
unmixed e=1—exp {NT% [exp (—c NTUO-78) — 1]}
Cinax Mixed, 1
Crnin Unmixed e =51 —exp{l-cll —exp (=NTU)I})
Cinin Mixed, 1
Cinax UnMixed e=1—exp {_E[l —exp(—c NTU)]}
4 All heat
exchangers e =1 — exp(—=NTU)

withc =0
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(e) Cross-flow with both fluids unmixed
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FIGURE 13-26

Effectiveness for heat exchangers (from Kays and London, Ref. 5).
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Counter-flow

Cross-flow with
both fluids unmixed

0.5
Parallel-flow
(forc=1)
0 \ \ \ \
0 1 2 3 4 5
NTU = UA/C;,
FIGURE 13-27

For a specified NTU and capacity
ratio ¢, the counter-flow heat
exchanger has the highest
effectiveness and the parallel-flow the
lowest.

N—g=1-¢NTU

(Al heat exchangers
0.5+ with ¢ = 0)
0 \ \ \ \
0 1 2 3 4 5
NTU = UA/C ;.
FIGURE 13-28

The effectiveness relation reduces to
& = gnx = 1 — exp(—NTU) for all
heat exchangers when the capacity
ratio ¢ = 0.

extensive effectiveness charts and relations are available in the literature. The
dashed lines in Figure 13-26f are for the case of C,;, unmixed and C,,,, mixed
and the solid lines are for the opposite case. The analytic relations for the ef-
fectiveness give more accurate results than the charts, since reading errors in
charts are unavoidable, and the relations are very suitable for computerized
analysis of heat exchangers.

We make these following observations from the effectiveness relations and
charts already given:

1. The value of the effectiveness ranges from O to 1. It increases rapidly
with NTU for small values (up to about NTU = 1.5) but rather slowly
for larger values. Therefore, the use of a heat exchanger with a large
NTU (usually larger than 3) and thus a large size cannot be justified
economically, since a large increase in NTU in this case corresponds to
a small increase in effectiveness. Thus, a heat exchanger with a very
high effectiveness may be highly desirable from a heat transfer point of
view but rather undesirable from an economical point of view.

2. For a given NTU and capacity ratio ¢ = C,,;,/C,,.x the counter-flow
heat exchanger has the highest effectiveness, followed closely by the
cross-flow heat exchangers with both fluids unmixed. As you might
expect, the lowest effectiveness values are encountered in parallel-flow
heat exchangers (Fig. 13-27).

3. The effectiveness of a heat exchanger is independent of the capacity
ratio ¢ for NTU values of less than about 0.3.

4. The value of the capacity ratio ¢ ranges between 0 and 1. For a given
NTU, the effectiveness becomes a maximum for ¢ = 0 and a minimum
for ¢ = 1. The case ¢ = C,;,,/Cprax — 0 corresponds to C,,,, — %, which
is realized during a phase-change process in a condenser or boiler. All
effectiveness relations in this case reduce to

€ =¢&n = 1 — exp(—NTU) (13-41)

regardless of the type of heat exchanger (Fig. 13-28). Note that the
temperature of the condensing or boiling fluid remains constant in
this case. The effectiveness is the lowest in the other limiting case of
¢ = Cpin/Crax = 1, which is realized when the heat capacity rates of
the two fluids are equal.

Once the quantities ¢ = Cp,/Cpax and NTU = UA,/C,;, have been evalu-
ated, the effectiveness € can be determined from either the charts or (prefer-
ably) the effectiveness relation for the specified type of heat exchanger. Then
the rate of heat transfer Q and the outlet temperatures T}, o and T, can be
determined from Eqs. 13-33 and 13-30, respectively. Note that the analysis of
heat exchangers with unknown outlet temperatures is a straightforward matter
with the effectiveness—NTU method but requires rather tedious iterations with
the LMTD method.

We mentioned earlier that when all the inlet and outlet temperatures
are specified, the size of the heat exchanger can easily be determined
using the LMTD method. Alternatively, it can also be determined from the
effectiveness—NTU method by first evaluating the effectiveness e from its
definition (Eq. 13-29) and then the NTU from the appropriate NTU relation in
Table 13-5.



TABLE 13-5

NTU relations for heat exchangers NTU = UA,/C.i, and ¢ = Cin/Crax =
(MCy)min/(MC,)max (Kays and London, Ref. 5.)

Heat exchanger type NTU relation

1 Double-pipe: Il - e(l + ¢)]

Parallel-flow NTU = —
l+c¢
1 e—1
Counter-flow NTU = In
c—1 ec—1
2 Shell and tube: ) . de 1 oo VTS
One-shell pass NTU = — In
2,4, ... tube passes V1i+c2 \2,e—1-c+V1+c2
3 Cross-flow (single-pass) B
Crnax Mixed, NTU = —In [1 . In (lc ec)]
Ciin Unmixed
Cmin miXed, 3
Crnae UNMixed NTU = In[cIn (1(: g) + 11
4 A// heat exchangers NTU = —In(1 — &)
withc =0

Note that the relations in Table 13-5 are equivalent to those in Table 13—4.
Both sets of relations are given for convenience. The relations in Table 13-4
give the effectiveness directly when NTU is known, and the relations in
Table 13-5 give the NTU directly when the effectiveness € is known.

EXAMPLE 13-8 Using the Effectiveness—NTU Method

Repeat Example 13-4, which was solved with the LMTD method, using the
effectiveness—NTU method.

and the same assumptions are utilized.
Analysis In the effectiveness—NTU method, we first determine the heat capac-
ity rates of the hot and cold fluids and identify the smaller one:

C, = mC,, = (2kg/s)(4.31 kl/kg - °C) = 8.62 kW/°C

C.=m.C, = (1.2 kg/s)(4.18 kl/kg - °C) = 5.02 kW/°C
Therefore,

Cpin = C. = 5.02kW/°C
and
¢ = Cpin/Crax = 5.02/8.62 = 0.583
Then the maximum heat transfer rate is determined from Eq. 13-32 to be
Qmax = CoinTh,in = Te,in)
= (5.02 kW/°C)(160 — 20)°C

n
n

n

n

n

]

SOLUTION The schematic of the heat exchanger is redrawn in Figure 13-29,
= 702.8 kW
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Schematic for Example 13-8.
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That is, the maximum possible heat transfer rate in this heat exchanger is
702.8 kW. The actual rate of heat transfer in the heat exchanger is

0= [1C(Tou — Tin)lwaer = (1.2 kg/s)(4.18 kJ/kg - °C)(80 — 20)°C= 301.0 kW
Thus, the effectiveness of the heat exchanger is

_ 0 _301.0kW
0 T028kW

=0.428

Knowing the effectiveness, the NTU of this counter-flow heat exchanger can be
determined from Figure 13-26b or the appropriate relation from Table 13-5.
We choose the latter approach for greater accuracy:

NTU=Cilln<£_1) . ln< 0.428 — 1 >=O.651

ec— 1) 0583 —1 "|0.428 X 0.583 — 1

Then the heat transfer surface area becomes

4 NTU C,,  (0.651)(5020 W/°C)
Cunin S U 640W/m?-°C

s

NTU = =5.11 m?

To provide this much heat transfer surface area, the length of the tube must be

A 511 m?
mD ~ w(0.015 m)

A,j=mDL —> L= =108 m

Discussion Note that we obtained the same result with the effectiveness—NTU
method in a systematic and straightforward manner.

EXAMPLE 13-9 Cooling Hot 0il by Water in a Multipass
Heat Exchanger

Hot oil is to be cooled by water in a 1-shell-pass and 8-tube-passes heat
exchanger. The tubes are thin-walled and are made of copper with an internal
diameter of 1.4 cm. The length of each tube pass in the heat exchanger is 5 m,
and the overall heat transfer coefficient is 310 W/m? - °C. Water flows through
the tubes at a rate of 0.2 kg/s, and the oil through the shell at a rate of 0.3 kg/s.
The water and the oil enter at temperatures of 20°C and 150°C, respectively.
Determine the rate of heat transfer in the heat exchanger and the outlet tem-

150°¢ | 8131 ke/s peratures of the water and the oil.

Q L _. SOLUTION Hot oil is to be cooled by water in a heat exchanger. The mass flow
)) rates and the inlet temperatures are given. The rate of heat transfer and the out-

C let temperatures are to be determined.
D) Assumptions 1 Steady operating conditions exist. 2 The heat exchanger is well
(@ ) insulated so that heat loss to the surroundings is negligible and thus heat trans-
(( 20°C fer from the hot fluid is equal to the heat transfer to the cold fluid. 3 The thick-
v;;r ness of the tube is negligible since it is thin-walled. 4 Changes in the kinetic
% 0.2 ke/s and potential energies of fluid streams are negligible. 5 The overall heat trans-

fer coefficient is constant and uniform.
FIGURE 13-30 Analysis The schematic of the heat exchanger is given in Figure 13-30. The

Schematic for Example 13-9. outlet temperatures are not specified, and they cannot be determined from an




energy balance. The use of the LMTD method in this case will involve tedious
iterations, and thus the e-NTU method is indicated. The first step in the e-NTU
method is to determine the heat capacity rates of the hot and cold fluids and
identify the smaller one:

Cy = ,C,, = (0.3 kg/s)(2.13 kl/kg - °C) = 0.639 kW/°C
C. = m.C,. = (0.2 ke/s)(4.18 ki/kg - °C) = 0.836 kW/°C

Therefore,
Chin = C, = 0.639 kW/°C
and
_ Cmin _ 0.639 _
c= C 0836 0.764

Then the maximum heat transfer rate is determined from Eq. 13-32 to be
Qmax = Cmin(Th,in - Tc, in)
= (0.639 kW/°C)(150 — 20)°C = 83.1 kW

That is, the maximum possible heat transfer rate in this heat exchanger is 83.1
kW. The heat transfer surface area is

A, = n(wDL) = 8m(0.014 m)(5 m) = 1.76 m?
Then the NTU of this heat exchanger becomes

UA, (310 W/m? - °C)(1.76 m?)

NI = 639 W/°C

= 0.853

The effectiveness of this heat exchanger corresponding to ¢ = 0.764 and
NTU = 0.853 is determined from Figure 13-26¢ to be

e =047

We could also determine the effectiveness from the third relation in Table 13-4
more accurately but with more labor. Then the actual rate of heat transfer
becomes

0 = €0, = (0.47)(83.1 kW) = 39.1 kW

Finally, the outlet temperatures of the cold and the hot fluid streams are deter-
mined to be

Q = CC(TC, out Tc, in) — Tc, out — Tc, in + %
o 391kW .
= 20°C + Gs3e kwrc — 06-8°C
. _ 0
Q - Ch(Th, in Th, out) — Th, out — Th, in Eh
I R A A
= 150°C 07639 KW/°C 88.8°C

Therefore, the temperature of the cooling water will rise from 20°C to 66.8°C as
it cools the hot oil from 150°C to 88.8°C in this heat exchanger.

CHAPTER 13
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13-6 = SELECTION OF HEAT EXCHANGERS

Heat exchangers are complicated devices, and the results obtained with the
simplified approaches presented above should be used with care. For example,
we assumed that the overall heat transfer coefficient U is constant throughout
the heat exchanger and that the convection heat transfer coefficients can be
predicted using the convection correlations. However, it should be kept in
mind that the uncertainty in the predicted value of U can even exceed 30 per-
cent. Thus, it is natural to tend to overdesign the heat exchangers in order to
avoid unpleasant surprises.

Heat transfer enhancement in heat exchangers is usually accompanied by
increased pressure drop, and thus higher pumping power. Therefore, any gain
from the enhancement in heat transfer should be weighed against the cost of
the accompanying pressure drop. Also, some thought should be given to
which fluid should pass through the tube side and which through the shell
side. Usually, the more viscous fluid is more suitable for the shell side (larger
passage area and thus lower pressure drop) and the fluid with the higher pres-
sure for the tube side.

Engineers in industry often find themselves in a position to select heat
exchangers to accomplish certain heat transfer tasks. Usually, the goal is to
heat or cool a certain fluid at a known mass flow rate and temperature to a
desired temperature. Thus, the rate of heat transfer in the prospective heat
exchanger is

Qmax = me(Tm - Tout)

which gives the heat transfer requirement of the heat exchanger before having
any idea about the heat exchanger itself.

An engineer going through catalogs of heat exchanger manufacturers will
be overwhelmed by the type and number of readily available off-the-shelf heat
exchangers. The proper selection depends on several factors.

Heat Transfer Rate

This is the most important quantity in the selection of a heat exchanger. A heat
exchanger should be capable of transferring heat at the specified rate in order
to achieve the desired temperature change of the fluid at the specified mass
flow rate.

Cost

Budgetary limitations usually play an important role in the selection of heat
exchangers, except for some specialized cases where “money is no object.”
An off-the-shelf heat exchanger has a definite cost advantage over those made
to order. However, in some cases, none of the existing heat exchangers will
do, and it may be necessary to undertake the expensive and time-consuming
task of designing and manufacturing a heat exchanger from scratch to suit the
needs. This is often the case when the heat exchanger is an integral part of the
overall device to be manufactured.

The operation and maintenance costs of the heat exchanger are also impor-
tant considerations in assessing the overall cost.



Pumping Power

In a heat exchanger, both fluids are usually forced to flow by pumps or fans
that consume electrical power. The annual cost of electricity associated with
the operation of the pumps and fans can be determined from

Operating cost = (Pumping power, kW) X (Hours of operation, h)
X (Price of electricity, $/kWh)

where the pumping power is the total electrical power consumed by the
motors of the pumps and fans. For example, a heat exchanger that involves a
1-hp pump and a %—hp fan (1 hp = 0.746 kW) operating 8 h a day and 5 days
a week will consume 2017 kWh of electricity per year, which will cost $161.4
at an electricity cost of 8 cents/kWh.

Minimizing the pressure drop and the mass flow rate of the fluids will min-
imize the operating cost of the heat exchanger, but it will maximize the size of
the heat exchanger and thus the initial cost. As a rule of thumb, doubling the
mass flow rate will reduce the initial cost by half but will increase the pump-
ing power requirements by a factor of roughly eight.

Typically, fluid velocities encountered in heat exchangers range between 0.7
and 7 m/s for liquids and between 3 and 30 m/s for gases. Low veloci-
ties are helpful in avoiding erosion, tube vibrations, and noise as well as pres-
sure drop.

Size and Weight

Normally, the smaller and the lighter the heat exchanger, the better it is. This
is especially the case in the automotive and aerospace industries, where size
and weight requirements are most stringent. Also, a larger heat exchanger nor-
mally carries a higher price tag. The space available for the heat exchanger in
some cases limits the length of the tubes that can be used.

Type

The type of heat exchanger to be selected depends primarily on the type of
fluids involved, the size and weight limitations, and the presence of any phase-
change processes. For example, a heat exchanger is suitable to cool a liquid
by a gas if the surface area on the gas side is many times that on the liquid
side. On the other hand, a plate or shell-and-tube heat exchanger is very suit-
able for cooling a liquid by another liquid.

Materials
The materials used in the construction of the heat exchanger may be an im-
portant consideration in the selection of heat exchangers. For example, the
thermal and structural stress effects need not be considered at pressures below
15 atm or temperatures below 150°C. But these effects are major considera-
tions above 70 atm or 550°C and seriously limit the acceptable materials of
the heat exchanger.

A temperature difference of 50°C or more between the tubes and the shell
will probably pose differential thermal expansion problems and needs to be
considered. In the case of corrosive fluids, we may have to select expensive
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corrosion-resistant materials such as stainless steel or even titanium if we are
not willing to replace low-cost heat exchangers frequently.

Other Considerations

There are other considerations in the selection of heat exchangers that may
or may not be important, depending on the application. For example, being
leak-tight is an important consideration when foxic or expensive fluids are in-
volved. Ease of servicing, low maintenance cost, and safety and reliability are
some other important considerations in the selection process. Quietness is one
of the primary considerations in the selection of liquid-to-air heat exchangers
used in heating and air-conditioning applications.

EXAMPLE 13-10 Installing a Heat Exchanger to Save Energy
and Money

In a dairy plant, milk is pasteurized by hot water supplied by a natural gas fur-
nace. The hot water is then discharged to an open floor drain at 80°C at a rate
of 15 kg/min. The plant operates 24 h a day and 365 days a year. The furnace
has an efficiency of 80 percent, and the cost of the natural gas is $0.40 per
therm (1 therm = 105,500 kJ). The average temperature of the cold water en-
tering the furnace throughout the year is 15°C. The drained hot water cannot be
returned to the furnace and recirculated, because it is contaminated during the
process.

In order to save energy, installation of a water-to-water heat exchanger to pre-
heat the incoming cold water by the drained hot water is proposed. Assuming
that the heat exchanger will recover 75 percent of the available heat in the hot
water, determine the heat transfer rating of the heat exchanger that needs to be
purchased and suggest a suitable type. Also, determine the amount of money
this heat exchanger will save the company per year from natural gas savings.

SOLUTION A water-to-water heat exchanger is to be installed to transfer energy
from drained hot water to the incoming cold water to preheat it. The rate of heat
transfer in the heat exchanger and the amount of energy and money saved per
year are to be determined.

Assumptions 1 Steady operating conditions exist. 2 The effectiveness of the
heat exchanger remains constant.

Properties We use the specific heat of water at room temperature, C, = 4.18 kJ/
kg - °C (Table A-9), and treat it as a constant.

20°C Hot Analysis A schematic of the prospective heat exchanger is given in Figure
water 13-31. The heat recovery from the hot water will be a maximum when it leaves
| Cold the heat exchanger at the inlet temperature of the cold water. Therefore,
— I - . o
(( o [ «V;/gtoéé Qmax = mhcp(Th, in Tc, in)
ll = <£ kg/s>(4.18 kJ/kg - °C)(80 — 15)°C
FIGURE 13-31 = 67.9kl/s

Schematic for Example 13-10. That is, the existing hot water stream has the potential to supply heat at a rate

of 67.9 kl/s to the incoming cold water. This value would be approached in a
counter-flow heat exchanger with a very large heat transfer surface area. A heat
exchanger of reasonable size and cost can capture 75 percent of this heat




transfer potential. Thus, the heat transfer rating of the prospective heat ex-
changer must be

0 = &0, = (0.75)(67.9 kI/s) = 50.9 k)/s

That is, the heat exchanger should be able to deliver heat at a rate of 50.9 kJ/s
from the hot to the cold water. An ordinary plate or shell-and-tube heat exchanger
should be adequate for this purpose, since both sides of the heat exchanger in-
volve the same fluid at comparable flow rates and thus comparable heat transfer
coefficients. (Note that if we were heating air with hot water, we would have to
specify a heat exchanger that has a large surface area on the air side.)

The heat exchanger will operate 24 h a day and 365 days a year. Therefore,
the annual operating hours are

Operating hours = (24 h/day)(365 days/year) = 8760 h/year

Noting that this heat exchanger saves 50.9 kJ of energy per second, the energy
saved during an entire year will be

Energy saved = (Heat transfer rate)(Operation time)
= (50.9 kJ/s)(8760 h/year)(3600 s/h)
= 1.605 X 10° k]/year

The furnace is said to be 80 percent efficient. That is, for each 80 units of heat
supplied by the furnace, natural gas with an energy content of 100 units must
be supplied to the furnace. Therefore, the energy savings determined above re-
sult in fuel savings in the amount of

o d= Energy saved ~ 1.605 X 10° kJ/year / | therm
HELSAVEE ™ Furnace efficiency 0.80 (105,500 kJ)
= 19,020 therms/year

Noting that the price of natural gas is $0.40 per therm, the amount of money
saved becomes

Money saved = (Fuel saved) X (Price of fuel)
= (19,020 therms/year)($0.40/therm)
= $7607/ year
Therefore, the installation of the proposed heat exchanger will save the com-

pany $7607 a year, and the installation cost of the heat exchanger will proba-
bly be paid from the fuel savings in a short time.

CHAPTER 13

SUMMARY

Heat exchangers are devices that allow the exchange of heat
between two fluids without allowing them to mix with each
other. Heat exchangers are manufactured in a variety of
types, the simplest being the double-pipe heat exchanger. In a
parallel-flow type, both the hot and cold fluids enter the heat
exchanger at the same end and move in the same direction,
whereas in a counter-flow type, the hot and cold fluids enter
the heat exchanger at opposite ends and flow in opposite

directions. In compact heat exchangers, the two fluids move
perpendicular to each other, and such a flow configuration is
called cross-flow. Other common types of heat exchangers in
industrial applications are the plate and the shell-and-tube heat
exchangers.

Heat transfer in a heat exchanger usually involves convection
in each fluid and conduction through the wall separating the two
fluids. In the analysis of heat exchangers, it is convenient to



HEAT TRANSFER

work with an overall heat transfer coefficient U or a total ther-
mal resistance R, expressed as

1

_ 1 1 1 1
UA, ~ UA,

“UA, - R4t Rt

i4h

where the subscripts i and o stand for the inner and outer sur-
faces of the wall that separates the two fluids, respectively.
When the wall thickness of the tube is small and the thermal
conductivity of the tube material is high, the last relation sim-
plifies to

1,1
“nt

Q=

4

where U = U; = U,. The effects of fouling on both the inner
and the outer surfaces of the tubes of a heat exchanger can be
accounted for by

UA. UA _U,A,
1 R Wm®,/D) R
AT A T Tome TA Thoa

where A; = wD;Land A, = wD, L are the areas of the inner and
outer surfaces and R, ; and R, , are the fouling factors at those
surfaces.

In a well-insulated heat exchanger, the rate of heat transfer
from the hot fluid is equal to the rate of heat transfer to the cold
one. That is,

Q = mCCpC(Tc, out Tc, in) = CC(TC, out Tc, in)

and

Q = mhcph(Th, in Th, out) = Ch(Th, in Th, out)

where the subscripts ¢ and 4 stand for the cold and hot fluids,
respectively, and the product of the mass flow rate and the spe-
cific heat of a fluid mC, is called the heat capacity rate.

Of the two methods used in the analysis of heat exchangers,
the log mean temperature difference (or LMTD) method is

best suited for determining the size of a heat exchanger
when all the inlet and the outlet temperatures are known. The
effectiveness—NTU method is best suited to predict the outlet
temperatures of the hot and cold fluid streams in a specified
heat exchanger. In the LMTD method, the rate of heat transfer
is determined from

0 = UA, AT,
where
ATl - ATz
ATlm =
In (AT,/AT,)

is the log mean temperature difference, which is the suitable
form of the average temperature difference for use in the analy-
sis of heat exchangers. Here AT, and AT, represent the temper-
ature differences between the two fluids at the two ends (inlet
and outlet) of the heat exchanger. For cross-flow and multipass
shell-and-tube heat exchangers, the logarithmic mean temper-
ature difference is related to the counter-flow one ATy, r as

AT]m =F ATlm, CF

where F is the correction factor, which depends on the geome-
try of the heat exchanger and the inlet and outlet temperatures
of the hot and cold fluid streams.

The effectiveness of a heat exchanger is defined as

_ 0 _ Actual heat transfer rate
Omax  Maximum possible heat transfer rate

&

where
Qmax = Cmin(Th, in Tc, in)

and C,, is the smaller of C, = m,C,;, and C. = m,C,,.. The ef-
fectiveness of heat exchangers can be determined from effec-
tiveness relations or charts.

The selection or design of a heat exchanger depends on
several factors such as the heat transfer rate, cost, pressure
drop, size, weight, construction type, materials, and operating
environment.
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