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Preface

Purpose of the Book

In industry, complicated problems are often not solved by hand for two rea-
sons: human error and time constraints. There are many different simulation
programs used in industry, depending on field, application, and desired
simulation products. When software is used to its full capabilities, it is a very
powerful tool for a chemical engineer in a variety of fields, including oil and
gas production, refining, chemical and petrochemical processes, environ-
mental studies, and power generation. Although most of the software pack-
ages are user friendly, considerable effort must be expended to master these
softwares.

Software packages, such as PRO/II, Hysys/Unisim, Aspen Plus, and
Design Pro, have been developed to perform rigorous solutions of most unit
operations in chemical engineering. However, as a design engineer, one
always needs to know the fundamental theory and methods of calculation to
enable one to make decisions about the validity of these black box packages
to verify the results. Most software packages are interactive process simula-
tion programs. They are user-friendly and powerful programs that can be
used to solve various kinds of chemical engineering processes. However,
various conditions and choices have to be provided in order to solve a prob-
lem; good knowledge about the process is needed to be used effectively. The
objective of this book is to introduce chemical engineering students to the
most commonly used simulation softwares and the theory in order to cover
core chemical engineering courses. The book is very useful in covering the
application parts in various core chemical engineering courses such as
chemical engineering thermodynamics, fluid mechanics, material and
energy balances, mass transfer operations, reactor design, computer applica-
tions in chemical engineering, and also in graduation projects and in indus-
trial applications.

Each chapter in Computer Methods in Chemical Engineering contains a
theoretical description of process units followed by numerous examples
solved by hand calculations and simulation with the four software pack-
ages, Hysys/Unisim, PRO/II, Aspen Plus, and SuperPro Designer, through
step-by-step instructions. The book is perfect for students and professionals
and gives them the tools to solve real problems involving mainly thermody-
namics and fluid phase equilibria, fluid flow, material and energy balances,
heat exchangers, reactor design, distillation, absorption, and liquid-liquid
extraction.

xi
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Course Objective

Students should be able to:

1. Obtain a feel for what chemical engineers do.

2. Find out the functions of the basic chemical engineering unit
operations.

3. Learn the theoretical background of the main unit operations that
face chemical engineers.

4. Become skilled at how to simulate the basic chemical processes using
software packages such as PRO/II, Hysys, Unisim, Aspen Plus, and
SuperPro Designer.

5. Gain knowledge of how to size chemical process units manually and
with software packages.

6. Fit experimental data, solve linear and non linear algebraic equa-
tions, and solve ordinary differential equations using the Polymath
software package.

Course Intended Outcomes

Relation of the covered subjects to the program outcomes (Accreditation
Board for Engineering and Technology [ABET] criteria).
By completing the subjects covered in this book, one should be able to:

1. Know the features of PRO/II, Hysys, Unisim, Aspen Plus, and
SuperPro Designer software packages (k).

2. Verity hand calculations with available software packages used to
simulate pipes, pumps, compressors, heaters, air coolers, and shell
and tube heat exchangers (c, e, k).

3. Design and simulate multi-component distillation columns using
rigorous and shortcut distillation methods (c, e, k).

4. Calculate reactor sizing and compare hand calculations with simu-
lated results for conversion, equilibrium, plug flow reactors and con-
tinuous stirred tank reactors (c, e, k).

5. Know how to design gas absorbers used to remove unwanted
gases from certain gas streams, manually and with available soft-
ware (¢, e, k).
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6. Be trained in how to use and design liquid-liquid extraction
columns (c, e, k).

7. Connect different unit operations in a process flow diagram (k).

8. Familiarize yourself with tray sizing utility for distillation columns
and absorbers (c, e, k).

9. Work in teams, including a beginning ability to work in multi-
disciplinary teams (d).
10. Communicate effectively through presentations and class participa-
tion (g).

MATLAB® is a registered trademark of The MathWorks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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1

Thermodynamics and Fluid-Phase Equilibria

At the end of this chapter you should be able to

. Estimate the vapor pressure of pure components.

. Determine boiling point and dew point of a mixture.

. Calculate relative volatility.

. Estimate the molar volume using equation of state (EOS).

. Plot the effect of temperature on density.

N Ul = W N -

. Use Hysys, Aspen, PRO/II, and SuperPro softwares to estimate
physical properties.

1.1 Introduction

Phase-equilibrium thermodynamics deals with the relationships that govern
the distribution of a substance between gas and liquid phases. When a spe-
cies is transferred from one phase to another, the rate of transfer generally
decreases with time until the second phase is saturated with the species,
holding as much as it can hold at the prevailing process conditions. When
concentrations of all species in each phase cease to change, the phases are
said to be at phase equilibrium. When two phases are brought into contact, a
redistribution of the components of each phase occurs through evaporation,
condensation, dissolution, and/or precipitation until a state of equilibrium is
reached in which the temperatures and pressures of both phases are the
same, and the compositions of each phase no longer change with time. The
volatility of a species is the degree to which the species tends to be trans-
ferred from the liquid phase to the vapor phase. The vapor pressure of a
species is a measure of its volatility. Estimation of vapor pressure can be car-
ried out by empirical correlation.

When a liquid is heated slowly at constant pressure, the temperature at
which the first vapor bubble forms is called the bubble-point temperature.
When the vapor is cooled slowly at constant pressure, the temperature at
which the first liquid droplet forms is the dew point temperature.
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1.2 Boiling Point Calculations

When heating a liquid consists of two or more components, the bubble point
is the point where the first bubble of vapor is formed. Given that vapor will
probably have a different composition in the liquid, the bubble point and the
dew point at different compositions which provide useful data when design-
ing distillation systems. For single-component mixtures the bubble point
and the dew point are the same and are referred to as the boiling point. At
the bubble point, the following relationship holds:

n
1=

2%52mmﬂ0 1.1)

where
K =7 (12)

K is the distribution coefficient or K factor, defined as the ratio of mole frac-
tion in the vapor phase y; to the mole fraction in the liquid phase x; at equi-
librium. When Raoult’s law and Dalton’s law hold for the mixture, the K
factor is defined as the ratio of the vapor pressure to the total pressure of the
system [2]:

Pv,i
p

K; = (1.3)

1.3 Dew Point Calculation

The dew point is the temperature at which a given parcel of air must be
cooled, at constant barometric pressure, for water vapor to condense into
water. The condensed water is called dew. Dew point is a saturation point.
The basic equation for the dew point is as follows:

n n yl
I N 14
212k )
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1.4 Vapor Pressure Correlations

One of the most successful correlations is called Antoine equation, which
uses three coefficients, A, B, and C, which depend on the substance being
analyzed. Antoine equation is as follows:

B
T+C

log(P,) = A - (1.5)

If Raoult’s law and Dalton’s law hold, values of K; can be calculated from
the vapor pressure (P,) and the total pressure (P) of the system

K; = (1.6)

< |

1.5 Relative Volatility

The K factors are strongly temperature dependent because of the change in
vapor pressure, but the relative volatility of K for two components change
only moderately with temperature. The ratio of K factors is the same as the
relative volatility (o) of the components

yi/xi K;
Qj =~ — = —— 1.7
"oyl K (.7
when Raoult’s law applies,
o Pv,i 1 8
oy (18)

Example 1.1: Bubble Point

Find the bubble-point temperature for a mixture of 35 mol% n-hexane, 30%
n-heptane, 25% n-octane, and 10% n-nonane at 1.5 atm total pressure.

SOLUTION

HAND CALCULATION

Assume the temperature, calculate the vapor pressure using Antoine equation,
and then calculate the summation of y; if the summation is 1, then temperature is
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TABLE 1.1

Bubble-Point Calculation Assumed at T = 110°C

Component x; P, (110°C), atm  K;=P,1.5 y;=Kx;
n-Hexane 0.35 3.11 2.074 0.726
n-Heptane 0.30 1.385 0.923 0.277
n-Octane 0.25 0.623 0.417 0.104
n-Nonane 0.10 0.292 0.1945 0.020

SKx,=1.127

the boiling point temperature, and if not, consider other temperatures (Tables 1.1
and 1.2).

At 110°C the summation of Y¥Kx,=1.127 and at T=100°C XKyx;=0.862; by
interpolation at XKx; = 1.0, the bubble point is 105.2°C.

Hysys CALCULATIONS

In a new case in Hysys, add all components involved in the mixture, select Antoine
as the fluid package, and then enter the simulation environment. Click on stream
in the object pallet, then click on any place in the PFD, double click on the stream
and enter molar compositions of each component. In the conditions page set the
vapor/phase fraction =0; the calculated temperature (which is the boiling point
temperature at the given pressure 1.5 atm) is 105.5°C as shown in Figure 1.1.

PRO/1l CALCULATION

To open Provision, go to the Start menu, click on All Programs, Simsci, and then PROII.
A screen will appear, click OK at the bottom to continue. Next, click on File and then
New. This will bring you to the basic simulation environment from which you have to
begin each time you use Provision. It is called the PFD screen. Enter the components
that you will be using and your EOS. First click on the Component Selection button
on the top toolbar (Benzene ring icon). From the popup menu you can either type
in the names of your desired components or you can select them from a list already
inside Provision. After you select all species click OK, then OK to return to the PFD.
Next click on the Thermodynamics Data button, select Peng—Robinson EOS, add
all components involved in the mixture. Click on Streams in the object pallet, then
click anywhere in the PFD. Double click the stream S1 and specify the pressure as
1.5 atm (Figure 1.2). For the second specification select “Bubble Point.” Using the
Peng—Robinson EOS, the calculated bubble point is 106.67°C (Figure 1.3).

TABLE 1.2
Bubble-Point Calculation at Assumed T = 100°C

Component X; P, (100°C), atm  K;=P,/1.5 y;=Kx;
n-Hexane 0.35 242 1.61 0.565
n-Heptane 0.30 1.036 0.69 0.207
n-Octane 0.25 0.454 0.303 0.076
n-Nonane 0.10 0.205 0.137 0.0137

YKx, =0.862
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| | Stream Mame |
—wﬂ!?th’ Wapour / Phase Fraction
Conditions Temperature [C]
i e Pressue [kPa]
Composition Molar Flow [kamole/h]
K Value Mass Flow [ka/h]
UserVoiaies | [SideaLiVolFlow nh
Notes Molar Enthalpy [l /kgmole]
Cost P Molar Entropy [k /kgmole-C]
Heat Flow [ki/h]
Liq Vol Flow @5td Cond [m3/h]
Fluid Package
£ Ilut 2|

Worksheet | Attachments | Dynamics |
... x|

[ Delte | [ Define from Other Stiean... J €«

FIGURE 1.1
Bubble-point temperature (105.5°C).

PRO/II - Stream Data

Help Tag Overview  Status  Notes

Stieam: Desciiptior: |

To Unit: [Product Stream)

Flowrate and C ition....

Petroleurn Assay

Referenced to Steam
Solids Only Stream Stream Solids Data.. |

Stream Polpmer Data... |

- Thermal Condition
First Specification:
|F‘ressure | v ] | 1.5000] atm
Second Specification:

Bubble Point |

Thermodynamic System:

Select the ihe:m_tlﬁnambé syshem- — —

FIGURE 1.2
Stream specifications at bubble-point conditions.
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] Nayefibubble.out

NAHE
PHASE LIQUID
THERMO 1D PRO1
FLUID RATES, LB-MOL/HR
1 N-HEXANE 0.3500
2 HEPTANE 9.3600
3 OCTANE 9.2508
4  HONANE 0.1808
TOTAL RATE, LB-HOL/HR 1.0000
TEMPERATURE, C 186.7619 ) bubble point temperature
PRESSURE, ATH 1.5000
ENTHALPY, MM BTU/HR 8.0189
MOLECULAR WEIGHT 101.6067
MOLE FRAC UAPOR 0.0600
MOLE FRAC LIQUID 1.6060
FIGURE 1.3

Bubble-point calculation using PRO/II.

AsPEN CALCULATIONS

The easy way to estimate the bubble-point temperature with Aspen is to build
a simple mixing process with feed stream S1 and exit stream S2. The property
estimation method is Peng—Robinson. Double click on S1 and fill in pressure and
composition. Since the bubble-point temperature is to be determined, the vapor-
to-phase ratio is set to 0. The system is ready to run. The bubble-point temperature
is 379.9 (106.7°C) (Figure 1.4).

SuPERPRO CALCULATIONS

In SuperPro the feed pressure and temperature should be defined and there is no
option of setting the feed at its boiling or dew point unless the value is provided in
the form of temperature or pressure.

Example 1.2: Dew Point Calculation

Find the dew-point temperature for a mixture of 35 mol% n-hexane, 30%
n-heptane, 25% n-octane, and 10% n-nonane at 1.5 atm total pressure.

SOLUTION

HAND CALCULATIONS

Assume the temperature, calculate the vapor pressure using Antoine equation,
and then calculate summation of x; if the summation is 1, then temperature is the
dew-point temperature, and if not, consider other temperatures. To make use of
the previous assumed temperature, assume T = 110°C (Table 1.3).

The assumed temperature should be increased, and hence assume T=130°C
(Table 1.4).

By interpolation, the dew point is 127.27°C.
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:

Bl
Example 1.1
Stream ID S1 S2
Temperature | K @ 379.9
Pressure atm 1.50 1.50
Vapor frac 0.000 0.000
Mole flow kmol/h 1.000 1.000
Mass flow kg/h 101.607 101.607
Volume flow 1/min 2.770 2.770
Enthalpy MMBtu/h —-0.196 —-0.196
Mole flow kmol/h
N-HEP-01 0.300 0.300
N-HEX-01 0.350 0.350
N-OCT-01 0.250 0.250
N-NON-01 0.100 0.100
FIGURE 1.4
Bubble point of the hydrocarbon mixture calculated with Aspen.
TABLE 1.3
Dew-Point Calculation at Assumed T = 110°C
Component Y; P,(110°C), atm K;=P,/1.5 x;=y,/K;
n-Hexane 0.35 3.11 2.074 0.169
n-Heptane 0.30 1.385 0.923 0.325
n-Octane 0.25 0.623 0.417 0.600
n-Nonane 0.10 0.292 0.1945 0.514
2y,;/K;=1.608
TABLE 1.4

Dew-Point Calculation at Assumed T = 130°C

Component v; P,(130°C), atm K;,=P,/1.5 x;=ydK;
n-Hexane 0.35 4.94 3.29 0.106
n-Heptane 0.30 2.329 1.553 0.193
n-Octane 0.25 1.12 0.747 0.335
n-Nonane 0.10 0.556 0.371 0.27

Sy./K,=0.94
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Hysys CALCULATION

The dew-point temperature can be determined by setting the vapor/phase frac-
tion = 1; the calculated temperature is the dew-point temperature (T, = 126.3°C)
(Figure 1.5).

PRO/1l CALCULATION

In a new case in Pro/Il, add all components involved, for the fluid package select
the Peng—Robinson EOS, click on stream in the object pallet, and then click and
drag in the PFD area. Double click on the stream and specify pressure as 1.5 atm,
as a second specification, select Dew Point from the pull-down menu (Figure 1.6).
Double click on flow rate and specify the molar composition of all streams. For
total flow rate you can enter any value, for example, 1 kgmol/h (Figure 1.7).

AsPEN CALCULATION

The property estimation method is Peng—Robinson. Double click on S1 and fill in
pressure and composition. Since the dew-point temperature is to be determined,
the vapor-to-phase ratio is set to 1. The system is ready to run. The bubble-point
temperature is 399 K (127°C) (Figure 1.8).

Example 1.3: Vapor Pressure of Gas Mixture

Find the vapor pressure of the pure components and the mixture of 35 mol%
n-hexane, 30% n-heptane, 25% n-octane, and 10% n-nonane at 130°C.

| |Stream Name
—“[‘E!.Stﬂleﬂ—: Wapour / Phase Fraction
Conditions Temperature [C]
Fiopaties Pressue [kPa]
Composition Molar Flow [kgmole/h]
KValue Mass Flow [kash]
UserVariables | |Std Ideal Liq Vol Flow [m3/h] |
Notes Molar Enthalpy [k)/kamole] |
- Cost P. Molar Entropy [k)/kgmole-C]
Heat Flow [kJ/h]
Liq Vol Flow @Std Cond [ma/h]
Fluid Package
v >

= -
Worksheet | Attachments | Dynamics |

[ Delte | [ Define from Other Stieann... J « 9

FIGURE 1.5
Dew-point temperature (126.3°C) calculated with Hysys.
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PRO/II - Stream Data

0 Hange  Help Tag Overview  Status  Notes
Stieam: Desciption: |
To Unit: [Product Stream)
P ahclonAem Flowrate and Compaosition...
Referenced to Stream
Solids Only Stream Stieam Solids Data... |
Stream Polpmer Data... |
[~ Thermal Condition
First Specification:
|F‘ressure | v| | 1.5000| atm
Second Specification:
|Dew Point ) I v |
|
Themodynamic System: IDetesmined From Connectivity ] v |
Cancel |
[Esit the window after saving all data
FIGURE 1.6
Dew-point selection as a second specification.
SOLUTION

HAND CALCULATION
Using Antoine equation, for n-hexane,

B 1168.72
log(P,,mmHg) = A= ——— = 6.87 - ———————— = 3722 mmHg (496.2kPa)
(T +C) (130 + 224.27)
HANE
PHASE UAPOR
THERMO 1D PRO1
FLUID RATES, LB-HOL/HR
1 N-HEXANE 0.3500
2 HEPTANE 0.3000
3 OCTANE 0.2500
4  NONANE 0.1000
TOTAL RATE, LB-MOL/HR 1.0000
TEMPERATURE, C Dew point temprature
PRESSURE, ATH 1.5000
ENTHALPY, MM BTU/HR 0.8263
MOLECULAR WEIGHT 101.6067
MOLE FRAC UAPOR 1.0008
MOLE FRAC LIQUID 000800

FIGURE 1.7
Dew-point temperature using PRO/IIL.
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:

Bl

Example 1.2

Stream ID S1 S2
Temperature K @ 399.9
Pressure atm 1.50 1.50
Vapor frac 1.000 1.000
Mole flow kmol/h 1.000 1.000
Mass flow kg/h 101.607 101.607
Volume flow 1/min 343.042 343.042
Enthalpy MMBtu/h —-0.162 —-0.162
Mole flow kmol/h

N-HEP-01 0.300 0.300

N-HEX-01 0.350 0.350

N-OCT-01 0.250 0.250

N-NON-01 0.100 0.100

FIGURE 1.8
Dew-point temperature (126°C) calculated with Aspen.

Hysys CALCULATIONS

1. Create the stream with the composition required; select Antoine equation
for the fluid package.

2. Set the vapor fraction to 0 and the temperature to the desired temperature
where you want to find out the vapor pressure. Then HYSYS will calcu-
late the pressure; the calculated pressure is the vapor pressure (or more
precisely the bubble-point pressure = the vapor pressure) at the specified
temperature—similarly, if you want to calculate the dew point, set the
vapor fraction to 1. The result depends on many parameters, for example,
selection of EOS, components in a mixture. Using Antoine equation, the
vapor pressure of pure n-hexane at 130°C is 500.2 kPa (Figure 1.9), and
the vapor pressure of pure n-heptane, n-octane, and n-nonane is 236 kPa,
113.4 kPa, and 56.33 kPa, respectively. The vapor pressure using Peng—
Robinson EOS at 130 is 496 kPa, the same as that obtained by Antoine
equation (Figure 1.10). For the gas mixture at 130°C, the vapor pressure is
280 kPa (Figure 1.11).

PRO/1I CALCULATION

The vapor pressure of pure n-hexane using PRO/II is estimated by specifying
the temperature at which vapor pressure is to be calculated (in this case 130°C),
and the second specification is the bubble point as shown in Figure 1.12. The
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FIGURE 1.9

| |Stream Name
e oekeneet . |Vapour / Phase Fracton
= == Temperature [C]
Propeties Pressure [kPa]
Compasition Molar Flow [kamole/h]
K Value Mass Flow [ka/h]
UserVariables | |Std Ideal Liq Vol Flow [m3/h]
Notes Molar Enthalpy [kJ/kgmole]
~ Cost P. Malar Entropy [kJ /kgmale-C]
Heat Flow [kJ/h]

Lig Yol Flow @Std Cond [m37h]

Fluid Package

£ |l l

=
Worksheet | Attachments | Dynamics |

(

Delete |

(

Define from Other Stream...

J

Vapor pressure of pure n-hexane using Antoine equation.

| |Stream Name 1
e PhaseFracien 0.0000
= Temperature [C] 130.0

Pressure [kPa] 436.0

100.0

8618

- UserVariables | Std Ideal Liq Vol Flow [m3/h] 1300
Notes Molar Enthalpy [kJ/kgmole] 1.762e+005

~ Cost P. Malar Entropy [kJ /kgmale-C] 136.8
Heat Flow [ki/h] -1.762e+007

Liq Vol Flow @5td Cond [m3/h] 1293 |

Fluid Package

3 [

Basis-1 |

=
Worksheet | Attachments | Dynamics |

(

Do) |

Define from Other Stream...

J

FIGURE 1.10

Vapor pressure of pure n-hexane using Peng—Robinson.

11
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| | Stream Name
—wﬂ!?th' Vapour / Phase Fraction
Conditions Temperature [C]
P'mm'_”_‘ Pressure [kPa]
Composition Molar Flow [kamole/h]
K Value Mass Flow [kath]
- UserVariables | Std Ideal Liq Vol Flow [m3/h]
Notes Molar Enthalpy [kJ/kgmole]
~ Cost P. Malar Entropy [kJ /kgmale-C]
Heat Flow [kJ/h]
Liq Vol Flow @5td Cond [m3/h]
Fluid Package
5[l § 2|

=
Worksheet | Attachments | Dynamics |

-
[ Delte | [ Define from Other Stieann... J €«

FIGURE 1.11
Vapor pressure of mixture at 130°C.

PRO/II - Stream Data

UoM R 2 Help Tag Overview Crahise Nates
Stream: Desciption: |
Ta Unit: [Product Stream)
 Stream Type
; | Flowrate and Composition. . I
Referenced to Stream
Solids Only Stream Stream Solids Data... |
Stream Polpmer Data... |
 Thermal Condition
First 5pecification:
[ Temperature [v || 13000] ©
| Second Specification:
vl
Thermodynamic System: IDetesmined From Connectivity M
oK Cancel |
Select second specification
FIGURE 1.12

Vapor pressure calculations at a specified temperature.
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FLUID RATES, LB-MOL/HR

PRESSURE, KPA

1  N-HEXANE 1.0080
2 HEPTANE 0.0800
3 OCTANE 0.0000
4 HNONANE 0.0000
TOTAL RATE, LB-MOL/HR 1.0000
TEMPERATURE, C D.0006

497.08661| Vapor pressure

ENTHALPY, MM BTU/HR 8.0118
MHOLECULAR WEIGHT 86.1771
MOLE FRAC UAPOR 0.0000
MOLE FRAC LIQUID 1.0080

FIGURE 1.13
Vapor pressure of pure n-hexane at 130°C using PRO/IL

determined vapor pressure of pure n-hexane is 497 kPa and the mixture vapor
pressure is 268 as shown in Figures 1.13 and 1.14, respectively.

ASPEN CALCULATIONS

To calculate the vapor pressure of pure n-hexane at 130°C, set the vapor fraction
to 0. The vapor pressure of pure n-hexane is 4.91 atm (Figure 1.15).

To calculate the vapor pressure of gas mixture at 130°C, set the vapor fraction to
0. The vapor pressure is 2.64 atm (Figure 1.16).

SuPERPRO CALCULATIONS

The vapor pressure of pure n-hexane is determined from the pure component
property window in SuperPro. To calculate the vapor pressure of a pure gas mix-
ture at 130°C, the following equation is extracted from the SuperPro physical
property menu, at T=130°C (303 K), the vapor pressure of pure n-hexane is cal-
culated from the following equation at 130°C:

Log P (mmHg) = 6.88-1171.17/ (T-48.8)

P =3745.23 mmHg (4.93 atm)

The result is close to that obtained from Hysys and Aspen Plus.

FLUID RATES, LB-MOL/HR

1 N-HEXANE 08.3500
2 HEPTANE 98.3000
3 DOCTANE 0.2500
4  HNONANE 8.10088

TOTAL RATE, LB-MOL/HR 1.0000

TEMPERATURE, C
PRESSURE, KPA

130.0000 Mixture
267 .9275] yapor pressure

ENTHALPY, MM BTU/HR 0.0136
MOLECULAR WEIGHT 101.6067
MOLE FRAC UAPOR 0.0000

FIGURE 1.14
Mixture vapor pressure at 130°C.
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Example 1.3

Stream ID S1 S2
Temperature K 403.1 403.1
Pressure atm @ 4.91
Vapor frac 0.000 <0.001
Mole flow kmol/h 1.000 1.000
Mass flow kg/h 86.177 86.177
Volume flow 1/min 2.587 2.589
Enthalpy MMBtu/h -0.167 -0.167
Mole flow kmol/h

N-HEP-01

N-HEX-01 1.000 1.000

N-OCT-01

N-NON-01

FIGURE 1.15
Vapor pressure of pure component generated with Aspen.

1.6 Equations of State

An expression is required for gases that relate specific volume to tempera-
ture and pressure.

An EOS relates molar quantity and volume of a gas to temperature and
pressure. EOS is used to predict p, V, nn, and T for real gases, pure components,
or mixtures. The simplest example of an EOS is the ideal gas law [3]. EOS is
formulated by collecting experimental data and calculating the coefficients in
a proposed equation by statistical fitting. Numerous EOSs have been proposed
in the literature, the equations involving two or more coefficients. Cubic EOSs
such as Redlich-Kwong, Soave—Redlich-Kwong, and Peng—Robinson can have
an accuracy of 1-2% over a large range of conditions of many compounds.

In solving for 1 or V, one must solve a cubic equation that might have more
than one real root. For example, Peng-Robinson EOS can easily be solved for
pif Vand T are given [4].

RT _ a
V-b VIV +b)+bV -0b)

p= 19
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2
Example 1.3
Stream ID S1 S2
Temperature K 403.1 403.1
Pressure atm @ 2.64
Vapor frac 0.000 <0.001
Mole flow kmol/h 1.000 1.000
Mass flow kg/h 101.607 101.607
Volume flow 1/min 2.886 2.895
Enthalpy MMBtu/h -0.190 -0.190
Mole flow kmol/h
N-HEP-01 0.300 0.300
N-HEX-01 0.350 0.350
N-OCT-01 0.250 0.250
N-NON-01 0.100 0.100

FIGURE 1.16
Vapor pressure of gas mixture.

The constants a, b are determined as follows:

[1 +m(l - Tj“)]

22
a= 0.45724( RT)
pe )
b= 0.07780(&\
Pe
m = 0.37464 + 1.54226m — 0.26992w>
_T
T TC

15

(1.10)

(111)

(1.12)
(1.13)

o = acentric factor, where T, and p, are critical temperature and critical pres-

sure, respectively. V is the specific volume.

Example 1.4: Specific Molar Volume of N-Hexane

Estimate the specific molar volume of n-hexane at 1 atm and 25°C.
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SOLUTION

HAND CALCULATION, POLYMATH

The equations can be easily solved using the polymath program as shown in Figure
1.17 (for more details on Polymath software, see Appendix A).

Hysys SIMULATION

The molar volume of pure n-hexane at 1 atm and 25°C is calculated using Hysys
and Peng—Robinson EOS. The result is shown in Figure 1.18.

PRO/1l SIMULATION

Set the stream conditions with pure n-hexane. Physical properties were deter-
mined with Peng—Robinson. The specific molar volume is the inverse of the molar
density (mass density divided by molecular weight of n-hexane) is found from the
generated text report as shown in Figure 1.19.

ASPEN CALCULATIONS

Using Aspen plus the result is shown in Figure 1.20, which is almost the same as
that obtained by PRO/II.

SuPERPRO CALCULATION

Using the SuperPro designer, select pure component and then select n-hexane.
At T=25°C and pressure =1 atm, the density of pure n-hexane is determined
using the following equation obtained from the pure component property
windows:

Density (g/L) = 924.33 - 0.8999 T (K)
Density (g/L) = 924.33 — 0.8999 (298) = 656 g/L or 656 kg/m?

¥l Nonlinear Equations Solver

e 0E | [saterewt | [ Greph
Nonlinear Equations: 1 | Auwliary Equations: 10 |y Reaty for solutio

T=25+27315 #K

tw = 0.3007

Tr=T/Tc

Pc = 3032 / 101.32 # bar

Te=234.7 + 27315

a=0457T24 " (R*Tcj"2/Pc* (1 +m™{1-sgri(Tr]}}~ 2
m = 0.37464 + 1.54226 * w - 0.26092 *w " 2

R = 53.14

b =00778 "R " Tc/Pc

Calculated values of NLE variables
Solution #1 of 3

\Variable Value f(x) Initial Guess
v [131.7354|2.3016-08/400.5 (1. < v < 800.)

fiv)=-P+R*T/(v-b)-a/(v*(v+b)}+b* (v-b]) 29.92499

0 =1 0.5870828

vimin} =1 83_._14
el 08139913

3.859E+07
097719 |
1.

Ln 16 Peng-Fiobinson pol |No Tite POLYMATH Report

FIGURE 1.17
Polymath programs for specific volume calculation.
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Worksheet Cp/(Cp-R) 1046 | A
" Cp/Cv ~ 1316
Candm;ma Heat of Vap. [kJ/kgmole] 2.900e+004 |
zropemel,g KlnemailcVIscusw_[g;St] 0.4540
K%mf“"'”“ Lig. Mass Density (Std. Cand) [kg/m3] 666.2 |
mlle. Ligy. Vol. Flow (Stdl. Cond) [m3/h] 01293 |
Eser\furlabies Liquid Fraction _ 1000
i Molar Volume [m3/kgmole] [ o]
ostParameters | |4 cc Heatof Vap. [kd/kg) 65|
Phase Fraction [Molar Basis] 0.0000
Surface Tension [dyne/cm] | 1786
Thermal CunduotMty DN./m-K] 01142 | v
23 [lm] ' >
Prnperly Correlation Controls————————— —
B qp v e Al X X E B R
Preference Option: -

—
Worksheet [ Aftachments ] Dynamics |

l Delete ] [ Define from Other Stream... ] & =

FIGURE 1.18
Molar volume determined by Hysys.

1.7 Physical Properties

Many correlations are available in the literature to measure physical
properties such as density, viscosity, and specific heat as a function of
temperature.

1.7.1 Liquid Density

For saturated-liquid molar volume, the Gunn and Ymada method is used [1].

v% - VP(1-wr) (1149)

where V is the liquid specific volume and V. is the scaling parameter that is
defined in terms of the volume at T, = 0.6

V0.6

Ve = ~narn noecs
0.3862 - 0.0866

(1.15)
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Stream name S1
Stream description
Phase Liquid
Dry stream
Rate kg-mol/h 1.000
kg/h 86.177
Std. liq. rate m3/h 0.130
Temperature C 25.000
Pressure kg/cm? 1.000
Molecular weight 86.177
Mole fraction liquid 1.0000
Enthalpy m*kcal/h 0.001
kcal/kg 13.975
Reduced temperature 0.5874
Reduced pressure Molar volume = 0.0324
Acentric factor 0.13 m3/kgmol 0.3013
UOP K factor N 12789
Std. liquid density kg/m? 6644522
Sp. gravity 0.6651
API gravity 81.247

FIGURE 1.19
Saturated liquid density and molar volume.

where V|, is the saturated-liquid molar volume at a reduced temperature of
0.6. If V,, is not available, then approximately V,. can be estimated by

Vi = RPT° (0.2920 - 0.0967w) (1.16)

c

In most cases, V. is close to V.. However, if the saturated-liquid molar vol-
ume is available at any temperature, V,. can be eliminated as shown later in

=1 ~ [ ]
Entropy cal/mol-K -155.5802 -155.5802
Entropy cal/gm-K -1.805354 -1.805354
Density mol/cc 7.77235E-3 7.77235E-3
Density gm/cc 6697956 6697957
Average MW 86.17716 86.17716
Lig Vol B0F I/min 2.168967 2.168967

FIGURE 1.20
Density of pure n-hexane at 25°C and 1 atm.
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Equation 1.17. In Equation 1.17, V,© and I" are functions of reduced tempera-
ture and o is the acentric factor.
For02<T,<0.8

V© =0.33593 - 0.33953 T, + 1.51941T7? - 2.02512T; + 1.11422T;* (1.17)
For 0.8 < T, < 1.0
V9 =1+13(1-T,)"*log(1 - T;) - 0.50879(1 - T,) - 0.91534(1 - T,)* (1.18)
For0.2<T,<1.0

T =0.29607 — 0.09045T, — 0.04842T.2 (1.19)

where, T, =T/T..
In the absence of experimental data, one may assume volume or mass
additivity to calculate mixture densities from those of pure components.

p = 2 xp; (1.20)

n
Xi

1.21)
1= Pi

1.
p

Equation 1.21 is more accurate than Equation 1.20.

Example 1.5: Estimation of Density of Benzene

Estimate the density of benzene as a function of temperature at 1 atm pressure
and 25°C.

SOLUTION

HAND CALCULATIONS, POLYMATH

The set of equation in Section 1.5 is solved using polymath nonlinear equations
solver as shown in Table 1.5, the density of liquid benzene at 70°C is shown in
Figure 1.21.

Hysys SIMULATION
Generate a material stream, then use:

Tools >> Utilities >> Property Table

Then click Add Utility as shown in Figure 1.22 and then click on View Utility.
Click on Select Stream to select stream 1, and fill in the popup menu as shown in
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TABLE 1.5
Polymath Program of Example 1.5

# Density of liquid benzene

w=0.212

Tc=288.93#C

Pc=49.24#bar

MW = 78#g/mol

T ="70#C

R=0.08314#L.atm/mol.K

Tr= (T+273)/(Tc+273)
Vrol=0.33593 - 0.33953*Tr+1.51941* (Tr"2)
-2.0251* (Tr"3) +1.11422* (Tr™4)
Vro2=1+4+1.3%(1 Tr)"0.5*log(l-Tr) - 0.50879* (1 - Tr)-0.91534%* (1 - Tr) "2
Vro= If (Tr<=0.8) Then (Vrol) Else (Vro2)
G=0.29607 - 0.09045*Tr — 0.04842* (Tr"2)
Vsc= (R* (Tc+273) /Pc) *(0.292 - 0.0967*w)

# Vro=0.33593 - 0.33953*Tr+1.51941%* (Tr"2)
-2.0251* (Tr"3) +1.11422* (Tr™4)
V=Vsc*Vro* (1 - w*G) *1

RO=MW/V # kg/m"3

Calculated values of explicit variables

_'VariabIe|Value
1w 0.212

2 |Tc 1288.93

3 |Pc 49.24

4 Mw |78

5 [r 70.

6 R 10.08314
7 [rr 0.6103963
8 Vrol  |0.3889082
9 [vro2  |0.3306495
10|Vro 0.3889082
116 0.2228192
12lvsc  |0.2575985
13V 10.0954498
14RO 817.1834

FIGURE 1.21
Liquid density at 70°C is 817.1834 kg/m?®.
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Figure 1.23. Click on Calculate. From the performance page select press Plot. The
change in mass density as a function of temperature is shown in Figure 1.24.

PROV/II SIMULATION

With PRO/IN it is easy to find the physical properties of components such as den-
sity, viscosity, and surface tension as a function of temperature. After opening
PRO/II, click on Launch TDB (Thermo Data Manager). Under Data Bank Type
click on SIMSCI. Select benzene from the list of components. Click on TempDep
in the toolbar, and then select Density, followed by liquid (Figure 1.25). Click on
Plot and export the generated data to Excel as shown in Figure 1.26. Other physi-
cal properties can be found in the same way.

ASPEN PLuS SIMULATION

When opening Aspen Plus, select create new simulation using Template. For this
example, choose General with Metric Units as the Application Type and Property
Analysis as the Run Type (Figure 1.27).

Since we are not generating a flow sheet, simply click on Next to proceed into
the Property Table Generation System. Enter the title Density into the Title area
by simply clicking on the box and typing it. Click on Next to continue. Enter all
components; for this example benzene is the only component. A base method

Available Utilities

~Utility Set-
(8) UniSim Design Utilities () UniSim Thermo Utilities
~Existing Utilities Available Utilities

Property Table-1 Boiling Point Curves

CO2 Freeze Out

Cold Properies
Composite Curves Utility
Critical Properties

Data Recon Utility
Depressuring - Dynamics
Derivative Utility
Envelope Utility

FRI Tray Rating

Hydrate Formation Utility
Master Phase Envelope Utility
Parametric Utility

Pipe Sizing

Pmsaﬁ Balance Utilii

Tray Sizing
User Property
“essel Sizing

[ View Utiity.. | | Add Utilty |

| Delete Uity ]

FIGURE 1.22
Property table.
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Property Table: Property Table-1

Design
Connections
Dep. Prop
Notes

Name Froperty Table-1 |

sreen 1
Independent Variables —————————————— e
Variable 1 Pressure | |Variable 2 I
Mode State | |Mode ]
State values | |LowerBound 0.0000 C
101.0kPa | Upper Bound 7oonc
<emply> # of Increments 10
|
|

=
Design | Performance | Dynamics |

Calculate [lignored

FIGURE 1.23

Property calculation menu.

must be chosen, click on the arrow pointing downward in the Base method box
and from the list of options, choose NRTL. Click on Next to continue. A popup
screen appears as a reminder that you must name a table to be generated. Click on
OK to continue. At this screen a new property set will need to be specified. To do
this, click on New at the bottom of the screen. Here a name for the new property
set can be entered in the ID box. Aspen defaults to PT-1. The Select type must

900.0
ﬁ\ﬂ —=- 101
890.0
~ 8800 \E\
& TP
5 8700 1
£ 860.0 S
=}
L
o \B\
; 850.0 g
= 8400 =
830.0 \s\[
820.0
0.0000 1000  20.00  30.00 4000 5000  60.00  70.00
Temperature (°C)
FIGURE 1.24

Plot of mass density versus temperature.
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A Thermo Data Manager
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Fle Edt Took Options Hep

f
Uyne.iatacinn Bosic || TempDep | Fond UNFAC | Custam |
Slirees Liquid Density for: oeme W
O BNy Corredation Mo
Dnac™™ [rurgcowe  w] [ Palitiems Mg, Fomus | &
S e [} prAsNOAZOBENT  PABZ C12H1INE 5 -
Ml Rogistered Libraries [ azosenzene AZOBME  CIZHIONZ L
= il AT 7 | BEnzERE BENZENE  CEHE L i bl
- [11.2BENZENEDNOL  1282DIOL  CEMBOZ Fraperty
[} 1.9BENZENEDNOL  138ZDICL  CEMBOZ Terp
[ BENZEMESULFONL., BZSULFON CHHBO3S

ROMOBENZENE BRBZ CBHS8r

% EIJFLE%S . [ prten-BUTYLETHY.. PTELTERZ C12H18 Proparties
{#l Reference Libraries BUTYLBENZENE  BBEMZENE CIOH14 Liguid
secBUTYLEBENZENE SBEENZEW CIOH14 ) Lanent Han

tert-BUTYLBENZEME TBEENZEW C10H14

= ) Surfece Tansion
[ 1-CHLORCH2 40N 1CL240NB  CEHICN..
o-CHLOROMITRCE.. 2CLINBZ  CHHAC.. {.) Vo Frcssoem

-CHLOROMITROB... ICLINEZ  CERACIN... Enihuiby
PCHLOROMTROS., 4CLINBZ  CBRMCIN.. Chidend
[ CroLOHEXALBENZ... CHYEBNZ  CIZH1B f ke
CJ wDECYLEENZENE  CIDENZN  CIEH2E O Liquid () Sad Lo . :
[] 1.2DIBROMOSENZ .. 120BRENE CBH4BR2 Deneity cal
[ 1.40BROMOBENZ .. 140BRBNT  CERER ) Linuid ) Selid ol
[ m-OBROMOBENZE. . 130BRENT CHHER2 r
- Viscosi =3
[ o-DICHLORDEENZ..  OCEZ CEH4CI Tt L=
[] m-OKHLOROBENZ . MCBZ CHHaCE g 5 e
— Therm Cand S
Wigw Dptian L
it P Civapor L

FIGURE 1.25
Property selection window.

also be chosen. For this example, choose CENERIC from the pull-down menu.
Click on OK to continue. For Aspen to calculate any properties, a flow rate must
be specified. For pure component properties, the flow entered does not affect the
properties. Since the flow rate is not given, a basis of an arbitrary flow of 1 kmol/h
is possible (Figure 1.28).

Choose the variables (Temperature for this example) with which the physical
properties will vary. For example, to find density as a function of temperature at

900

890

880 A

870 A

860

850 A

Density (kg/m?)

840 -

830 -

820 T T T
0 20 40 60

Temperature (°C)

FIGURE 1.26
Liquid density of benzene versus temperature.
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New X
Personal | Refinery Simulations |
U0 Air Separation with English Units ﬂﬂPharmacauticals with Metr 2, IEEE _@ll
UL Air Separation with Metric Units EE Polymers with English Unit ;
Il Aspen IPE Stream Properties B Polymers with Metric Units |~ PYeview
[l Blank Simulation [0 Pyrametallurgy with Englis | General Simulation with
[} Chemicals with English Units [l Pyrometallurgy with Metric | Metric Units ©
1 Chemicals with Metric Units [ Solids with English Units C. bar. kg/hr, kmolfhr,
I Electrolytes with English Units [l Solids with Metric Units MMKeal/hr, cum/hr.
[l Electrolytes with Metric Units Il Specialty Chemicals with E

fIl Gas Processing with English Units [l Specialty Chemicals with b | Froperty Methad: None
Il Gas Processing with Metric Units
Ll General with English Units

Ul General with Metric Units

Ll Hydrometallurgy with English Units
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Ll Petroleum with Metric Units |
i Pharmaceuticals with English Units

~RunType ————————————
] i | & Prapeny Analysis -

oK ] Cancal |

Flow basis for input Mole

Stream report
composition: Mole flow

FIGURE 1.27
Selection of property selection.

1 atm pressure, the variable would be temperature. Before we can continue to
calculate the physical properties, we need to vary our temperature over a range,
and so highlight temperature by clicking on the box in front of where Temperature
was originally chosen. Once you have done so, an arrow should appear next to
Temperature and the box should be highlighted. Then click on the Range/List at
the bottom of the screen (Figure 1.29).

Now the lower and upper values of the desired range are entered. We want
properties from 0°C to 100°C, and therefore enter a lower limit of 0 and an upper
of 100 in the Lower and Upper fields, respectively, by clicking and typing in the
appropriate box. The temperature increment must also be specified. Click on the

JSystemle\fariah!e]*'iTabuiate' Properties | Diagnostics |

~Generate—————————— [~ System
@ Points along aflash curve ® Specify component flow
" Point(s) without flash (" Reference flowshest stream

’—Valid phases | | [Mole  |[kmolzhe ~|

“Wapor-Liquid -
IV e —] Component Flow
» [BENZENE 1
FIGURE 1.28

Property analysis data browser.
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VSystem i"'\.l"m’iﬂhle|*"'TEIbuIi3rtE!| Properties | Diagnostics ]

Fixed state variables
| = | =l
[Pressure > |atm |

—Adjusted vaniables
Variable Component Substream
Temperature

(rogotin ]

e ———

FIGURE 1.29
Selecting of adjusted variable.

circle next to Increments to highlight it, and then enter 10 in the box (Figure 1.30).
Click on Next to continue. The previous screen will now appear. Click on Next
again.

A property set contains each property that you want to be calculated (e.g., den-
sity at a specific temperature and pressure). Aspen has several built-in property
sets; however, in order to generate a new one a name for the new set must be
specified. Right click in the box labeled Available Property Sets; choose New
when it appears (Figure 1.31).

Specify the properties to be generated. By clicking on the arrow pointing down-
ward in the Physical properties box, a list will appear. Each symbol is defined at
the bottom of the screen. For this example, density, heat capacity, and vapor pres-
sure are chosen for a pure component. You may want to type in symbols for the
property you want such as RHO for density. You can also do a search for proper-
ties by clicking on the search button. A phase must be specified. To do this click

~Variable range or list -

Lower: |1 Upper. |100

(" Points 3 ® Increments

N2 | Close |

FIGURE 1.30
Variable range.
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FProperties from Prop-Sets
Available Prop-Sets Selected Prop-Sets|
) |

THERMAL
TXPORT
VLE
VLLE

[els

FIGURE 1.31
Selection of desired property.

on the Qualifiers tab. Click on the field labeled Phase. Now click on the arrow
pointing downward that appears in the second column and choose liquid from the
list (Figure 1.32). Click on Next to continue.

To open the generated table in Excel, first right click on the circled area to high-
light the entire table and bring up a menu (Figure 1.33). Choose Copy from the
menu that appears. To open the generated table in Excel, first right click on the
circled area to highlight the entire table and bring up a menu. Choose Copy from
the screen. In the Excel file click on Paste. The property table generated in Aspen
should appear similar to what is displayed in the Excel file.

SuUPERPRO DESIGNER

With SuperPro it is much easier to plot physical properties (Density in this case) ver-
sus adjustable variable (Temperature). Select the components involved (Benzene),
double click on components name and click on the Physical (T-dependent) but-
ton. Click on Plot any T Dependent Property as shown in Figure 1.34. Then click
on Show Graph. The graph should appear as that in Figure 1.35.

VProperties YQ ua]iiiersl

Qualifiers of selected properties

» [Phase Liquid D -

Component

2nd liquid key component

Temperature [v  System

Pressure [v System
% Distilled ﬂ

FIGURE 1.32
Phase selection page.
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Properties analysis PT-1 (generic) results

900 : : . H . :
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E 880 : : ; : :
Q
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=
o
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S
> 840+t
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Temperature (°C)
FIGURE 1.33

Density versus temperature.
Example 1.6: Estimate Density of Liquid Mixture

The density of 50 wt% H,SO, in water at 25°C and 1 atm is 1.39 g/cm?. Estimate
the density of the liquid mixture using the following densities of pure H,SO, and
water, and compare it with the experimentally obtained value.

Density of H,SO, at 25°C = 1.834 g/cm?
Density of H,O at 25°C = 0.998 g/cm?

Pure Component Properties for : Benzene
Il T-Dependent Property Graph

———— ~oe
|IDs | Physical (Constant)| Physical (T-dependen l
et Property || Liquid Density
Liquid/Solid Density (g/L) = 8.+ bT, where Tisink. | i [ [2]

a [117166 Temperature Range

81,0017 MinimumT ©
Terreny Meximum T ([700.00 c

Liquid,fsmid Cp | 1356000 JfgmokK Increment [10.00 C

Gaseous Cp (JfgmoHK) = a + bT+cT*2 + dT*3, where
TisinK, k Show Graph..,
a |-33.921]l]

b [47.3900 x1.0E-2
v 0K | @ Help |

d[7.1300 x1.0E-8

27

c[30170 x1.0E-4
K ot Any T-Dependent Property...

FIGURE 1.34
Plot of any temperature-dependent property (density in this case).
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FIGURE 1.35
Plot of density versus temperature.

SOLUTION

HAND CALCULATIONS
The density of liquid mixture (method 1)

p = 2 xp; = 0.5 x0.998 + 0.5 x 1.834 = 1.42 g/cm’

1=

The density of liquid mixture (method 2)

n

oy _ 05 [ 05 p =129 g/cm’
b Lp 0998 1.834

The percent error using the first and second equation is 7.3% and 1.5%,
respectively.

Hysys SIMULATION

In a new case in Hysys, add the two components (H,SO, and water) and select
PRSV for the property estimation. Select the material stream, specify the tempera-
ture as 25°C, and set the pressure to 1 atm. The basis of assumption is T kmol/h of
mixture. The result is shown in Figure 1.36.

PRO/Il SIMULATION

In a new case in Provision and then add the two components involved in the mix-
ture (H,SO, and water). Select PRSV for the property estimation method. Select
a material stream, and specify its temperature as 25°C, and the pressure to 1 atm.
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Worksheet Stream Name 1 # A~
- | [Molecuiarweight  ma|
ol Molar Density [kgmole/m3] 5711 g
Properties Mass Density [kg/m3] (5]
E"’“Ws‘“"" Act. Volume Flow [m3/h] 2.188e-002
2 D Mass Enthalpy (ki/kg] -1.274+004 |
serVenables | |Mass Entropy (ki/kg-C] 08211
Notes Heat Capacity [kJ/kgmole-C] 1116
CostParameters | |yjags Heat Capacity [k/kg-C] 3.666
Lower Heating Value [kJ/kgmole] 3041 |
Mass Lower Heating Value [kJ/kg] 99.82 |
Phase Fraction [Vol. Basis] <emphy> v
<l : >
~Property Correlation Controls ]
B enl X F W AR
! | Freference Option: -
" Worksheet | Attachments I Dynamics |
[ Delete I Define from Other Stream... I & =
FIGURE 1.36
Density of liquid mixture using Unisim.
N =
Stream name S1
Stream description
Phase Liquid
Dry stream
Rate kg-mol/h 1.000
kg/h 30439
Std. liq. rate m3/h 0.024
Temperature C 25.000
Pressure kg/cm? 1.000
Molecular weight 30.439
Mole fraction liquid 1.0000
Enthalpy m*kcal/h 0.001
keal/kg 16.717
Reduced temperature 0.4320
Reduced pressure 0.0050
Acentric factor 0.2052
UOP K factor 7.183
Std. liquid density kg/m? 1294.329
Sp. gravity 1.2956
API gravity —22.285

FIGURE 1.37
Liquid density of liquid mixture using PRO/IL
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The basis of assumption is T kmol/h of mixture. The simulated result is shown in
Figure 1.37.

ASPEN SIMULATION

In a new case in Aspen Plus, add the two components (H,SO, and water) and select
PRSV for property estimation. Select a material stream, specify the temperature as
25°C, and set the pressure to 1 atm. The basis of assumption is 1 kmol/h of mix-
ture. The Aspen simulated density of the liquid mixture is shown in Figure 1.38.

Example 1.7: Use of Henry’s Law

A gas containing 1.00 mol% of ethane and the remaining being nitrogen is contacted
with water at 20.0°C and 20.0 atm. Estimate the mole fraction of dissolved ethane.

SOLUTION

HAND CALCULATIONS

Hydrocarbons are relatively insoluble in water, and so the solution of ethane is
likely to be very dilute. We should therefore assume that Henry’s law applies [5],
and look up Henry’s constant for ethane in water:

yaP (0.100)(20.0 atm) —6 mol C,Hg
P = xaH,(T) = x4 = = =7.60 x 107 — ===
YaP = xaHA(T) = x4 H (T) ~ 2.63 x 10*atm ) mol

Example 1.6

Stream ID 1 2
Temperature |K 298.1 298.2
Pressure atm 1.000 1.000
Vapor frac 0.000 0.000
Mass flow kg/h 30.439 30.439
Volume flow |1/min 0.445 0.445
Enthalpy MMkcal/h -0.087 —0.087
Density kg/cum 1139.648 1139.648
Mole flow kmol/h

H,S0, 0.155 0.155

Water 0.845 0.845

FIGURE 1.38
Calculated density of 50% H,SO, in water using Aspen Plus.
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Hysys SIMULATION

In a new case in Hysys, add the components ethane and water, and select the
appropriate fluid package (NRTL). Enter the simulation environment and mix the
two streams as shown in Figure 1.39. The Workbook is used to display the stream
summary table below the process flow sheet. Click on Workbook in the toolbar;
once the workbook appears, click on Setup in the Workbook menu, and then
click on Add to add the required variables from the list of variables. Once all
information required is added to the workbook, right click anywhere in the PFD
area and select Add Workbook Table.

PRO/II SIMULATION

In a new case in Provision, add the components ethane, nitrogen, and water,
and select NRTL as the appropriate fluid package. Connect two feed streams to a
mixer and the outlet stream to a flash unit. The result is shown in Figure 1.40.

ASPEN PLUS SIMULATION

In a new case in Aspen Plus, add the components ethane, nitrogen, and water, and
select Peng—Robinson as the appropriate fluid package. Connect two feed streams
to a mixer and the outlet stream to a flash unit. The result is shown in Figure 1.41.

Example 1.8: Raoult’s Law for Hydrocarbon Mixtures
An equimolar liquid mixture of benzene and toluene is in equilibrium with

its vapor at 30.0°C. What is the system pressure and the composition of the
vapor?

Mix-100
Liquid
Streams
1 2 3 Vapor | Liquid
Temperature C 20.00 25.00 23.02 23.02 23.02
Pressure kPa 2026 2026 2026 2026 2026
Mass flow kg/h 28.03 18.02 46.05 28.03 18.02
Comp mass frac (H,0) 0.0000 | 1.0000 | 0.3912 | 0.0009 | 0.9983

FIGURE 1.39
Fraction dissolved ethane in water at 20°C and 20 atm.
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Stream name S1 S2 S4 S5
Stream description
Phase Vapor Liquid Vapor Liquid
Temperature C 20.000 20.000 19.626 19.626
Pressure kg/cm? 20.665 20.000 20.000 20.000
Flowrate kgmol/h 1.000 1.000 0.980 1.020
Composition 8.5364E-06
Ethane 0.010 0.000 0.010 0.000
Nitrogen 0.990 0.000 0.989 0.021
Water 0.000 1.000 0.001 0.979
FIGURE 1.40

Mole fraction of ethane in water at 20°C and 20 atm.

SOLUTION

HAND CALCULATIONS

Assuming Raoult’s law applies [5], the vapor pressure of benzene, pg

log(ps) = 6.906 — - :221210 5 [=30C » pgy =119 mmHg
Vapor pressure of toluene, pr
log(pr) = 6.9533 - 7 13;139'938 [=0°C » pr = 36.7 mmHg

Partial pressure of benzene, pg

ps = ysP = xgpx(T) = 0.5(119) = 59.5 mmHg

Partial pressure of benzene, p;

pr = yiP = xipa(T) = 0.5(36.7) = 18.4 mmHg



Thermodynamics and Fluid-Phase Equilibria 33
Ty
?uﬂtﬁ*ﬁ
| 1 B2
3
L=
>
Example 1.7

Stream ID 2 4 5
Temperature |K 293.1 293.1 292.7 292.7 292.7
Pressure atm 20.00 20.00 20.00 20.00 20.00
Vapor frac 1.000 0.000 0.501 1.000 0.000
Mole flow kmol/h 1.000 1.000 2.000 1.001 0.999
Mass flow kg/h 28.034 18.015 46.049 28.053 17.996
Volume flow |l/min 19.864 0.301 20.152 19.851 0.300
Enthalpy MMBtu/h —-0.001 -0.273 -0.274 —-0.001 -0.273
Mole frac

Ethane 0.010 0.005 0.010 135 PPB

Nitrogen 0.990 0.495 0.989 1PPM

Water 1.000 0.500 0.001 1.000

FIGURE 1.41

Ethane mole fractions in liquid water at 20°C and 20 atm.

Total pressure, P

P =59.5+18.4 =77.9 mmHg

Mole fraction of benzene in the vapor phase, y,
Vs = % = 0.764
Mole fraction of toluene in the vapor phase, y;

yr = % = 0.236
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Hysys SIMULATION

In a new case in Hysys, add benzene and toluene components and select the
appropriate fluid package. Peng—Robinson EOS is a proper fluid package for
hydrocarbons. The process flow sheet is shown in Figure 1.42.

PRO/1l SIMULATION

In a new case in Provision add benzene and toluene components, select Peng—
Robinson EOS as a proper fluid package for hydrocarbons. Select a flash unit and
connect two feed streams and two product streams. The process flow sheet is
shown in Figure 1.43.

ASPEN PLUS SIMULATION

In a new case in Aspen Plus, add benzene and toluene components and select the
appropriate fluid package. Select Peng—Robinson EOS as a proper fluid package
for hydrocarbons. The process flow sheet is shown in Figure 1.44.

PROBLEMS
1.1 Dew Point Calculation

Calculate the temperature and composition of a liquid in equilibrium
with a gas mixture containing 10.0 mol% benzene, 10.0 mol% toluene,
and balance nitrogen (considered noncondensable) at 1 atm.

1.2 Compressibility Factors

Fifty cubic meters per hour of methane flow through a pipeline at 40.0
bar absolute and 300.0 K. Estimate the mass flow rate.

Vapor
s
V-100
——
Feed L 8
Liquid
Streams

Feed | Vapor | Liquid
Temperature C 30.00 30.00 | 30.00
Pressure kPa 10.94 10.94 | 10.94
Molar flow kgmol/h 1.000 | 0.0000 | 1.000
Comp mole frac (Benzene) 0.500 0.759 | 0.500
Comp mole frac (Toluene) 0.500 0.241 | 0.500

FIGURE 1.42
Mole fractions of benzene and toluene in equilibrium calculated using Hysys.
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Stream name S1 S2 S4 S5
Stream description
Phase Liquid Liquid Vapor Liquid
Temperature C 30.000 30.000 30.000 30.000
Pressure kg/cm? 0.163 0.050 0.106 0.106
Flowrate kg-mol/h 1.000 1.000 0.001 1.999
Composition
Benzene 1.000 0.000 0.764 0.500
Toluene 0.000 1.000 0.236 0.500
FIGURE 1.43

Mole fraction of benzene in vapor phase at equilibrium calculated using PRO/II.

=

Example 1.8

Stream ID 1 L \%
Temperature |C 30.0 30.0 30.0
Pressure Bar 0.11 0.11 0.11
Vapor frac 0.000 0.000 1.000
Mole flow kmol/h 1.000 1.000 <0.001
Mass flow k/h 85.127 85.127 <0.001
Volume flow |cum/h 0.099 0.099 <0.001
Enthalpy MMBtu/h 0.031 0.031 <0.001
Mole frac

Benzene 0.500 0.500 0.772

Toluene 0.500 0.500 0.228

FIGURE 1.44

Benzene mole fractions in vapor phase at equilibrium calculated using Aspen.
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1.3 Use of Raoult’s Law

A liquid mixture contains 40% (mole percent) benzene and the remain-
ing is toluene is in equilibrium with its vapor at 30.0°C. What are the
system pressure and the composition of the vapor? Use Unisim, PRO/II,
and Aspen Plus.

1.4 Use of Raoult’s Law

A liquid mixture contains equimolar of benzene and toluene is in equi-
librium with its vapor at 0.12 atm. What is the system temperature and
the composition of the vapor? Use Unisim, PRO/II, and Aspen Plus.

1.5 Use of Henry’s Law

A gas containing 1.00 mol% of ethane and the remaining methane is con-
tacted with water at 20.0°C and 20.0 atm. Estimate the mole fraction of
dissolved ethane and methane Hysys, PRO/II, and Aspen Plus.

1.6 Use of Henry’s Law

A gas containing 15.00 mol% of CO, and the balance is methane is con-
tacted with water at 20.0°C and 20.0 atm. Estimate the mole fraction of
dissolved CO, in water using Hysys, PRO/II, and Aspen Plus.

1.7 Dew Point Calculation

Find the dew-point temperature for a mixture of 45 mol% n-hexane, 30%
n-heptane, 15% n-octane, and 10% n-nonane at 2 atm total pressure.

1.8 Bubble-Point Calculation

Find the bubble-point temperature for a mixture of 45 mol% n-hexane,
30% n-heptane, 15% n-octane, and 10% n-nonane at 5 atm total pressure.

1.9 Vapor Pressure of Gas Mixture

Find the vapor pressure for the binary mixture of 50 mol% n-hexane and
50% n-heptane at 120°C.

1.10 Vapor Pressure of Gas Mixture

Find the vapor pressure for the pure components and for the mixture of
35 mol% n-hexane, 30% n-heptane, and 35% n-octane at 150°C.
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Fluid Flow in Pipes, Pumps,
and Compressors

At the end of this chapter you should be able to

1. Fully understand the type of flow regime in pipes, pumps, and
compressors.

2. Perform hand calculations and verify their results with Hysys,
Provision, and Aspen simulation software.

3. Determine pressure drop in pipeline, inlet pipe flow rate, and pipe
length.

4. Determine the useful power input needed to overcome the friction
losses in a pipeline. Calculate brake kW for pumps and compressors.

2.1 Flow in Pipes

In this section a brief summary of the most general form of Bernoulli’s
equation for steady incompressible flows is introduced. Bernoulli’s equa-
tion is composed of kinetic energy, potential energy, and internal energy.
The energy equation is written between the inlet at point 1 and the exit of
the pipeline at point 2 (Figure 2.1). The process flow diagram (PFD) repre-
sents sudden contraction (the exit of the first tank to the inlet of pipe 1), two
90° elbows, and sudden expansion (the exit of pipe 4 and the inlet of the
second tank).
The energy equation for incompressible fluids [1,2]:

2 2
ﬁ+gzl+v—1=&+gzz+v—2+WS+ZF .1
P 2 p 2

where P, is the pressure at point 1 and P, is the pressure at point 2, p is the
average fluid density, z, is the height at point 1, z, is the height at point 2, V;
is the inlet velocity, V, is the exit velocity, W, is the shaft work, and the sum-
mation of friction losses is ZF. The friction loss is due to pipe skin friction,

39
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L4

#%

Expansion

Q (m*/h)

90° elbow

Contraction Pump

FIGURE 2.1
PFD of the piping system.

expansion losses, contraction losses, and fitting losses [3]. The summation of
friction loss can be calculated using

2

EF f5 L V2 + (Kexp + Ko + Kf)— 2.2

where K., is the expansion loss, K. is the contraction loss, and K;is the fitting
losses. Fitting losses include losses due to elbows (K,), tees (K), and Globe
valves (Kg).

Expansion loss (K,,,,) is determined using

exp.

Koo = 1- Al)z 29

Ay

where A, and A, are the cross-sectional areas at the inlet and the exit, respec-
tively. The contraction loss (K,) is calculated using

K. = 0.55(1 - %) 2.4)

1

For turbulent flow, K, = 0.75 (for 90° elbow), K; = 1.0 (Tee), K; = 6.0 (Globe
valve), K- = 2.0 (check valve). For a horizontal pipe with the same inlet and
exit diameter and incompressible fluid, V; =V,. To calculate the pressure
drop between the inlet and the exit of a horizontal pipe, first calculate the
average velocity and then use Reynolds number to determine the flow regime
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(i.e, laminar, transient, or turbulent). The average velocity can be expressed
in terms of the flow rate as

A. nD?*/4

v-9. ¢ 2.5)

where V is the average velocity, A, is the pipe’s inner cross-sectional area, Q is
the inlet fluid volumetric flow rate, and D is the pipe inner diameter. Reynolds
number, Re, from which the flow regime can be calculated is expressed as

VD
Re = "T 2.6)

2.1.1 Laminar Flow

In fully developed laminar flow (Re < 4000) in a circular horizontal pipe, the
pressure loss and the head loss are given by

2
AP _P-R_yppLV 7)
P p D 2

The friction factor

_ 64

-2 2.8)

f

Under laminar flow conditions, the friction factor, f, is directly proportional
to viscosity and inversely proportional to the velocity, pipe diameter, and
fluid density. The friction factor is independent of pipe roughness in laminar
flow because the disturbances caused by surface roughness are quickly
damped by viscosity [4]. The pressure drop in laminar flow for a circular
horizontal pipe is

AP, = SZBI;V 2.9)

When the flow rate and the average velocity are held constant, the head loss
becomes proportional to viscosity. The head loss, h;, is related to the pressure
loss by

AR, 32uLV
b= —= = 210
"o gD’ 210
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2.1.2 Turbulent Flow

When the flow is turbulent, the relationship becomes more complex and is
best shown by the graph because the friction factor is a function of both
Reynolds number and roughness [5,6]. The degree of roughness is desig-
nated as the ratio of the sand grain diameter to the pipe diameter (¢/D). The
relationship between the friction factor and Reynolds number can be deter-
mined for every relative roughness. From these relationships, it is apparent
that for rough pipes, the roughness is important in determining the magni-
tude of the friction factor. At high Reynolds number the friction factor
depends entirely on roughness and the friction factor can be obtained from
the rough pipe law. In fully developed turbulent flow (Re >4000) in a circu-
lar pipe, the pressure drop for turbulent flow is

Lpv?
D 2

AP = AP, = f @.11)

The friction factor, f, can be found from the Moody diagram (Figure 2.2)
which is based on the Colebrook equation in the turbulent regime [7].

1 ¢/D 2.51
——= = 2log| -+ 2.12
J7 8137 " ReF 212
0.1 712150 R R )71 .| O P o 810515
0.085[- '

iecureespens Turbulent flow

0.065[~

0.045

0.025

Friction factor, f

Laminar flow

Hf=64/Re

=== 0.00105
0.00055

SSOUSNOT DATIR[AY

‘| Pipe material type Absolute roughness (g), m
:[Smooth 0.0
{| Drawn tube 1.52x 107 0.00005
il Mild steel 457 x 107>
:| Asphalted iron 1.22 x 1074 H
:| Galvanized iron 152 x 1074 i Smooth ;
:| Cast iron 2.59 x 1074 H H
:| Smooth riveted steel 9.14 x 1074 R :
‘| Rough riveted steel 9.14 x 1073 H HESEH LI
0'005 | By —— Tr [ [ NN (BN RN 1 L1 LEnl
10° 10* 10° 10° 107 10°
Reynolds number, Re
FIGURE 2.2

Moody diagram.
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Alternatively, the explicit equation for the friction factor derived by
Swamee and Jain (Equation 2.13) can be solved for the absolute roughness.

_ 0.25
[og((¢/3.7 D) + (5.74/Re0'9))]2 2.13)
Head loss for turbulent flow
AP,
e (2.14)
Pg

The relative roughness of the pipe is €/D, where € is pipe roughness and D
is the inner diameter of the pipe. The friction factor can be determined from
the Moody diagram (Figure 2.2) or Equation 2.13. The useful power input is
the amount needed to overcome the frictional losses in the pipe.

Wpump = QAP (215)

Example 2.1: Pressure Drop in a Horizontal Pipe

Water is flowing in a 10-m horizontal smooth pipe at 4 m/s and 25°C. The density
of water is 1000 kg/m? and the viscosity of water is 0.001 kg/ms. The pipe is
Schedule 40, 1 in. nominal diameter (2.66 cm ID). Water inlet pressure is 2 atm.
Calculate pressure drop in the pipe using hand calculations and compare the
results with those obtained using Hysys, PRO/II, and Aspen software.

SOLUTION

HAND CALCULATIONS
Reynolds number is calculated to determine the flow regime:

_pvD _ (1000 kg/m’)(4 m/s)(0.0266 m)

=1.064 x 10°
u 0.001kg/ms

Re

Since Reynolds number is greater than 4000, the flow is turbulent. The relative
roughness of the smooth pipe is

e/D =

The friction factor, f, can be determined from the Moody chart (Figure 2.2) or
Swamee and Jain alternative equation,
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fo 0.25 ;= 0.0176

[log((O/3.7D) + (5,74/(1 064 x 105)0,9))]

The calculated friction factor f=0.0176. Then the pressure drop

L v?

AP =P -P,=AR =f—p—

TR s A =Py
10m (1000 kg/m*)@msis)’ [ TkN  \{ 1kPa )

AP = 0017605 66 m 2 \1000 kg - s | {Tkvm?

= 52.93 kPa

The head loss

2 2
ho=BA_f BV o176 1OM  UMSS
pg  D2g 0.0266 m 2(9.81m/s?)

=5.13m

The volumetric flow rate

[ ®(0.0266 m)*\

Q=VA=(4 m/s)k =2.22x107m’ss

The power input is needed to overcome the frictional losses in the pipe.

. ( 1kw )

W = QAP = (2.22 x 107 m?/s)(50.4 kPa)| —————— = 0.12kW
pup = Q ( * i a)L1kPa-m5/sJ

Therefore, a useful power input of 0.12 kW is needed to overcome the frictional
losses in the pipe.

Hysys SIMULATION

In Hysys, the pipe segment in the object palette offers three calculation modes:
pressure drop, flow rate, and pipe length. The appropriate mode will automatically
be selected depending on the information supplied. The Hysys simulation of fluid
flowing in a pipe is simulated as follows:

1. Start a new case in Hysys and use the SI units, from the Tools menu,
Preferences, and then Variables. Choose water as the component flowing
in the pipe, and ASME STEAM as Property packages and click Enter the
simulation Environment.

2. Select a material stream by double clicking on the blue arrow from the top
of the object palette and fill in the stream Name: Inlet.
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3. Specify the volumetric feed rate, Q, based on the velocity of 4 m/s, and the

inner pipe diameter of 0.0266 m,

n(0.0266m)° 4m/(36005) _8.03m’
4 s | 71h )7k

Q=AxV =

. Enter values for feed pressure, temperature, and volumetric flow rate
(Figure 2.3). In the composition menu, enter the mole fraction as 1 for water.
. Add the pipe segment by double clicking on the pipe segment in the object
palette. Click on the Rating tab and then on Add Segment. The pipe length
is 10 m; specify the Pipe Material as “smooth” by choosing this value from
the drop-down list (see Figure 2.4).

. Click on View Segment and select Schedule 40. Then click on the nominal
diameter entry and select 1 in. diameter. To choose one of the options, click
on 25.4 mm (1 in.) and select Specify (Figure 2.5).

Double click on the product stream and enter 25°C for the temperature of the
product stream (isothermal operation). To display the stream summary table below
the PFD in the PFD area, click on the Workbook icon in the toolbar. Once the
Workbook appears, from the workbook menu, click on the Setup command, and
then click on Add in the workbook tabs group, and select the variable that needs
to appear in the table. Right click on the PFD area below the PFD and click on Add
Workbook Table; the result appears as given in Figure 2.6.

L EX)

Worksheet | [Stream Name 5

Condtions | |Vapour / Phase Fraction
T,

Properties __grqp_e[ulure_[]_(_}]_

Sxmpostion Molar Flow [kgmole/h]

P Moss Flowka/h]

N Vorchi Std Ideal Lig Vol Flow [m3/h] 8.00:

hikas Molar Enthalpy [kJ/kgmole] -2.8508+005

Cost Parameters TR o FE7
Molar Entropy [kd/kgmole-C] ~ BE13
Heat Flow [kJ/h] -1.264e+008
Lig Vol Flow @Std Cond [m3/h] 7.995
Fluid Package Basis-1
<1

—_
Worksheet { Aftachments I Dynamics ]

Delete ]

Define from Other Stream...

FIGURE 2.3

Inlet stream conditions for Example 2.1.
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Segment 1
Fitting/Fipe Pipe

Length 10.00
Elevation Change 0.0000
Outer Diameter 33.40
Inner Diameter 26.64
haterial Smoath

Increments 5

FIGURE 2.4
Length and elevation profile of the pipe in Example 2.1.

% Pipe Info: PIPE-100

—Pipe Parameter
Pipe Schedule ‘Schedule 40
Nominal Diameter 1.0000
Inner Diameter 1.0490
Fipe Material Smaooth
Roughness 0.000e-01
Fipe Wall Conductivity 26.001

~Awailable Nominal Diameters

in] [in] [in]
1.000 6.000 16.00
1.500 8.000 18.00 ;
2.000 10.00 20.00
3.000 12.00 24.00
4.000 14.00

FIGURE 2.5
Selection of pipe nominal diameter.

Pipe-100
ipe Qp
Inlet Outlet
Streams

Inlet Outlet
Temperature C 25.00 25.00
Pressure kPa 202.6 151.3
Mass flow kg/h 7987 7987
Comp mass frac (H,O) 1.0000 1.0000

FIGURE 2.6
Pipe process flow sheet.
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“* pPIPE-100

—Pipe Flow Correlation

Design
| | | Aziz. Govier and Fogarasi -
Connections Baxendell and Thomas T
Parameters
Calculation Gregory Aziz Mandhane et

UserVariables

Notes _,O )

Deha P 5138 Duty [3758

Gravitation Energy Change lD.DDDU kdih

[
Design | Rating | Worksheet I Perdormance I Dynamics l Depaosition ]

— ——  Ja"

FIGURE 2.7
Pipe Delta P calculated.

While on the Design page, click on the parameters; the Hysys calculated pressure
drop is 51.69 kPa (see Figure 2.7).

PROV/II SIMULATION

Open a new case in PRO/I, click on the component selection icon (the benzene
ring in the toolbar), select water, and then select the stream fluid package. Click
on the pipe segment in the object palette and then click anywhere in the PFD area
to place the pipe. Click on Stream in the object palette then generate the inlet
stream (S1) and the exit stream (S2). Double click on stream S1 and specify inlet
temperature and pressure feed stream (Figure 2.8).

Click on Flowrate and Composition and specify inlet flow rate and stream com-
position; then double click on the Pipe icon in the PFD and specify nominal pipe
diameter, pipe length, elevation change, and K factor when available. For a smooth
pipe, the relative roughness is zero. See Figure 2.9. Click on Run or the small arrow
in the toolbar. After the run is successfully converged, generate the results report.
The converged process flow sheet is shown in Figure 2.10.

Select Generate Report under Output in the PRO/II toolbar menu to display the
results. The calculated total pressure drop is 52.1 kPa as shown in Figure 2.11.

ASPEN SIMULATION

Start the Aspen program, select Aspen Plus User Interface, and when the Connect
to Engine window appears, use the default Server Type Local PC. Select Pipe
under the Pressure Changes tab from the Equipment Model Library and then click
on the flow sheet window where you would like the piece of equipment to appear.
In order to add material streams to the simulation, select the material stream from
the Stream Library. When the material stream option is selected, a number of
arrows will appear on each of the unit operations. Red arrows indicate a required
stream and blue arrows indicate an optional stream.
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PRO/II - Stream Data

UOM Range Help Tag Overview Status  MNotes
Stream: Description:l
To Unit: P1
~Stream Type
Composition Defined [ Flowrate and Composition.. |
Petroleum Assay
Feferenced to Stream Stream Solids Data... |

Solids Only Stream
Stream Polymer Data... |

- Thermal Condition
First Specification:

ITemperature | v | 25.00( C

Second Specification:

IPressure | v | 202.65| kPa

Thermodynamic |Determined From Connectivity | v |

0K I Cancel |

FIGURE 2.8
Inlet stream conditions.

Pipe - Line/Fitting Data

I Define Range Help

Line/Fitting Diameter

O Inside Diameter. | mm
Linelengt [ togog)m | Foughness
(O Absolute: 1.045720
Elevation Change: 0.00000) m
© Relstive:
Fiting K-Fector [ WHNION)

Divide line length into 1 segments for pressure drop calculation.

oK | Cancel |

Enter fittina K-factor

FIGURE 2.9
Pipe segment input menu completed.

Do =
FIGURE 2.10

Process flow sheet of Example 2.1.



Fluid Flow in Pipes, Pumps, and Compressors 49

CALC TOTAL PRESSURE DROP, KPA 52.05908
CALC MAX LINE FLUID VELOCITY, M/SEC 3.99782
MIXTURE FLOWING FLUID PROPERTIES INLET OUTLET
TEMPERATURE, C 25.00000 25.00000
PRESSURE, KPA 202.64999 150.59091
MOLE FRACTION LIQUID 1.00000 1.00000
UVELOCITY, M/SEC 3.99782 3.99782
SLIP DENSITY, KG/M3 994.93445 994 .93445
SLIP LIQUID HOLDUP FRACTION, (UOL/UOL) 1.00000 1.00000
TAITEL-DUKLER-BARNEA FLOW REGIME SINGLE PHASE SINGLE PHASE
FIGURE 2.11

Pressure drop and stream properties of Example 2.1.

Streams were added by clicking on the process flow sheet where one would like
the stream to begin and clicking again where you would like the stream to end.
In a fashion similar to that of the equipment, each click will add a new stream to
the process flow sheet until you click on Select Mode (the arrow at the left button
corner). For this example, add one stream into the pipe, and one product stream
leaves the pipe. At this point, the process flow sheet should be complete and it
should somewhat resemble the one shown in Figure 2.12.

Under the Components tab, select water. The user input under the Property tab
is probably the most critical input required to run a successful simulation. This
key input is the Base Method found under the Specifications option. The Base
Method is the thermodynamic basis for all the simulation calculations. Since the
fluid is water, select steam fluid package. Aspen has a tool in the toolbar that will
automatically take the user through the required data input in a stepwise fashion.
The button that does this is the blue N with the arrow next to it in the toolbar, an
alternative method is to double click on the material stream and specify the feed
stream conditions, and then double click on the pipe segment and specify pipe
conditions as shown in Figure 2.13.

After the feed stream is specified and the pipe segment is defined, the simula-
tion status changes to Required Input is Complete. There are few ways to run the
simulation; the user could select either Next in the toolbar that will say whether
the required inputs are completed and ask whether you would like to run the
simulation. The user can also run the simulation by selecting Run in the toolbar.
After the simulation is run and converged, the Results Summary Tab on the Data
Browser Window has a blue check mark. Clicking on that tab will open the Run
Status. If simulation has converged, it should state, Calculations were completed
normally. Adding stream tables to the process flow sheet is a simple process, but
we will first go over some options for formatting and modifying the stream tables.

[11
I:> 0

FIGURE 2.12
Process flow sheet of Example 2.1.

[~]
¥
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M Block B2 (Pipe) - Data Browser

e I SIE 51 €12 <lor 1) i) ol
© [ setp /Pipe Parameters| Themal Speciicalion | ¥ Filings| _ Flash Dptions. |
#-[(f Components
+ (M) Properties - Length - = = =
- posteor: v ]

= g setup | [ Diemeter— — - Pipe schedules - -
@ Advancec| | It [TETEET[T S || Matedst  [CaRBONSTEEL ~|
ameter:
@ Usersb| | o Use pipe schedules Schedule: 40 -
Dynamic E

g Slock Opt " Compute using user subroutine | Mom diameter: | 14N -
g :g:_‘:it ~Elevation | ~Options————————————
@) Specro v Pipe rige: |( ft || | Roughness: [0 it vi
£ Ports Fipe | deg v ‘ Erosional velocit 100

# (1] Reactions " ange: : coefficient: 4

+ (M) Convergence = = 7 =

+ [ Flowsheeting Option

+ [  Model Analysis Tooks

# (M) EO Confi

Lets pou type the pipe length.

< i | &

Resuks Available 4

FIGURE 2.13

Pipe length and the pipe schedule.

On the current screen you will see two of the options for varying the stream table:
Display and Format. Under the Display drop-down menu there are two options,
All streams or Streams. The streams option allows the user to choose the streams
they would like to present, one by one. Under the Format drop-down menu there
are a number of types of stream tables. Each of the options presents the data in
a slightly different fashion, depending on the intended application. The CHEM_E
option gives the results. To add a stream table to process the flow sheet, click on
Stream Table and a stream table will be added to your process flow sheet. The
process flow sheet and stream results are shown in Figure 2.14.

CONCLUSIONS

The comparison between pressure drop values calculated by hand calculation
(50.4 kPa), Hysys (51.69 kPa), PRO/II (52.1 kPa), and Aspen (51.51 kPa) reveals that
there is a slight deviation between hand calculations and software simulations.
The discrepancy in the hand-calculated value is due to the assumption made by
taking the inlet conditions in calculating Reynolds number, while the average of
inlet and exit streams should be considered to have better results.

Example 2.2: Pressure Drop of Natural Gas in Horizontal Pipe

Natural gas contains 85 mol% methane and 15 mol% carbon dioxide (density,
p =2.879 kg/m? and the viscosity, i = 1.2 x 10-° kg/m s) is pumped through a hori-
zontal Schedule 40, 6-in.-diameter cast-iron pipe at a mass flow rate of 363 kg/h.
If the pressure at the pipe inlet is 3.45 bars and 25°C, the pipe length is 20 km
downstream, assume incompressible flow. Calculate the pressure drop across the
pipe. Is the assumption of incompressible flow reasonable?
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Example 2.1

Stream ID 1 2
Temperature |C 25.0 25.0
Pressure kPa 202.65 151.14
Vapor frac 0.000 0.000
Mole flow kmol/s 0.123 0.123
Mass flow kg/s 2.214 2.214
Enthalpy MMBtu/h -119.830 -119.831
Mass flow kg/s

‘Water 2.214 2.214
Mass frac

‘Water 1.000 1.000

FIGURE 2.14
Process flow sheet and stream table conditions.

SOLUTION

HAND CALCULATIONS
The energy equation for the pipe flow is

2
gz1+&+2—gzz+&+7+ A\/—2+2F+W5
p p

Since the pipe is horizontal z, = z,, and the flow is assumed to be incompress-
ible (this assumption is not accepted with gases) with a constant diameter V, =V,
the pressure drop in this case can be calculated by using the following equation:

pi=p_L V2
P D 2

The nominal pipe diameter is 6 in. Schedule 40; consequently, the inner pipe
diameter is 0.154 m and the velocity is

363kg( h )
VR h (3600s)  1.98m
PA - p(nDI/4) 587988 10 a5amPs S

m
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Reynolds number,

pVD  (2.879 kg/m’)(1.98 m/s)(0.154 m)
m 1.2 x 107 kg/ms

Re = =7.14 x10*

Since Reynolds number is greater than 4000, the flow is turbulent and the rough-
ness factor for the cast-iron pipe is € =0.00026 m (Table 2.1). The relative rough-
ness of a cast-iron pipe is (e/D) = (0.00026 m)/(0.15 m) = 0.0017. From the relative
roughness and Re = 7.14 x 10%, we can find the friction factor f = 0.024 (Figure 2.2).
Using the calculated friction factor, the pressure drop

2
H_pZ:p( Lﬁ) - (2.879 kg/m’ )/ 0.024) 20,000 m (1.98 m/s)” ) =17,590 kg/ms?
D2 g 0154m 2 )
R =P, =17,590 kg/ms’ L1kN/2)(1O(;(l)<PNa/ 2)=17'59kpa
m/s

If the initial pressure is 3.45 bars, the downstream pressure (P,) is

P1—P2=17.59 kPa = P2 = P1 —17.59 kPa = 345 — 17.59 kPa = 327 kPa

Hysys SIMULATION

Open a new case in Hysys; select methane and carbon dioxide as components
and Peng—Robinson as fluid package, respectively. Specify the feed stream condi-
tions and compositions. Specify the temperature of the exit stream as that for inlet
stream. Click on the pipe segment and then on Append Segment which is in rating
page; then specify pipe length as 20 km. The inlet and the exit of the pipe are at
the same level, elevation should be changed to be zero, click on View Segment,
and specify the pipe schedule and pipe material (Figure 2.15).

TABLE 2.1

Roughness Factors Used by Hysys

Pipe Material Type Absolute Roughness (g), m
Smooth 0.0

Drawn tube 1.52 x10°

Mild steel 4.57 x10°°
Asphalted iron 1.22x10*
Galvanized iron 1.52x10*

Cast iron 2.59 x 10*
Smooth riveted steel 9.14 x 10

Rough riveted steel 9.14 x 102
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< PIPE-100
Rating —Length - Elevation Profile
Sizing Segment 1
Heat Transfer |Fitting/Pipe Pipe
Length 2.000e+004
Elevation Change 0.0000
Outer Diameter 168.3
Inner Diameter 154.1
Material Cast lron
Increments 5
[ Append Segment ] [ Insert Segment ] I Yiew Segment...
Delete Segment Clear Prafile
=] Design Rating I ‘Worksheet I Performance l Dynamics l Depasition ]
"

FIGURE 2.15
Appended pipe segment.

To display the result to as shown in Figure 2.16, click on the Workbook icon in
the toolbar. The Workbook appears. From the workbook menu click on Setup.
Once the setup view appears, click on Add in the workbook tabs group and select
the variable desired to be displayed in the table. Right click on the PFD area below
the PFD and click on Add Workbook Table.

SimuratioN witH PRO/II

Repeating the same procedure used to construct the process flow sheet of Example
2.1 with PRO/II, the pressure drop is 17.14 kPa as shown in Figure 2.17.

Pipe-100
1 | 2
Q-100
Streams
1 2
Temperature C 25.00 25.00
Pressure kPa 345.0 327.7
Mass flow kg/h 363.0 363.0
Comp molar flow (Methane) kgmol/h 15.2461 | 15.2461
Comp molar flow (CO,) kgmol/h 2.6905 2.6905

FIGURE 2.16
Pressure drop through the pipeline is 17 kPa.
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Stream name S1 S2
Stream description
Phase Vapor Vapor
Temperature C 25.000 25.000
Pressure kPa 345.000 327.861
Flowrate kgmol/h 17.937 17.937
Composition
CH, 0.850 0.850
CO, 0.150 0.150

FIGURE 2.17
Pressure drop across the pipe of Example 2.2.

ASPEN SIMULATIONS

Following the same procedure used in constructing the process flow sheet of
Example 2.1 with Aspen, remember that the pipe has no fittings. The simulation
results are shown in Figure 2.18.

CONCLUSION

Hand-calculated pressure drop value is 17.59 kPa, and according to Hysys,
PRO/II, and Aspen it was found to be 17 kPa, 17.14 kPa, and 17.16 kPa, respec-
tively. Simulation software results were very close to each other; on the con-
trary, hand calculation is greater than all the other results, and this is attributed
to the incompressibility assumption made during hand calculation. It is clear
from the solution of this example that the density of gases is a function of both
temperature and pressure.

Example 2.3: Calculate Pipe Inlet Flow (Given D and AP)

Water at 2 atm and 25°C is flowing in a horizontal 10 m mild steel pipe; the pres-
sure drop in the pipe is equal to 118 kPa. The pipe is Schedule 40 and has 1 in.
nominal diameter (1.049 in. or 0.0266 m ID). Calculate the water inlet water veloc-
ity and liquid volumetric flow rate.

SOLUTION

HAND CALCULATIONS

In this example, the diameter and pressure drop between the inlet and the exit
pipe are provided, and the inlet velocity and/or flow rate are to be determined.
Since there is no fitting in the pipe, the pressure drop is a function of pipe skin
friction only as the following:

2
AP = fipv—
D" 2
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O— AP WO

Example 2.2

Stream ID 1 2
Temperature C 25.0 25.0
Pressure kPa 345.00 327.00
Vapor frac 1.000 1.000
Mole flow kmol/s 0.005 0.005
Mass flow kg/s 0.101 0.101
Enthalpy MMBtu/h —2.082 -2.081
Mass flow kg/s

Methane 0.068 0.068

Co, 0.033 0.033
Mass frac

Methane 0.674 0.674

Co, 0.326 0.326

FIGURE 2.18
Stream table of Example 2.2 using Aspen.

Substituting values into the above equation,

10m V2

118 x 10°Pa = f (1000 kg/m*)—
0.0266 m 2

The friction factor can be found from the Moody diagram or calculated:

0.25
[Iog ((8/3.7 D) + (5.74/ReoA9))]2

f=

Friction factor is a function of Reynolds number,

0.25

2
[ 457 x10°m  5.74)
+
|3.7 % 0.0266m " Re™

f=

The Reynolds number

_ pVD _ 1000 kg/m’(V)0.0266 m

Re
w 0.001kg/ms
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[ Nonlinear Equations Solver

, % [ @ E B | [sderem 7]
| Monkinesr Equations: 2 | Auxiliary Equations: 6 |~/ Resady for solution
ep=457e5
fif) = -f +(0.25/ (loglep / 3.7 "D)) +5.74 f (o "V ™ D) / mu) ~0.9) » 2)
fi0) = 0.01
D =0.0266
ro = 996.78
L=10
mu = 0,00089

Re=ro*V*D/mu
V) =-118000 +f* (L/D)"ro* (V*2) /2
l\"(01=5

[Ln11 |MoFie | No Title A

FIGURE 2.19
Polymath code of Example 2.3.

Reynolds number is a function of velocity. And that is why a trial-and-error
solution is needed here to calculate the pressure drop.

Assume velocity V, and calculate Reynolds number. From Reynolds number,
calculate the friction factor from the Moody diagram shown in Figure 2.2, other-
wise it can be obtained from the above-mentioned equations. Calculate the pres-
sure drop and then compare the calculated result with the given value of pressure
drop which is 118 kPa in the question of the example. Repeat until the desired
pressure drop is reached. Polymath software can be used instead (Figure 2.19).
The calculated velocity is 5.29 m/s as shown in Figure 2.20.

<@ Nonlinear Equations Solution #22

POLYMATH Report
Nonlinear Equations 05-Apr-2010
Calculated values of NLE variables
 |variable|Value  |f(x) Initial Guess
f 0.0225039 |-3.469E-18 |0.01
l2lv 5.290157 [0 5. -
Variable Value
1lep 4.,57E-05
2D 0.0266
3/ro |996.78
l4|L 10.
5 mu 0.00089
6/Re |1.576E+05
No File |POLYMATH Report A
FIGURE 2.20

Polymath results for velocity calculation.
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Hysys SIMULATION

Select a new case in Hysys. For components, select water; and for fluid package,
select ASME steam. Enter the simulation environment. Select the pipe segment
from the object palette. Specify the feed stream conditions, stream composition,
and product stream temperature.

Click on the Rating tab. While on the rating page, click on Append Segment and
enter the pipe specification as shown in Figure 2.21.

While on the pipe Design page, click on Parameters, and enter the pressure drop
Delta P as 118 kPa. “The pressure drop is greater than 10%” is only a warning and
can be ignored (Figure 2.22).

To view the velocity; click on the Performance tab, then click on View Profile
(Figure 2.23).

The Hysys calculated velocity is 5.13 m/s (Figure 2.24).

The volumetric flow rate = velocity x pipe cross section

2
Q = VA = (6.336 m/s)(w) =3.52x107m’/s

SimuraTioN witH PRO/II

The option of having the pressure drop and calculating velocity in Hysys is not
available in PRO/II; instead, a case study or assuming flow rate and calculating
pressure drop are needed. The process flow sheet of the pipe using PRO/II is
demonstrated in Figure 2.25.

Click the Pipe icon in the PFD and specify the pipe length as 10 m, zero
elevation, and zero fittings. Mild steel absolute roughness is 4.57 x 10°m entered
in the PRO/II pipe-line/fittings menu as shown in Figure 2.26.

* PIPE-100
Rating . —Il_eng{h-EIevnﬂon Profile -
Sizing Segment 1
Heat Transfer Fitting/Pipe Pipe
Length 10.00
0.0000 =
meter 33.40
Inner Diameter 2664
Material Mild Steel
Increments 5
’ Append Segment | ’ Insert Segment | [ View Segment...
| | Delete Segment Clear Profile

= Design Rating | Worksheet J Performance I Cymamics I Deposition ]

__Deleae Increment dP > 10%. Check trace. [Jignored

FIGURE 2.21
Pipe length—elevation profile.
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“ PIPE-100 s |E| d
Design ~Pipe Flow Cormrelation —
— Aziz, Govier and Fogarasi ~
Connectians Baxendell and Thomas iew Carrelation
|Beqc
Pl Duns and Ros
Calculation Gregory Aziz Mandhane v

UserVariables

Delta P [113.0 Duty ]1122

Grawitation Energy Change {U‘UWU kd/h

S ———
Design | Rating IWumsheei J Performance I Cymamics I Deposition ]

__Deleae | "~ Increment dP > 10%. Check traca. [ignored

FIGURE 2.22
Pipe parameters window.

The trial-and-error procedure is used to estimate the required pressure drop
of 118 kPa. Assume the inlet liquid volumetric flow rate, run the simulator, and
then check the pressure drop. Keep repeating the process until a pressure drop of
118 kPa is achieved. The generated report is shown in Figure 2.27.

ASPEN SIMULATION

With Aspen, also a trial-and-error procedure is required and in the same way
as that used with PRO/II. Following the same procedure using Aspen shown in
Example 2.1, the process flow sheet and stream table simulation results are depicted
in Figure 2.28. Volumetric flow rate is 0.00287 m?/s (velocity = 5.17 m/s).

CONCLUSIONS

The velocity obtained by hand calculation (5.29 m/s) is slightly larger than that
obtained by Hysys (5.13 m/s) and closer to those obtained by PRO/II (5.21 m/s)
and Aspen (5.17 m/s).

Distance Elevation increments
[m] [m] I !
0.0000 0.0000 | 5
10.00 0.0000

FIGURE 2.23
Pipe performance profiles.
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e Pipe Profile View - PIPE-100

ion Gradient | Stafic Gradient | Accel Gradient o | Liquid Velocity
Pa/m]_ [kPa/m] (kPa/m] Liquid Re Yapour Re [m/s] _J
11.7998 0.000000 | 0.000000 153111 513258 |
11.7998 0.000000 0.000000 153111 5.13264
11.5000 0.000000 0000000 163111 | 5.13269
11.8002 0.000000 0.000000 153111 513275
11.8003 | 0.000000 0.000000 153111 | 5.13280
11.8004 0.000000 0.000000 153111 513285
<
" Table [ Plot

FIGURE 2.24

Liquid velocities inside the pipe.

=+

FIGURE 2.25

Process flow sheet of Example 2.3.

2

Pipe - Line/Fitting Data

JOK Define  Range  Help
i Line/Fitting Diameter
) Inside Diameter: | in
Oanaronsi T s |
|
) ~Roughnes: <
Line Length: 10.000] m > '
(®) Absohite 4,5700e-005| m
Elevation Change: 0.00000] ft
) Relative |
Fitting K-Factor: | D.EII]]DD' |
Divide line length into 1 segments for pressure drop calculation,
oK | Cancel
Enter fitting K.-factor
FIGURE 2.26

Pipe fitting menu in PRO/II.
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2’ Example 2.3.out

CALC TOTAL PRESSURE DROP, KPA |118.01754| .
CALC MAX LINE FLUID VELOCITY, M/SEC 5.15671
MIXTURE FLOWING FLUID PROPERTIES INLET DUTLET
TEMPERATURE, C 25.00000 25.00000
PRESSURE, KPA 2082 .64999 BY4.63245
HOLE FRACTION LIQUID 1.688008 1.00000 =
UVELOCITY, M/SEC 5.15671 5.15671 =
SLIP DENSITY, KG/M3 996.81276 996.81276
SLIP LIQUID HOLDUP FRACTION, (VOL/VOL) 1.008000 1.00000
TAITEL-DUKLER-BARNEA FLOW REGIME SINGLE PHASE SINGLE PHASE ]
£ > ..
FIGURE 2.27

Inlet fluid velocities that lead to a pressure drop of 118 kPa.

Example 2.4: Effect of Liquid Flow Rate on Pressure Drop

Water is flowing in a pipeline at 20°C. The pipeline which is 6 in. nominal diameter,
Schedule 40 commercial steel pipe (length, L=1500 m), pipe inlet pressure,
P, =20 atm, exit pressure, P,=2atm, and z, =0ft and z, =100 m. Plot inlet
volumetric flow rate versus pressure drop across the pipe.

SOLUTION

HAND CALCULATIONS

Assume an inlet liquid volumetric flow rate of 0.01 m?/s, find the fluid velocity
and then Reynolds number using calculated velocity. Use the Moody diagram to

CO—11 B2 =

Example 2.3

Stream ID 1 2
Temperature |C 25.0 25.0
Pressure kPa 202.65 84.95
Vapor frac 0.000 0.000
Mole flow kmol/s 0.159 0.159
Mass flow kg/s 2.862 2.862
Volume flow |cum/s 0.003 0.003
Enthalpy MMBtu/h -154.916 | -154.917
Mass flow kg/s

Water 2.862 2.862
Mass frac

‘Water 1.000 1.000

FIGURE 2.28
Aspen results of Example 2.3.
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calculate the friction factor and then calculate the pressure drop. Repeat for flow
rates 0.02, 0.04, and 0.06 m?/s, and plot the calculated pressure drop versus the
inlet liquid flow rate using excel.

Hysys SIMULATION

Open a new case in Hysys, select water as the pure component, ASME steam
for the fluid package, and then enter the simulation environment. Select the pipe
segment from the object palette, double click on the pipe and fill in the connec-
tion page. Click on the Worksheet tab; set the feed and product stream tempera-
tures to 20°C (isothermal condition) and the feed pressure to 20 atm. Click on the
Rating tab; then click on Append segment and specify the parameters of the pipe
as shown in Figure 2.29.

The outer and inner diameters of the pipe were specified by double clicking on
the View Segment, select pipe Schedule 40, 6 in. nominal diameter and the pipe
material as mild steel (Figure 2.30).

The problem requests the plot of the flow rate versus the pressure drop with
18 atm as the maximum bound. A useful tool in Hysys is the DataBook. From
the Tools menu, select DataBook. Click on Insert and add the following variables:
Feed and Actual Liquid flow. Thereafter, click on OK as shown in Figure 2.31.

Under the Object column, select PIPE 100 and for Variable, select Pressure drop
as shown in Figure 2.32 and then click OK to close.

The data book variables are shown in Figure 2.33.

Click on the Case Studlies tab at the bottom of Figure 2.33; choose the pressure
drop as the independent variable and actual liquid flow as the dependent variable
(Figure 2.34).

“* PIPE-100
Rating ~Length - Elevation Profile
Sizing Segment 1
Heat Transfer Fitting/Pipe Pipe
Length 1500
Elevation Change 100.0
Outer Diameter 168.3
Inner Diameter 1541
Material Mild Steel
Increments 5
[ Append Segment ] [ Insert Segment ] I Yiew Segment...
Delete Segment Clear Profile
=] Design Rating | Worksheet I Perdormance I Dynamics l Deposition ]
| Increment dP » 10%. Check trace. [Mignored

FIGURE 2.29
Pipe segment specifications.
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% pipe Info: PIPE-100

—-Pipe Parameter
Pipe Schedule Schedule 40
MNominal Diameter £.0000
Inner Diameter 6.0650
Fipe Material Mild Steel
Foughness 1.500e-04
Fipe Wall Conductivity 26.001
—Awvailable Nominal Diameters
[in] [in [in]
1.000 000 16.00
1.500 8.000 18.00 :
5
2000 1000 2000 [_spesiy |
3.000 12.00 24.00
4.000 14.00

FIGURE 2.30
Pipe schedule and material selection page.

Variable Navigator |_D_iR

1t Onder Filter Mass Flaw -

Tt Qucder Fier Molar Flew
15t Orclar Filter Pressure i
- 15t Order Fiter Stel Idenl Lig Yol F Dhject Fer
FeederBlock_Fesd 1t Order Filer Std Lig Val Flow @l
ProduciBlock_Frodusct 1t Qwder Filer Time Conzstant O :
Actual Gas Flow i
I Actunl Liguid Flow ) UnitOps
| Menagstor Scope Acual Volume Flow () Logicals
Aqueows True Comg Mass Flow cal
| © Flawsheet Aqueous True Camg Msss Fract gwmm
goese Aqueous Tree Comp Mass Par'y o
| [} Basis. Aqueous True Comp bolakny
| ) Uil Aqueous True Coemg béclar Flow.
g Agueots True Cormg Molarity
Aqueous True Comp Mole Fracti \«'mwel-'ler -
Awverage Ligud Density e Simulaion |~
. Wiight
Variable Descripion: |Actual Liquid Flow

FIGURE 2.31
Feed stream actual liquid flow.

Variable Navigator |_D‘i[?

_ Flowshest Object Variskle inhls Spec
i Feed Outlet Flow Regime P
| Product Cuutlet Lacyuid Feymolds Murmiber
| Oy Dutlgt Liguid Velocity i
| Outlat Liuid Viscosity el i
| FeedesBlock_Feed Cutlet Molar Erthalpy (@ a1
ProducBlock_Froduct Cutlet Vapour Feynolds Mumber ) Swaams
Dutlet Vapous Velocity i
2 Cutlet Vapour Viscosity () UnitOps
Navigator Scope Qutsicle Diameter O Logicals
| FF Resistance k damp factor ColumnOj
| @ Flowshest Pipe Deposition Corelstion (Q)c“:;nn L
OC”? Fipe Flow Comelation = "
| OrBasis Fipe Length
(Uil Fipe Material Type Hom |
| Fipe Schedule i 2
Plashe Viscosi erlslie b =
e Simulation b
Frassurn [mn Tolamnrs il e
“ariahle Descripti iP-wssm Dreop [ Cancel

FIGURE 2.32
Selection of pipe pressure drop variable.
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4 DataBook

63

—Awailable Data Entries-
Object | Wariable | EdiL.,
FIFE-100 |  PressureDrop |

Feed Actual Liguid Flow |

T

e

Del All Unused
[ insert ObjectAnd Variable Groups... | |  Insert ObjectAnd Variable Pairs... |
[—
Vurinhlesl Process Data Tables l Strip Charts ] Data Recorder J Case Studies J Spec Scenarios ]—

FIGURE 2.33

Variables used in the sensitivity study of pressure drop versus feed flow rate.

Rename the current case study to DP versus Q. Click on View and specify the
low bound as 10 atm and the high bound as 18 atm, and the Step Size as 0.5

(Figure 2.35).

Click on Start. When the calculations are complete, click on Results. Then click
on View to see the generated graph (Figure 2.36).

4 DataBook

—Awvailable Case Studies
=

Delete

| View...

—Available Displays
() Table
(O Transpose Table
(@) Graph

-Case Studies Data Selection
Current Case Study |DFvs Q |
Object Mariable Ind | Dep
~ PIPE00. __ PressureDrop | P | [0
Feed Actual F

Liquid Flow | [

" Variables ] Process Data Tables l Strip Charts ] Data Recorder

Case Studies | Spec Scenarios I

FIGURE 2.34
Available case studies window.
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% Case Studies Setup - Main

Case Studies 4
. [oPwa | NumberofStetes B
[ Step Dowmard State Input Type Nested v i
‘Variahle | Low Bound | High Bound | Step Size | Use Log Step | No. of Points

~ PIPE-I00-PressureOrop | 1000ber | 1800bar | 1000bar | [ | 9]

| [
I | ] | | |
i | | | | |
| 1] | | | |

" Independent Variables Setup | Display Properties | Failed States |

C e B cows N pevss |

FIGURE 2.35
Low- and high-bound page.

PRO/II SIMULATION

In order to plot pressure drop versus liquid flow rate using the PRO/II software
package carry out the following steps: click on the Case Study icon in the toolbar
and rename PART or leave as default, in this case PART was renamed to FLOW.
Clicking on the red word Parameter, a menu will pop up, since the inlet stream
flow rate is set as the manipulated variable, select Stream from the pull-down
menu under Stream/Unit. Under Stream Name select ST and then click on the
Parameter below the Stream/Unit cell and select Flow rate. Specify cycles from 1
through 6. Set the offset of the base case value to 0.002 and the step size to 0.001.
After the parameter is set, the Result in the second row is to be specified. Click on
result and rename it as pressure drop DP. Under Stream/Unit select Pipe and for
the name select the name of the pipe (PI1). Click on the red word Parameter just

6.000e-002 7 —&
3 b=t

5.000e—002 4 = el
E /13’
A

4.000e-002

3.000e-002 /E

2.000e—002 3 4

1.000e—002 - /

i

Feed — actual liquid flow (m®/s)

0.0000 =
10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00

Pipe-100-pressure drop (bar)

FIGURE 2.36
Effect of pressure drop on actual liquid flow rate.
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PRO/II - Case Study Parameters and Results

Help Overview
Define Case Study
Parameters:
Cut 1 Parameter FLO'W changes Stream 51 Flowrate in m3/sec from cycle 1 through cycle B
e with starting value = base case value + 0.0020000 and step size = 0.010000
Reset
Results:
Cut | 1 | Result DP = Pipe PI1 Pressure Diop in bar
Insert
Reset
i Execution Options
Execute: [BASE Case and All Cycles & sttt |
Cancel I
[Esit the window after saving all data
FIGURE 2.37

Case study parameters with PRO/IL

below the Stream/Unit cell and select the parameter as the Pressure drop and the
units in bar. The final case study and the Parameter menu should appear as that in
Figure 2.37. Click on OK to close the case study window. Click on Run, and then
select case study under Output in the toolbar, and then select plots. Enter plot
name and title and then click on Data. Select the DP as the x-axis and Flow as the
y-axis; the final windows should appear like that in Figure 2.38. From the Options
menu select Plot Setup, then select “Excel 97 and above.” When generating a plot,
PRO/II will open Excel and give a plot on one worksheet and the source data on
another. The case study tabular output can also be exported to Excel. In the case
study table setup window, click on View Table, and you will get a view of the
table; click on Copy to Clipboard. You can now paste into Excel and use any Excel
plot option as per your choice.

Figure 2.39 shows the effect of flow rate on pressure drop generated using the
PROV/II case study option. Figure 2.39 reveals that as the liquid volumetric flow
rate increases, pressure drop across the pipe increases.

ASPEN SIMULATION

Open a blank case in Aspen following the same procedure used by Aspen to con-
struct process flow sheet of the pipe as that done in Example 2.1; the pipe has no
fittings. The simulation result is shown in Figure 2.40.

To plot the pressure drop versus the flow rate using Aspen; from Data in
the toolbar select Model Analysis Tool, and then Sensitivity. Click on New, the
default name is S-1. Click New again, name the first variable for pressure drop



66 Computer Methods in Chemical Engineering

Case Study - Plot Definition

Help
Plot Name:  F
Plot Title:
~ Plat Definition
Available Selected
Variable(s) Auis Variable(s) Label/Legend Format
Tycles Wi OF [bar]
DpP DP Line
Y-Ais #1 F (m"3/s)
FLOW FLOW Line
Y-wis #2 Y-fis #2
|'Y-Auis #3 Y-Asis #3

~ariable Definition
Previews Plot... I
Cancel I
| Exit the window after saving all data
FIGURE 2.38

Case study plot definition.

as DP, edit the variable as shown in Figure 2.41, and repeat the same for the
liquid volume flow rate FR as shown in Figure 2.42. Click on N to run the
Sensitivity analysis. To plot the figure, click on Result and select x and y data as
shown in Figure 2.43. The plot of pressure drop versus the flow rate is shown
in Figure 2.44.

0.06

0.05 -

0.04 1

0.03 -

0.02 1

Volumetric flow rate (m?/s)

0.01 1

0.00 T T T T
8 10 12 14 16 18

Pressure drop (bar)

FIGURE 2.39
Liquid volumetric flow rates versus pressure drop.
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o—{1—Eal C>

Example 2.4

Stream ID 1 2
Temperature C 25.0 25.0
Pressure kPa 2026.500 1020.550
Vapor frac 0.000 0.000
Mole flow kmol/s 0.554 0.554
Mass flow kg/s 9.979 9.979
Volume flow cum/s 0.010 0.010
Enthalpy MMkcal/h -136.121 -136.129
Mass flow kg/s

Water 9.979 9.979
Mass frac

Water 1.000 1.000

FIGURE 2.40

Process flow sheet and stream table for Example 2.4.
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M Sensitivity 5-1 - Data Browser

=] @fE [

Setup VDefine| /Vary |V Tabulale| Fotian | Declaralions | Optional |
Components
Str;ams
igied ook Ve BlockoB2 Varable=DP-TOTAL SentencecFESULTS
eactions
C ra, -
PPN B, (] variable Definition
Model Analysis Tools _
[ Sensitivity - Select a variable category and nce
E-Gh 51 Vatiable name: [ DP -] 'm .
@ oo = -
F Res [Enznd Block: B2 ]
g ‘c’“"s:?":" Al Vaisble:  [DP-TOTAL =
ke & Block :
-0 Ouark s Sertence:  |RESULTS
# [ CaseStudy " Stieams
-4 EO Configuration  ModelUl
# (¥ Results Summary || = o
| Property
| | Reactions
< i | 2 .
FIGURE 2.41

Specify pressure drop as a variable.
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M Sensitivity 5-1 - Data Browser

s SIGE 51 ¢lo] «fm <1 »] Ol wl
w GA Setup VDefine|VVay | /Tabulale| Forlan | Declarations | Optional |
# @ Components
#-(¥] Properti
@ Streams
< = Elud(s. Block-Yar Block=B2 Variable=DP-TOTAL Sentence=RESULTS
#-[] Reactions
(¥ Corvergence 15 IXED Comp ATER
# (] Flowsheeting Options et
=@ Model analysis Tools /| Variable Definition 3
(¥ Sensithity —
=G S-1 Select a vanshle category and reference 1
@ Iy Vasiable name: [ FR ST == |
Rest Type: Sty ob-Flow -
] Optimization ~Categoy 1 | Syeam 1 hd
i E E:::;:nt A Substream:  |MEED hd
[ Case Study " Blocks Componert: [WATER =]
# (¥ EO Configuration ' Sheams
# (M Results Summary L  Model Uity ‘
] " Propetty
" Reactions |
iy
Rt fvalore ws | e | =
FIGURE 2.42

Setting liquid flow rate as variable.

Example 2.5: Pipeline with Fitting and Pump

Water at 20°C is being pumped from the feed tank at 5 atm pressure to an elevated
storage tank 15 m high at the rate of 18 m/h. All pipes are 4-in. Schedule 40
commercial steel pipes. The pump has an efficiency of 65%. The PFD is shown in
Figure 2.45. Calculate the power needed for the pump to overcome the pressure
loss in the pipeline.

DatA

Density of water p =998 kg/m?, viscosity n=1.0x 107 kg/ms, pipe diameter
for 4-in. Schedule 40 is ID =0.1023 m, and pipe cross-sectional area A =8.2 x
102 m2.

SOLUTION

HAND CALCULATIONS

In the previous example there were no pumps installed in the pipelines; however,
in many practical situations the driving force is usually provided by a pump.
Energy equation,

2 2
ﬁ+gz1+\i=&+gzz+v—2+WS+ZF
p 2.p 2
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Ak Aspen Plus - £2.4
File Edit Wiew Data Tools Run EEGS

ETTE VLT

Chrl+alt+
- Chrbalt+y
Parametric Variable Chrl+altb+2

Ml Sencitivity 5.1 - Rata Ar

[ Summary | Defie Variable |

® g Blacks Slatus  [VARY1  |FR
5] Model Analysis Tools 1
= (M Sensitivity MIXED
- s WATER VO
Ret L FLOW
= [ Resuks Summary CUM/SEC  |CUM/SEC
Run Status 3 (X5 X5
Streams
O c 0K 6z oz
(i3 (iIE] (iE]
oK 704 .04
[i[3 i
3 s
0K [Po0555E50 0,

~

STREAMS Miser Fapit SSpit
Selects the x axis variable for plotting DilHfSV5-Bookichapz | NUM | Resuks Avslable /]|

el >

FIGURE 2.43
Selection of pressure drop as the x-axis for the sensitivity analysis.

Reynolds number,

-3 .3
(998 kg/m3) (Lrg/sz\
8.22x107m?)

Re = PYP _ - - 6.18 x 10°
w 1x 107 kg/ms

Since Reynolds number is greater than 4000 and the flow is turbulent, from the
Moody chart

_5
& _46x107 456045 hence f = 0.02
D~ 0.1023

The friction losses

2 2
sFofLV LY

+—(Ke + 2K, + Key)
D2 2
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Sensitivity S-1 summary

0.06
0.055 fremmmresmneemne e
0.05
0.045
0.04
0.035

™ AN— S—

Volumetric flow rate (cum/s)

0,025 beneereee b AR

s S oo oo |

(110 T T

(% i H i i
1000 1200 1400 1600 1800
Pressure drop (kPa)

FIGURE 2.44
Pressure drop versus inlet liquid feed rate.

Contraction loss at the exit feed tank, A,/JA, =0, since A, > A, =0

K. = 0.55( - %) = 0.55(1-0) = 0.55

|

Expansion loss at the inlet of the storage tank, A,/A, =0, since A, > A, =0

2
Kex=( —ﬁ) =(1-0)=1.0
A

2

100 m
15m
5m 50 m
- 90° elbow
18 m3/h —»
E i 4 inch schedule 40

Pump

FIGURE 2.45
Process flow diagram for Example 2.5.
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Summation of friction losses

170m

2F =0.02

(0.608m/s)?

(0.608m/s)?
+

0.1023m 2

Energy equations:

Shaft work,

h-A
p

0=

0=0+9.806m/s’(15-0) + 0 + W, + 6.84m?/s*

Pump kW power, mW,

Brake kW = mW, = (5x 10~ m’/5)(998 kg/m’) (234 mz/sz)(

Pump hp =1.17kW

Thp

+ 8z, —z¢) +

0.7457 kW

2

W, = =154m?*/s?

W, = _an

L
vl
N
I

-0.65W,

234m?/s?

=
I

=1.57hp

Hysys SIMULATION

Vi -V

+ W, + ZF

1kJ

1000 kgm?/s? )

71

(0.55 + 2(0.75) + 1) = 6.84m?/s*

\=1.17kW

Open a new case in Hysys, select water for component, ASME Steam as fluid
package, and then enter simulation environment. Build pipe flow sheet. Double
click on feed stream and specify feed stream conditions. Double click on the pipe
segment on the object palette, switch to the Rating page, and click on the Append
Segment, and then add pipes and fitting as shown in Figures 2.46 and 2.47.

Segment 1 = 3] 4
Fitting/Pipe Coupling/Union Pipe Pipe | Elbow: 90 Std
Length ~ 0.0000 5.000 50.00 | 0.0000
Elevation Change 00000 0.0000 0.0000 0.0000 |
Outer Diameter <empty> 1143 1143 | <empty>
Inner Diameter 1023 1023 1023 1023
Material Mild Steel Mile! Steel Mild Steel Mild Steel
Increments 1 5 5 1
FIGURE 2.46

Pipe segment specifications for the section from the pipe inlet to the elbow.
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Segment 5 ) 6 7| B
Fiting/Pipe Pipe Elbow: 90 Std Pipe | Coupling/Union
e e e | B T —
Elevation Change | 15.00 0.0000 | 0.0000 | 0.0000
Outer Diameter 1143 <empty> | 1143 | <empty>
Inner Diameter 1023 1023 102.3 1023
Material Mild Steel Mild Stesl Mild Steel | Mild Steel
Incr 5| 1 5| 1

FIGURE 2.47

Pipe segment specifications for the section from elbow to exit of the pipe.

Click on the Design tab, and then Parameters, to find the pressure drop across the
pipe (Figure 2.48). The pump horsepower (hp) required is shown in Figure 2.49.
The PFD with set logical operator is shown in Figure 2.50.

SimuraTioN witH PRO/II

Build the process flow sheet shown in Figure 2.51 using PRO/IIl. Double click
on stream ST to enter inlet stream conditions (temperature, pressure, total flow
rate, and molar composition). Double click on the pipe segment and specify the
pipe nominal size, length, roughness, elevation, and fitting K factor (Figure 2.52).
Double click on the pump and enter the outlet pressure which is equal to the
feed pressure (stream S1) so as to maintain zero pressure drops in the system as
shown in Figure 2.53. Run the system and generate the output report as shown
in Figure 2.54.

ASPEN SIMULATION

Follow the same procedure shown in the previous example for constructing the
process flow sheet using Aspen. Specify feed stream conditions. Double click on
pipe segment and set the pipe rise to 15 m. The pump exit pressure should be
defined as the pipe inlet pressure (506.3 kPa) to overcome the pressure drop in
the pipeline. The Aspen process flow sheet and stream table are shown in Figure
2.55. The pump brake hp is shown in Figure 2.56.

—Pipe Flow Correlation

Aziz, Govier and Fogarasi ~
Beaxendell and Thomas

“iew Carrelation

Beggs and Brill
Duns and Ros
Gregory Aziz Mandhane v

— 4

Delia P |153.? kPa Duty |n.nnnn

Gravitation Energy Change |25‘12 klfh

FIGURE 2.48

Pressure drop across the pipe.
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Design
Delta P
Connections
Parameters
Curves

Links

UserVariables

MNotes

Dy ——=Z ~—"\ AdiabaiicEficiency
[fi8200 kW FEoow%

b
Design I Rating anrksheet I Performance lDynamics ]

FIGURE 2.49
Pump hp required.
Pipe-100 Set-1
N
S P-100 3
Q-100 Q-101
Streams
1 2 3

Temperature C 20.00 20.00 20.02

Pressure kPa 506.6 352.9 506.6

Mass flow kg/h | 1.796e + 004 | 1.796e + 004 | 1.796e + 004

Comp mass frac (H,0) 1.0000 1.0000 1.0000
FIGURE 2.50

Process flow sheet of Example 2.5 generated with Hysys.

FIGURE 2.51
PFD of Example 2.5 constructed with PRO/IL.
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Pipe - Line/Fitting Data

IO Help

- Line/Fitling Diameter
() Inside Diameter: | mm
®NominalPpe Size:  [101.600 - Schedule:
Line Length: 170.00] m [ oz |
© Absolute: mm
Elevation Change: 15.000{ m
O Relative: | |
Fiting K-Factor: | 3.0500]

Divide line length into 1 segments for pressure drop calculation,

Cancel

Exit the window after saving all data

FIGURE 2.52
Pipe line/fitting data of Example 2.5.

CONCLUSIONS

Pump brake power was calculated using three methods; with hand calculation
the brake power is 1.57 hp, Hysys value is 1.58 hp, PRO/II result is 1.1859 kW
(1.589 hp), and Aspen Plus result is 1.585 hp. Al results were almost the same.

Example 2.6: Pressure Drop through Pipeline and Fitting

Water at 25°C (density 1000 kg/m?®) and 2.5 atm pressure is being transferred
with a 2 hp pump that is 75% efficient at a rate of 15 m*h. All the piping is 4 in.
Schedule 40 mild steel pipe except for the last section, which is a 2-in. Schedule
40 steel pipe. There are three 4-in. nominal diameter standard 90° elbows and

PRO/II - Pump

JOM [ Fiarige Help Overview  Status  Motes
—
Product Stream: 53 Themodynamic System: |Default [BWRS01) v
[~ Pressure Specification
() Outlet Pressure: [ 5.0663 bal] Efficiency:
O Pressure Rise: | 0.00000 | bar 65.00| Percent
) Pressure Ratia: |
oK Cancel |
[Exit the window after saving all data

FIGURE 2.53
Pump exit pressure and percent efficiency specified.
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OPERATING CONDITIONS

INLET OUTLET
TEMPERATURE, C 20.00 20.06
PRESSURE, BAR 3.53 5.07
MOLE FRAC UAPOR 0.0000 0.0000
MOLE FRAC LIQUID 1.0000 1.0000
MOLE FRAC H/C LIQUID 0.0000 0.0000
MOLE FRAC WATER 1.0000 1.0000
MOLE FRAC MW SOLID 0.0000 0.0000
WEIGHT FRAC MW SOLID 0.0000 0.0000
ACT FLOW RATE, M3/HR 8.0195 18.0197
EFFICIENCY, PERCENT 65.0000
HEAD, M 15. 7487
WORK, KU 1.1860

FIGURE 2.54

Pump calculated horsepower generated with PRO/II for Example 2.5.

2
Example 2.5

Stream ID 1
Temperature C 20.0 20.0
Pressure kPa 506.63 353.00
Vapor frac 0.000 0.000
Mole flow kmol/s 0.277 0.277
Mass flow kg/s 4.992 4.992
Volume flow cum/s 0.005 0.005
Enthalpy MMBtu/h -270.594 -270.597
Mass flow kg/s

Water 4.992 4.992
Mass frac

Water 1.000 1.000

FIGURE 2.55

Process flow sheet and stream table of Example 2.5.

75
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Pump results

Fluid power: 766.18243  |watt -]
Brake power: 118181912 |watt ~|
Electricity: 118181812 [watt |
Volurnetric flow rate: 0.00500035 Icum;‘sec LI
Pressure change: 153.625675 |I<Pa LI
NPSH available: 351.302707 |J/kg |
NPSH required: | | LI
Head developed: 153880102 [J/kg ~|
Pump efficiency used: [oe5

Metwork required: ]1131,81 912 |watt ~|

FIGURE 2.56

Pump brake power of Example 2.5.

one reducer to connect the 2 in. pipe (Figure 2.57). Calculate the pressure drop
across the system.

SOLUTION

HAND CALCULATION

The average density of water is 1000 kg/m* and the average viscosity of water is
0.001 kg/(m s). The pipe line consists of two piping diameters:

a. ID=102.3 mm, OD = 114.3 mm (4 in. Schedule 40).
b. ID=52.50 mm, OD = 60.33 mm (2 in. Schedule 40).

For the mild steel pipe, the roughness, €, is 4.57 x 10° m

3
v = Q _ Q2 _ (15m /h)(h/362005)  0.507 /5
A wDi/4 71(0.1023 m)~/4

115m

2 in. schedule 40

3
15 m>/h 20m

4 in. schedule 40

Pump

FIGURE 2.57
PFED for Example 2.6.
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Reynolds number for the 4 in. Schedule 40 pipe,

_ pwbD, (1000 kg/m*)(0.507 m/s)(0.1023 m)

Re
T 0.00Tkg/m.s

=5.2x10*

The relative roughness for the 4 in. Schedule 40 pipe,

-5
& _457x10°m o o
D, 0.1023m

Using the Moody chart (Figure 2.2),
f, =0.022

The average velocity for the 2 in. Schedule 40 pipe is

3
v, = Q _ Q2 _ (15m /h)(h/36020 s) —1.93ms
A wD; /4 7(0.0.0525 m)“/4

Reynolds number for the 2 in. Schedule 40 pipe is

_ pWD, _ (1000 kg/m*)(1.93 m/s)(0.0525 m)

=1.0x10*
u 0.001kg/m - s

Re2

Relative roughness of the in. Schedule 40 pipe is

-5
& 4.57 x107” m 87 x10"
D, 0.0525m

Using the Moody chart (Figure 2.2)

f,=0.028
Friction loss in the line before the pump, ZF;: There is 1 elbow 90° in this
segment
Friction loss
2 2
sh o= f 0k
2 2
Substituting values,
2 2
SF =(0.022) /M OS07TMAT; 75 0-507TM8) _ 19 22 4 0.096 m?/s?

0.1023m 2

=0.29 m?/s*
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Pressure drop for the line before the pump is

sz _ \/12

AH=p[g(22—z1)+ +2F1]

(0.507 m/s)? = (0.507 mvs)?
2

+0.29 m/s?

= (1000 kg/m’) [(9.806 m/s? ) (Om - 2m) +

=1000 kg/m*(=19.61+ 0+ 0.29) m*/s*> = =19320 kg/ms’

(N \( 1Pa [ 1kPa )
| kgnvs? )L 1nm? ) | T000Pa )

=-19320 kg/ms’ =-19.30 kPa

Friction loss in the line after the pump, 2F,: In this line segment there are two
different pipes (4 in. and 2 in. diameter); consequently, two velocities. There are
also two 90° elbows and one sudden contraction joining the two pipes.

2 2 2
Zh = 4f2L—3V—Z + ZKQ\i + KCV—2
D, 2 2 2
Contraction loss
2
Ko =0 55(1 - ﬁ) _0.55{1- “D§/4\ _055[1- D%\
A |~ =Dia) '~ 2]
2
_osslio (0.0525m)2\ — 0.405
(0.1023m)’ )
2 2
S (0.022)_05M_(O507ms o (115m) (1.93ms)
0.1023m 2 0.0525 2
2 2
+2(0.75)M + (0.405) 193 M1

Solving for XF,:
3F = (1.6 +114.2+0.19 + 0.754) m’/s* = 116 m*/s’
Pressure drop in the line after the pump

V2 - V2
2

+ 2F

AP, = p|glz, — 7)) +
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Substituting required values

2 2
AP, = (1000 kg/m3)[(9.806 m/s?) (20 m—2m) + (.93 m/s) '2(0'507 M) 116 m? s
=1000 kg/m3(1 76.51+1.73+116m2/52)=294,000 kg/ms’
The pressure drop in the second pipe segment in kPa is
AP, = 2.94 x 107 kgyms?| N} _TPa V[ TKPa ) g b0
| kgmvs ) L 1n/m? J L T000 Pa))
The mass flow rate in kg/s
[ Th )
= pQ = (1000 kg/m’ |(15 m/h =417k
m=pQ - gm')(15m )k36005J g
The shaft work
_ 2
P L S hp)(0.7457 kW) [ 1ks ) {1000 Nm)) { Tkgnvs?) 417 ks
m " e JUw) U N
T 68.4ms?
Pump pressure rise, A P,
2
AF;)=pWS=(1OO(zkg)/268.§Im \( 1kPa 2\/ N 2\=268.4kpa
m s )UOOON/m )k1kgm/s J

The negative sign is just because the calculated pressure drop was inlet minus
exit. However, across the pump, pressure always increased.

Hysys SIMULATION

Open a new case in Hysys. Add water as the pure component, and select ASME
steam for the fluid package. Construct the pipe process flow sheet and specify
the feed stream conditions. Double click on Pipe Segment on the process flow
sheet, click on the Rating tab, and then click on Append Segment to add the pipe
specification (length, nominal size, elevation, and fittings) as shown in Figures
2.58 and 2.59.

While on the design page, click on Parameters to enter the pressure drop in the
line before the pump (pressure drop =—-19.3 kPa). The negative sign indicates the
pressure rise due to the negative elevation of first pipe segment.
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= PIPE-1 B

~Length - Elevation Prafile

Rating |

Sty Segment i I _3[

Heat Transfer Fitting/Pipe i Pipe | Elbow 30Std Pipe |
Length 2000 0.0000 5000 |
Elevation Change -2000 | __0.0000 0.0000 |
Outer Diameter 4500 <emply> 4500
Inner Diameter 4.026 4.026 4026
Material Mid Steel | Miid Steel Mild Steel

I 5 1 5

Append Segment I Insert Segment ] View Segment...
Delete Segment | Clear Prafile

" Design I’Ialingl Waorkshest J Peifoimance JDynamics I Deposition |

Deiete | | | [gnored

FIGURE 2.58
The first pipe segment conditions.

Add a new pipe segment to specify the line after the pump, while on the rating
page, click on Append Segment and enter the data shown in Figure 2.60.

Double click on the pump segment in the flow sheet area and while the Design
page is open, click on Parameters, and specify the pressure drop as shown in
Figure 2.61.

While in the design page click on Parameter and type 2.0 hp in the Duty cell.

The pressure rise across the pump is 268.2 kPa as shown in Figure 2.62. The
final flow sheet should appear as that shown in Figure 2.63.

“ PIPE-1 BX

Design ~Pipe Flow Ct
oo | RS
Parameters ¥
Calculation
User Vanables
Motes

Delta P: |-IJ.1 930 Duty: Iﬁ.UEI]J
-19.30 kPa lﬂe I—‘
-0.1930 bar

-2.799 psi

| Design [ Rating | Waorksheet | PdCalculated by: PIPE-1 | | Depostion

Delete | O I lgnored

FIGURE 2.59
Pressure drop across the first pipe segment.
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= pIPE-2 Bx
__Raiing | (=g Sevsin e T
| Heat Transier Fiting/Ppe |
Outer Dismster
Irner Diameter
| |Incresments
|
Append Segment Inser Segrent |
- Dralele Sapmert
™ Desgn_ Rating | Workshest | ] Dynamics | Depestion |
Delet= | | Y | lancred

FIGURE 2.60
Pipe specifications for line after the pump.

SimuraTioN witH PRO/II

In PRO/II; there should be one pipe segment for each change in diameter, length,
height, and fitting K factors as shown in Figure 2.64.
The stream conditions are shown in Figure 2.65.

ASPEN SIMULATION

Using Aspen, a procedure similar to that used in PRO/II is applied as shown in
Figure 2.66. In the first pipe segment, specify the Pipe length as 2 m, the Pipe rise
as -2 m. In the second pipe segment, the length is 5 m, elevation is zero, and fit-
ting is one 90° elbow. For the pump, set the power required to 2 hp. The length
of the third pipe is 45 m and that of the fourth pipe is 20 m. The pipe rise is also
20 m and the number of 90° elbows is 2. For the fifth pipe, the length is 115 m,
elevation is zero, and pipe nominal size is 2 in. Schedule 40. Click on the Thermal
Specification tab and select Adiabatic. The Aspen process flow sheet and the
stream table is shown in Figure 2.66.

Design riEtoe Flow Coirelot |
[ . Aziz, Govier and Fogarasi A
Connections Baxendell and Thomas 3
Parameters ¥
Calculation
User Vanables
Motes
Delta P: |2.B§5 Duty: ]ﬁ.ﬂt[l]
265.5 kPa |
TSl | 2,655 bar
— ; - 38.51 psi
Design I Rating | Worksheet | EéCalculated by: PIPE-2 | | Deposition
Deicte | [ [ lonored

FIGURE 2.61
Pressure drop the pipe segment.
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Pump H -ﬂ
Design
Connections

Delta P Adiabatic Efficiency
Parameters P

75.00 %

Curves

Links

User Vanables
Motes

|1 AGT40 kW

=
Design | Rating | Workshest | Performance | Dynamics |

Delcte | I ' On [ lgoed

FIGURE 2.62
Duty of the pump is 2 hp (1.49140 kW) at 75% adiabatic efficiency.

Pipe-100 P-100 Pipe-101

Q-100 Q101
Streams
1 2 3 4
Temperature C 25.00 25.00 25.01 25.03
Pressure kPa 253.3 272.7 541.0 237.3
Mass flow kg/h 18000.00 18000.00 18000.00 18000.00
Comp mass frac (H,0) 1.0000 1.0000 1.0000 1.0000

FIGURE 2.63
Process flow sheet of Example 2.6 with Hysys.

>SS -7 -

PI5]

P14

FIGURE 2.64
Process flow sheet of Example 2.6 with provision.
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Stream name stream S1 S2 S3 S4 S5 S6 S7
description

Phase Water Water Water Water Water Water Water

Temperature F 77.000 77.001 77.001 77.048 77.050 77.044 77.078

Pressure psia 36.740 39.554 39.534 78.434 77.846 49.371 36.628

Flowrate Ib-mol/h 1833.819 [1833.819 |1833.819 [1833.819 | 1833.819 |1833.819 [1833.819

Composition

Water 1.000 1.000 1.000 1.000 1.000 1.000 1.000

FIGURE 2.65

Stream specifications with PRO/IL

CONCLUSIONS

The pressure rise across the pump using hand calculation is 268.4 kPa, Hysys is
268.2 kPa, PRO/II is 268.1 kPa, and Aspen Plus is 268.46 kPa and all values were
in good agreement.

2.2 Fluid Flow in Pumps

Pumps are used to move liquids in a closed conduit or pipe. The pump
increases the pressure of the liquid.

i
Example 2.6
Stream ID 1 2 3 4 6 7 8
Temperature | C 25.0 25.0 25.0 25.0 25.0 25.0 25.0
Pressure kPa 253.31 272.64 272.46 540.92 539.61 343.40 255.95
Vapor frac 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mole flow kmol/s 0.231 0.231 0.231 0.231 0.231 0.231 0.231
Mass flow kg/s 4.155 4.155 4.155 4.155 4.155 4.155 4.155
Volume flow | cum/s 0.004 0.004 0.004 0.004 0.004 0.004 0.004

Enthalpy MMBtu/h | -224.912| —224.911| -224.911| -224.906 | —224.906 | —224.909 | —224.909
Mass flow | kg/s

Water 4.155 4.155 4.155 4.155 4.155 4.155 4.155
Mass frac
Water 1.000 1.000 1.000 1.000 1.000 1.000 1.000
FIGURE 2.66

Process flow sheet and stream table of Example 2.6 with Aspen.
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2.2.1 Power and Work Required

Using mechanical energy balance equation around the pump system, the
actual or theoretical mechanical energy Wy (kJ/kg) added to fluid by the
pump can be calculated. If 1 is the fractional efficiency and W, the shaft work
delivered to the pump,

W,
W, = -—— 2.16
P " (2.16)

B, - P,

W, =--2"-2 2.17)

p
Brake powerkW = mW, = - mWs (2.18)

n

The mechanical energy W in kJ/kg added to the fluid is often expressed as
the developed head H of the pump in meters of fluid being pumped, where

W, =Hg (2.19)
the head is
AP, 32uLV
H=—-= 2.20
pg  pgD? 2.20)
S

2.3 Fluid Flow in Compressors

In compressors and blowers, pressure changes are large and also the com-
pressible flow occurs. In compression of gases the density changes and so the
mechanical energy balance equation must be written in differential form
and then integrated to obtain the work of compression.

d
dw = ?p 2.21)

Integration between the suction pressure P; and discharge pressure P,
gives the work of compression.

" dp
kP (2.22)

W =
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For adiabatic compression, the fluid follows an isentropic path and

B (pl)y
Po\p (2.23)
where the ratio of heat capacities, y=C,/C,,
w __ Y RT (Pz)”‘”” ) 1}
St Min (2.24)

The adiabatic temperatures are related by

E_ & (y=1/v
T b

(2.25)

The brake power

BrakekW = “Wem
n (2.26)

Example 2.7: Flow through Pump

Pure water is fed at a rate of 100 Ib/h into a pump at 250°F, 44.7 psia. The exit
pressure is 1200 psig. Use the pump module in HYSYS, PRO/II, and Aspen pro-
grams to model the pumping process. The pump adiabatic efficiency is 10%. Find
the energy required.

SOLUTION
HAND CALCULATION
(A -P) (1200 +14.7) - 44.7)

-W, = = : Ibs/in* 144in° /ft* = 2860.44 Ib; ft/lb
o 58.9 Ib/ft

The density of water at 250°F is 58.9 Ib/ft?, the horsepower for 10% efficiency
pump:

M=i(286o.44lbfft/lb)(molb/h)( th Af 1hp \=1.445hp

Wo=—) 01 136005 ) 5501b.fs)
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Pump ﬂ;]

Design
Sqnecns DekaP Adiabalic Efficiency
Faemoreie [fo007%
Curves
Links
UserVaiiables =
MNotes
Duty
{44737 1e
! 1.07930 kit
] lculated by: Pu l
™= Desion [[Rating | Woikshest | Perfomante JDonames )
Delete | R v On T lgnored

FIGURE 2.67
Specifying of pump adiabatic efficiency.

SiMuULATION WITH Hysys

Open a new case in Hysys and then perform process flow sheet of the pump
with inlet, exit, and the red color energy stream connected to the pump. Specify
the feed stream conditions and exit stream pressure to 1200 psig. Click on the
Design tab, and then click on Parameters. In the Adiabatic Efficiency box on the
parameter page, enter 10. Click on the Worksheet tab to view the results as in
Figure 2.67.

Click the Workbook icon in the toolbar. The Workbook appears. From the work-
book menu click on Setup. Once the setup view appears, click on Add in the
Workbook Tabs group and select the variable that should appear in the table.
Right click on the PFD area below the PFD and click on Add Workbook Table. The
stream conditions for the pump are shown in Figure 2.68.

The new outlet temperature of the water is 283.9°F for the 10% efficient pump.
Hand calculations and Hysys results are not different from each other.

Feed g Pump Outlet

Q-100
Streams
Feed Outlet
Temperature C 121.1 140.0
Pressure kPa 308.2 8375
Mass flow kg/h 4536 | 45.36
Comp mass frac (H,0) 1.0000 | 1.0000

FIGURE 2.68
Converged stream conditions.
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FIGURE 2.69
PFD of Example 2.7.

SimuraTioN witH PRO/II

Using PRO/II, add water as the pure component. For fluid package select PRSV
or PR. Perform the pump process flow sheet. Specify the feed stream conditions.
The pump exit pressure is 1200 psig (Figure 2.69). Run the system and generate the
output report; it should appear as in Figure 2.70.

ASPEN SIMULATION

Aspen is used to construct the pump process flow sheet shown in Figure 2.71. Add
pure water as the only component. Click on Physical Property in the toolbar, and
select Stream-TA as the base method. Double click on the feed stream and specify
inlet stream conditions (temperature, pressure, total flow rate, and composition).
Double click on the pump icon and set the Discharge Pressure to 1200 psig and
the pump efficiency to 0.1. Note that in the status bar, the message “Required
Input Completed” means that the system is ready to be run. Click Run after the
message run is successfully completed, click on results, and then click on block
results. The process flow sheet and the stream table are shown in Figure 2.71. The
brake power of the pump is shown in Figure 2.72.

CONCLUSIONS

This example shows that pumping liquid can increase its temperature and pres-
sure. In this case, the pump was only 10% efficient and it caused 15°F in the

OPERATING CONDITIONS

INLET OUTLET
TEMPERATURE, C 121.11 139.84
PRESSURE, BAR 3.08 82.74

MOLE FRAC UAPOR

0 0
MOLE FRAC LIQUID 1.0000 1.0000
MOLE FRAC H/C LIQUID 0.0000 0.0000
MOLE FRAC WATER 1.0000 1.0000
MOLE FRAC MW SOLID 0.0000 0.0000
WEIGHT FRAC MW SOLID 0.0000 0.0000
ACT FLOW RATE, M3/HR 0.0481 0.0490
EFFICIENCY, PERCENT 10.0000
HEAD, M 862.6784
WORK, KU [1.0852
FIGURE 2.70

Pump required work for Example 2.7.
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Example 2.7
Stream ID 1
Temperature K 394.3 413.1
Pressure atm 3.04 82.66
Vapor frac 0.000 0.000
Mole flow kmol/h 2.518 2.518
Mass flow kg/h 45.359 45.359
Volume flow L/min 0.803 0.813
Enthalpy MMBtu/h —-0.665 -0.661
Mole flow kmol/h
Water 2.518 2.518
FIGURE 2.71

Process flow sheet and stream table of Example 2.7.

M Block B1 (Pump) Re

sults - Data Browser

2 e < &fE | =] el «fress <] »| (el W
# @4 Streams Summary | Balance | Feioiance Cuve |
= G Bocks
= Bl — Pumg results
:g:‘:'?:t Flid power: 010789909 [jow ~]
Stream R Brake power. ———» |1 44695061 |hp i
= (3 Resuks Summary Electricity: 1.078330685 | kW -
Run Status Volumetic flow rate: 08025381 [\/min -
Streams e =
[ convergence Pressure change: 79.6135022 | atm e
NPSH available: 1109562673 [mkaitkg )
NPSH required: =]
Head developed: 873240453 [wkgikg v
Pumg efficiency used: IIJ.‘I
Met work required: 1. 44695061 ihp 'vI
SEemmaeal| &
PResuis available 4
FIGURE 2.72
The pump results generated by Aspen.
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temperature of the water. The less efficient a pump is, the greater is the increase in
the temperature of the fluid being pumped. This is attributed to the reason that in
a low-efficiency pump, more energy is needed to pump the liquid to get the same
outlet pressure of a more efficient pump. So, extra energy gets transferred to the
fluid. The brake power calculated by hand calculation, Hysys, PRO/II, and Aspen
is 1.45, 1.45, 1.43, and 1.45 hp, respectively. Results were close to each other.

Example 2.8: Compression of Natural Gas

A compressor is used to compress 100 kg/h of natural gas consisting of 80 mol%
methane, 10% ethane, 5% carbon dioxide, and the remaining nitrogen from
3 bars and 30°C to 10 bars. Find the compressor duty (brake kW) for 75% and
10% efficiency.

SOLUTION

HAND CALCULATION

y=0/y
-
h

The compressor shaft work,

Y R

S=y—1ﬁ

Natural gas average molecular weight (M)
M =0.8(16) + 0.1(30) + 0.05(44) + 0.05(28) = 19.4 kg/kgmol

Assuming that gas is incompressible,

w _( 1.31 )8.3143(kJ/kgm0|K)(30+273.15)K
o131 19.4 kg /kgmol

(10)(1.31—1)/1.31 :|
— -1
3

The shaft work in kj/kg

~W, =181 k/kg

The compressor brake kW,

_‘/Vsm
n

Brake kW =

The brake power for a compressor, 75% adiabatic efficiency,

(

(181 kJ/kg)U 00 kg/h- )

h
6005

Brake kW = = 6.69 kW

0.75
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For 10% adiabatic efficiency,

(

(181k)/kg) U 00 kg/h )

3600s)

BrakekW = = 50.175 kW

0.10

SIMULATION WiITH Hysys

The pump simulation is done by opening a new Hysys case and selecting the com-
ponents methane, ethane, CO,, and N,. PRSV is selected as the property estima-
tion method. The basis of calculation is assumed as 100 kg/h of natural gas stream.
Select a compressor from the object palette and specify the stream conditions
and keep the Hysys default compressor efficiency and then determine the outlet
temperature and compressor duty. Neglect the heat loss or gain from the environ-
ment. Enter the Pressure for the outlet stream which is 10 bars. Click on the Design
tab, and then click on Parameters and see the Hysys default adiabatic efficiency
and calculated Polytropic efficiency. In the Adiabatic Efficiency box on the param-
eter page, enter 10 (Figure 2.73). Click on the Worksheet tab to view the results.

Double click on the pump PFD and click on the Worksheet tab. The stream
conditions for the pump are shown in Figures 2.74 and 2.75 for 75% and 10%
adiabatic efficiency, respectively.

The new outlet temperature is of 652.4°C for the 10% adiabatic efficient and
144.4°C for an adiabatic efficiency of 75%.

SimuratioN witH PRO/II

Following the same procedure as done previously with PRO/II, construct the pro-
cess flow sheet shown in Figure 2.76, enter the inlet temperature, pressure, total

K-100 B%

Design [pEincency |
— ~ [Adiabatic Efficiency | 10.000
Connections |Polptiopic Efficiency [ 16258
Parameters - .
Links
User Vanables
Motes
Duty
[45.0751 W =
49,0751 KW
~Operating Mode 65,8108 M/ Operation Mode:
‘ & Centifugal [Calculated :K-wnI & Single MW " Multiple Mw/

=
Design l Rating I Workshest J Performance J Dynamics |

_ Delte | | [ [gnored

FIGURE 2.73
Specifying of compressor adiabatic efficiency.
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Conditions
Properties
Composition
PF Specs

Worksheet

Name Feed Outlet QK
Wapour 1.0000 1.0000 <empty>
Temperature [C] 30,00 <emplys
Pressure [atm] 2.961 . <empty>
| Malar Flow [kgmole/h] 5143 143 <emply>
Mass Flow [kg/h] 100.0 100.0 <emply
Ligvol Flow [m3/h] 02866 0.2866 <empty>
Molar Enthalpy [keal/kamole] -2.102e+004 | -1.993e+004 <empty>
Molat Entiopy [kJ/kgmole-C] 1797 1826 <emply>
Heat Flow [k /s] 1257 | -1131 6543

|
j
I
i

Design ] Raling Worksheet [ Per

| Dynaics |

_ Dekle | K [ lonored

FIGURE 2.74

Conditions of the simulated compressor (75% adiabatic efficiency).

FIGURE 2.75

Feed Outlet
QK
K-100
Streams
Feed Outlet
Temperature C 30.00 | 6524
Pressure kPa 300.0 1000
Mass flow kg/h 100.0 | 100.0

Conditions of the simulated compressor (10% adiabatic efficiency).

FIGURE 2.76

Compressor process flow sheet.
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inlet flow rate, and molar compositions. For 10% efficiency, the results are shown
in Figure 2.77.

ASPEN PLUS SIMULATION

Open the Aspen user interface and then click on the Pressure Changes tab on the
model library and select compressor. Click anywhere in the process flow sheet area.
Click on Material Streams in the model library and connect inlet and exit stream
lines. Click on the arrow on the left of the model library to cancel the insert mode.
Click on Component on the toolbar, and select methane, ethane, CO,, and N,.

Click on Physical Property in the toolbar, and select Peng—Robinson as the
base method. Double click on the feed stream and specify inlet stream condi-
tions (temperature, pressure, total flow rate, and composition). Double click on the
Compressor icon and set the Discharge pressure to 10 bars and the compressor
efficiency to 0.10 for the 10% efficiency. Note that in the status bar, the message
Required Input Completed is displayed, which means that the system is ready to
run. Click on run or F5; after the run is successfully completed click on results and
then click on the block icon in the results menu. The process flow sheet and the
stream table are shown in Figure 2.78. The brake power of the 10% efficiency
pump is shown in Figure 2.79.

CONCLUSIONS

Results of the actual work of the pump with 10% efficiency with hand calculations
are 50 kW; on the contrary, results obtained by Hysys, PRO/II, and Aspen were in
good agreement and around 49 kW. The discrepancy in hand calculations is due
to the ideal gas assumption.

PROBLEMS
2.1 Pressure Drop through a Smooth Pipe

Water is flowing in a 15 m horizontal smooth pipe at 8 m3/h and 35°C.
The density of water is 998 kg/m? and the viscosity of water is 0.8 cP.
The pipe is Schedule 40, 1 in. nominal diameter (2.66 cm ID). Water inlet
pressure is 2 atm. Calculate the pressure drop.

POLYTROPIC EFF, PERCENT 16.2522
ISENTROPIC COEFFICIENT, K 1.2676
POLYTROPIC COEFFICIENT, N 15.4848
ASME "F" FACTOR 1.0023
HERD, M

ADIABATIC 18021.85

POLYTROPIC 29289.40

ACTUAL 180218 .47
WORK, Ku

THEORETICAL 4.91

POLYTROPIC 7.98

ACTUAL 49.11

FIGURE 2.77

Pressure drop for the compressor with 10% efficiency.



Fluid Flow in Pipes, Pumps, and Compressors

—1]
e
>
Example 2.8
Stream ID 1 2
Temperature C 30.0 652.6
Pressure Bar 3.000 10.000
Vapor frac 1.000 1.000
Mole flow kmol/h 5.143 5.143
Mass flow kg/h 100.000 100.000
Volume flow cum/h 42.889 39.680
Enthalpy MMkcal/h -0.108 —-0.065
Mole flow kmol/h
Methane 4.115 4.115
Ethane 0.514 0.514
co, 0.257 0.257
N, 0.257 0.257

FIGURE 2.78
Process flow sheet and stream table of Example 2.8.

2.2 Pressure Drop in a Horizontal Pipe

Calculate the pressure drop of water through a 50-m long smooth hori-
zontal pipe. The inlet pressure is 100 kPa, the average fluid velocity is
1m/s. The pipe diameter is 10 cm and the pipe relative roughness is
zero. Fluid density is 1 kg/L and viscosity is 1 cP.

2.3 Pressure Drop in a Pipe with Elevation

Calculate the pressure drop of water through a pipe 50 m long (relative
roughness is 0.01 m/m). The inlet pressure is 100 kPa; the average fluid
velocity is 1 m/s. The pipe diameter is 10 cm. Fluid density is 1 kg/L and
viscosity is 1 cP. The water is discharged at an elevation 2 m higher than
water entrance.

2.4 Pumping of Natural Gas in a Pipeline

Natural gas contains 85 mol% methane and 15 mol% ethane is pumped
through a horizontal Schedule 40, 6-in-diameter cast-iron pipe at a mass
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M Block B1 (Compr) Results - Data Browser

[FR Feculs - &k | = @] «lresas =] >>] C1|ch]| N
g g oy Summary | Baance | P Tirefamres)
=4 8l - Compr results - —
:;:.L:::t Phase calculations: Two phase cakculation :I
Stream R Indicated hoisepower. 49.1086558 [ o
=-(f] Resuks Summary Brake horsepower: 491086558 | kw
R;r::n?m Met work required: 491086558 | kw |
O convergence Power lass: Io KW
Efficiency: 01
Mechanical efficiency:
Outlet pressure: 10 bae
Outlet temperature: B52.552669 | C
Iserircpic outlet tempersture:  [118.534953 | C [
T : -
o —
R‘asljsa\vaﬂ.abls =
FIGURE 2.79

Compressor bakes power of Example 2.8.

flow rate of 363 kg/h. If the pressure at the pipe inlet is 3.5 bars and 25°C
and the pipe length is 20 km downstream, assume incompressible flow.
Calculate the pressure drop across the pipe using Hysys, Aspen Plus,
and PRO/IL

2.5 Compression of Gas Mixture

The mass flow rate of a gas stream 100 kg/h of feed contains 60 wt%
methane and 40% ethane at 20 bars and 35°C is being compressed to
30 bars (use PR fluid package). Determine the temperature of the exit
stream in °C.

2.6 Compression of Nitrogen

Find the compressor horsepower required to compress 100 kmol/h of
nitrogen from 1 atm and 25°C to 5 atm.

2.7 Pumping of Pure Water

Pure water is fed at a rate of 100 Ib/h into a pump at 250°F, 44.7 psia. The
exit pressure is 1200 psig. Plot the pump adiabatic efficiency versus the
energy required.

2.8 Pumping of Water to Top of Building

Calculate the size of the pump required to pump 100 kmol/min of pure
water at 1 atm and 25°C to the top of a building 12 m high.
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Material and Energy Balance

At the end of this chapter you should be able to

1. Provide meaningful experience in solving mass balances for physi-
cal and chemical processes.

2. Perform energy balance on reactive and nonreactive processes.

3. Verify hand calculation results with Hysys, PRO/II, Aspen, and
SuperPro Designer.

3.1 Introduction

Material balances are based on the fundamental law of conservation of
mass. In particular, chemical engineers are concerned with doing mass bal-
ances around chemical processes. Chemical engineers do a mass balance to
account for what happens to each of the chemicals that is used in a chemical
process. By accounting for material entering and leaving a system, mass
flows can be identified which might have been unknown, or difficult to
measure without this technique. Heat transfer is the transition of thermal
energy from a hotter mass to a cooler mass. When an object is at a different
temperature from its surroundings or another object, transfer of thermal
energy (also known as heat flow or heat exchange) occurs in such a way that
the heat is transferred until the object and the surroundings reach thermal
equilibrium.

3.2 Material Balance without Reaction

To apply a material balance, one needs to define the system and the quanti-
ties of interest.

System is a region of space defined by a real or imaginary closed envelope
(envelope = system boundary); it can be a single process unit, collection of
process units, or an entire process.

97
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The general material balance equation is

= {Input throughsystem boundary}

Accumulation within the
system (buildup)

- {Output through system boundary}
+ {Generation within the system}

- {Consumption within the system}

At steady state, accumulation = 0.
If there is no reaction, generation and consumptions = 0.
The general material balance is reduced to

Input through system boundary = Output through system boundary.

Example 3.1: Mixing Process

Two streams each containing ethanol and water is to be mixed together at 5 atm
pressure and 25°C

Stream 1: 20 kmol/h ethanol (ethyl alcohol)
80 kmol/h water

Stream 2: 40 kmol/h ethanol (ethyl alcohol)
60 kmol/h water

Find the compositions and molar flow rates of product stream.

SOLUTION

HAND CALCULATIONS

The process is just physical mixing and no reaction is involved. The PFD is shown
in Figure 3.1.

Basis: 100 kmol/h of stream 1

Total mass balance:

S1+S2=S3

100 + 100 = S3, S3 =200 kmol/h

100 kmol/h 100 kmol/h
0.2 Ethanol 0.4 Ethanol
0.8 Water Mixer 0.6 Water

S1 S2 -
T =25C _|_> T =25C
P =5atm P =5atm
S3

FIGURE 3.1
Mixing PFED.
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Component balance (ethanol):
0.2 (100) + 0.4(100) = x(200); hence, x = 0.3 (mole fraction of ethyl alcohol)
The exit stream consists of 0.3 mole fraction ethanol and the rest is water.

Hysys/UNisiM SIMULATION

Select a new case in Hysys. For Components, select ethanol and water; for Fluid
Package, select Non-Random Two Liquid (activity coefficient model), NRTL, and
then enter the simulation environment. From the object palette, select Mixer and
place itin the PFD area. Create two inlet streams and connect one exit stream. Click
on stream 1 and enter 25°C for temperature, 5 atm for pressure, and 100 kmol/h
for molar flow rate. In the composition page enter the value 0.2 for ethanol and
0.8 for water. Click on stream S2 and enter 25°C for temperature and 5 atm for
pressure to ensure that both the ethanol and water are in the liquid phase, and
100 kmol/h for molar flow rate. In the composition page, enter 0.4 for ethanol and
0.6 mole fraction for water. To display the result below the process flow sheet,
right click on each stream and select the show table, double click on each table
and click on Add Variable, select the component mole fraction and click on Add
Variable for both ethanol and water. Remove units and label for stream 2 and
remove labels for stream 3. Results should appear like that shown in Figure 3.2.

PROV/II SIMULATION

The PRO/II process simulation program performs rigorous mass and energy bal-
ances for a range of chemical processes. The following procedure is used to build
the mixing process with PRO/IIl: Open a new case in PRO/II; click File and then
New. This will bring the user to the basic simulation environment. It is called the
PFD screen. Then click the Component Selection button in the top toolbar. This
button appears like a benzene ring. Next, click on Thermodynamic Data. Once
entered, click on Liquid Activity and then on NRTL. Then click Add and then OK
to return back to the PFD screen. Now it is ready to insert units and streams. The
unit that we want to put in the simulation is the mixer. Scroll down the toolbar

- 4o
— —@ 3

2 MIX-100

Streams
1 2 3

Temperature C 25.00 25.00 25.00
Pressure kPa 506.6 506.6 506.6
Molar flow kgmol/h 100.0 100.0 200.0
Comp mole frac (Ethanol) 0.2000 | 0.4000 | 0.3000
Comp mole frac (H,O) 0.8000 | 0.6000 | 0.7000

FIGURE 3.2
Mixing process flow sheet and the stream summary generated by Hysys.
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until you see an icon that looks like a mixer. Next, click on Streams. First create
a feed stream, S1, entering into one side of the mixer. Next, create stream S2
from the other side of the mixer. The next stream, S3, should be moved from
the bottom side of the mixer to wherever you would like to, as this will be the
product stream.

The next task at hand is entering the known data into the simulation. We will
begin with the feed stream data. Double click on S1 and the Stream Data screen
will appear. Click on Flowrate and Composition, then Individual Component
Flowrates, and then enter in all the given feed flow rates. Once this is done, click
OK and the Stream Data screen should reappear with Flowrate and Composition
now outlined in blue. The two streams each containing ethanol and water is mixed
together at 5 atm pressure and 25°C.

Stream S1: 20 kmol/h ethanol (ethyl alcohol)
80 kmol/h water

Stream S2: 40 kmol/h ethanol (ethyl alcohol)
60 kmol/h water

Now it is time to run the simulation. Click on Run on the toolbar, and the simu-
lation should turn blue. If it does not, one can double click on the controller
and then increase the number of iterations until it converges. Otherwise, one
should retrace steps to find the error and fix it. The next thing to do is to view the
results. For this, click on Output and then Stream Property Table. Double click on
the generated table and then select Material Balance List under the property list
to be used. Click on Add All to add available streams. Sample results are shown
in Figure 3.3.

ASPEN PLUS SIMULATION

Select the mixer from the Mixer/Splitter submenu and place it in the PFD area.
Create the inlet streams, by first clicking on Material Streams at the bottom-left

Stream name
Stream description 51 52 S3
Phase Liquid Liquid Liquid
Temperature C 25.000 25.000 25.000
pressure kg/cm? 5.166 5.166 5.166
Flowrate kgmol/h 100.000 100.000 200.000
Composition
Ethanol 0.200 0.400 0.300
Water 0.800 0.600 0.700
FIGURE 3.3

Mixer process flow sheet and the stream summary generated by PRO/IL
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corner of the window and move the cursor over the mixer. Red and blue arrows
appear around the mixer. A red arrow signifies that a stream is required for the
flow simulation, whereas a blue arrow signifies that it is optional. Click on Next to
begin entering data. While in the Property Method, select the NRTL option from
the list. Enter the data for the inlet stream labeled 1, enter 25°C for temperature
and 5 atm for pressure. In the box labeled water, enter the value 80 and enter 20
in the box labeled EtOH. Note that the units of the values you just entered are
displayed in the box labeled Compositions. These units can be changed by first
clicking on the arrow by the box and selecting the appropriate units from the
options. Click next. Enter 25°C for temperature and 5 atm for pressure to ensure
that both the ethanol and water are in the liquid phase. Enter the flow rate values
for both water and ethanol as instructed above. Enter 60 and 40 kmol/h for water
and ethanol, respectively.

Stream summary results can be displayed on the process flow sheet by clicking
on Report Options under the Setup folder. Then click on the Stream folder tab.
For detailed data, make sure that both the boxes beside Mole and Mass contain a
checkmark. Also, make sure that both the boxes are checked under Fraction basis.
Click on Next. For summary results, just check the box below mole fraction basis
(Figure 3.4).

Click on Check Results to view the results. Click on Stream Table to display the
stream summary as shown in Figure 3.5.

SuPERPRO DESIGNER

Opening a new case in SuperPro and selecting all components involved the mix-
ing process: Tasks >> Enter Pure Components

Ethyl alcohol is selected. Water, oxygen, and nitrogen exist as default compo-
nents. Select a mixing process:

Unit Procedures >> Mixing >> Bulk flow >> 2 streams

Connecting two inlet streams and one exit stream; double click on the inlet
streams and enter temperature, pressure, and molar flow rate of each stream. To
run the system, click on Solve ME Balance (the calculator icon) or press F9. Click
on Toggle Stream Summary Table in the toolbar. Right click on the empty area in
the PFD and click on update data. Select all streams. Results should appear like
that shown in Figure 3.6.

General | Flowshest | Block JStrenml Property | ADA |

[v Generate a standard stream report ¥ Include stream descriptions|

— Items to be included in stream report

— Flow basis 1 —Fraction basis | Stream format

[~ Mass [~ Mass ® Standard (80 column)
[~ Stdligvolume [ Stdligvolume | | ¢ Wide (132 column)

FIGURE 3.4
Stream report options in Aspen Plus.
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Example 3.1

Stream ID 1 2 3
Temperature | K 298.1 298.1 298.4
Pressure atm 5.000 5.000 5.000
Vapor Frac 0.000 0.000 0.000
Mole flow  |kmol/h 100.000 100.000 200.000
Mass flow  |kg/h 2362.603 | 2923.678| 5286.282
Volume flow |L/min 43.623 57.295 100.890
Enthalpy MMkcal/h -6.791 -6.751 -13.543
Mole frac

Ethanol 0.200 0.400 0.300

Water 0.800 0.600 0.700

FIGURE 3.5
Streams summary generated by Aspen.

S-101 Q—’$_,—ﬁ
S-102 &

pumx-101 o103
Mixing
Time Ref: h S-101 5-102 5-103
Type Raw Material |Raw Material |

Total Flow kmaol 100.0000,  100.0000 | 200.0000
Temperature °C 25.00| 25,00 25.00
Pressure atm 5.000| 5.000 | 4935
Lig/Sol Vol Flow| L 26212763 34314616 60527379
Total Contents  molefiac  1.0000 10000 10000
Ethyl Alcohol 0.2000 | 0.4000 0.3000
Nitrogen | 00000  0.0000 0.0000
Oxygen 0.0000 '0.0000] 0.0000

Water[ | 08000] 06000 0.7000)

FIGURE 3.6
Process flow sheet and streams summary generated by SuperPro.
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.|
3.3 Material Balance on Reactive Processes

The extent of reaction & (or £) is the amount of moles (or molar flow rate) that
gets converted in a given reaction. The extent of reaction is a quantity that
characterizes the reaction and simplifies our calculations. For a continuous
process at steady state,

it = 7S + U

where, 117 and #; are the molar flow rates of species 7 in the feed and outlet
streams, respectively. For a batch process,

n;=ni + vE

where 77 and n; are the initial and final molar amounts of species i, respec-
tively. The extent of reaction & (or é) has the same units as 7 (or 7). Generally,
the syntheses of chemical products do not involve a single reaction but rather
multiple reactions. The goal is to maximize the production of the desirable
product and minimize the production of unwanted by-products. For exam-
ple, ethylene is produced by dehydrogenation of ethane [1]:
C2H6 d C2H4+H2
C2H6+H2 e 2CH4

C2H4+C2H5 e C3H(,+CH4
This leads to the following definitions:

Moles of desired product formed

Yield = Moles formed if there were no side reactions and
limiting reactant reacts completely
Selectivity - Moles of desired product formed

Moles of undesired product formed

The concept of extent of reaction can also be applied to multiple reactions,
with each reaction having its own extent. If a set of reactions takes place in a
batch or continuous, steady—state reactor, we can write

n;, = 1’119 + Evijﬁj

]
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where vj; is the stoichiometric coefficient of substance i in reaction j; E_,]- is the
extent of reaction for reaction j.

For a single reaction, the above equation reduces to the equation reported
in a previous section.

Example 3.2: Conversion Reactor, Single Reaction

Ammonia is burned to produce nitric oxide. The fractional conversion of the limit-
ing reactant is 0.5. The inlet molar flow rates of NH; and O, are 5 kmol/h each.
The operating temperature and pressure are 25°C and 1 atm. Calculate the exit
components’ molar flow rates. Assume that the reactor is operating adiabatically.

SOLUTION

HAND CALCULATION

The process flow sheet is shown in Figure 3.7.
The reaction stoichiometric coefficients:

VNH; = -4, Vo, = -5, vno =4, V0 = 6
The extent of reaction method (§) can be used to find the molar flow rates of the

product stream. The material balance can be written using the extent of reaction
method as follows:

n=n +vgE
NH3: FINH3 = nEHj - 4%
Oz: No, = ngz - SE
NO: nyo = nko + 4€

Hzo: Nm,o = nﬁzo + 6%

4NH3 + 50, —# 4NO + 6H,0

NH; = 5 kmol/h

0, =5 kmol/h _>< )_’ NH,
_ o 2
T =25°C NO

P=1atm H,0

Conversion reactor

FIGURE 3.7
Process flow sheet of Example 3.2.
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Total number of moles at the outlet of the reactor:

>
I

n°+(-4-5+4+6)E=n°"+¢

n=n°+§
Inlet molar feed rates:
M, = 5kmol/h,  nd, = 5kmol/h, nio =0, nio=0

Since the limiting reactant is oxygen, the fractional conversion of oxygen:

X = ng)2 ;noz
no,
5- no,
0.5 = B no, = 2.5kmol/h

Substituting in the oxygen material balance equation,
25=5-5 =E=05
Solving the set of the material balance equations gives the following results:

E = 05, NNy = 3 km0|/h, No, = 2.5 kmol/h,

nvo = 2kmol/h,  ny,0 = 3 kmol/h

Hysys SoLuTioN

Five types of reactors are built in Hysys (conversion, equilibrium, Gibbs, plug flow
reactor (PFR), and continuous stirred tank reactor (CSTR). Conversion, equilib-
rium, and Gibbs reactors do not need reaction rates. On the contrary, CSTR and
PFR reactors require reaction rate constants and order of reaction. There are also
five different types of reaction rates that may be simulated in Hysys (conversion,
equilibrium, simple rate, kinetic, and catalytic). Gibbs reactors are based on mini-
mizing the Gibbs free energy of all components involved in the reactions. Hysys
reaction rates are given in units of moles per volume of gas phase per time.

mol
fysys [=]57
gas S
For catalytic reactions, reaction rates are given in moles per mass of catalyst per
time. For example, the following reaction rate is in units of mole per kilogram

catalyst.

mol
{y kg...-s
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To convert to unit of moles per volume of gas, the following equation is used:

-9
¢

where ¢ is the reactor void fraction and p, is the catalyst density. For this example,
a conversion reactor will be sufficient to perform the material balance. Select a
new case in Hysys, and add all components involved the reaction and also com-
ponents produced (ammonia, oxygen, NO, and H,O). Select Peng—Robinson as
the fluid package. From the object palette, click on General Reactors, and then
select Conversion Reactor and then click anywhere in the PFD area. Double click
on the reactor and attach feed and product streams. Double click on the feed
stream; enter feed conditions (1 atm, 25°C, and total molar flow rate 10 kmol/h).
In the compositions page, set 0.5 mole fraction for ammonia and oxygen. From
Flowsheet in the toolbar menu, select Reaction Package and then select Conversion
Reaction; fill in the Stoichiometry page as in Figure 3.8 and the Basis page as in
Figure 3.9.

The percent conversion is constant and is not a function of temperature; so
C0 =50 and the C1 and C2 are set to zero. The process flow sheet and stream
conditions are shown in Figure 3.10. The results are the same as those obtained
by hand calculation.

IHysys = I'Dc

PRO/II SIMULATION

The PRO/II process simulation program performs rigorous mass and energy bal-
ances for a range of chemical processes. The conversion reactor in PRO/II is used
as follows.

Open a new case in PRO/II and select the conversion reactor from the object
palette; then, connect inlet and exit streams. Click on the Component tab (ben-
zene ring in the toolbar) and select the components, NH,, O,, NO, and H,O.
From the thermodynamic data, select the most commonly used fluid package,
the Peng—Robinson EOS. Double click on the inlet stream (S1) and the Stream
Data screen should appear. Click on Flowrate and Composition, then Individual

Yl Conversion Reaction: Rxn-1

~Stoichiometry Info
Component Mole W’etght Stoich Coeff !
Owygen 32000
NO | 3 4000 |
H20 18.015 5000 |
~Add Comp™ s
|
.
Balance Reaction Hea! (25C)| -2.3e405 1 kJIkgmole -

" Stoichiometry | Basis
Name |Rin-1 L Ressy |

FIGURE 3.8
Stoichiometry of the reaction.
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Yl Conversion Reaction: Rxn-1

[1]

Cemply>

[ [ <emply>
Conversion (%) = CD + C1*T + C2*T"2

(T in Kelvin) ‘

= Stoichiometry  Basis |

(Do ] Nerelfert | S

FIGURE 3.9
Reaction in the vapor phase; 50% conversion; O, is the base component.

Component Flowrates, and then enter in all component flowrates; 5 kmol/h for
NH, and 5 kmol/h for O,. For thermal condition, set the pressure to 1 atm and
temperature to 25°C. From Input in the toolbar menu, select Reaction Data, enter
the reaction name and description and then click on Reaction = Product. Enter the
reactant and the product as shown in Figure 3.11. Double click on the reactor R1
and from the pull-down menu of Reaction Set Name, select the conversion or the
name being selected by the user. Save the file and click on Run.

Generate the results from the Output menu, and select Generate Text Report.

The results are shown in Figure 3.12.

—
2
—
! €4 crv-100
=
Q-100
e 3
Streams
1 2 3
Temperature C 25.00 | 1103 1103
Pressure kPa 101.3 | 101.3 101.3
Molar flow kgmol/h 10.00 | 10.50 | 0.0000

Comp molar flow (Ammonia) kgmol/h 5.00 3.00 0.00
Comp molar flow (Oxygen) kgmol/h 5.00| 2.50 0.00
Comp molar flow (NO) kgmol/h 0.00 | 2.00 0.00
Comp molar flow (H,0) kgmol/h 0.00 | 3.00 0.00

FIGURE 3.10
Process flow sheet and exit molar flow rates.
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Reaction Name:  CONVERSION

Reactant Stoichiometry Product Stoichiometry

NH3 NH3 4,00000 NH3 NH3

02 02 500000 02 02

MO MO MO MO 4.00000

H20 H20 H20 H20 £.00000
FIGURE 3.11

Reaction component and stoichiometry.

ASPEN SIMULATION

Aspen is capable of modeling chemical reactions. It can handle single and multiple
reactions. Material balance can be done in the stoichiometric reactor, Rstoic from
Reactors in the model library. Click on Material Streams, and connect the inlet
and product streams. Click on Components and choose the components involved.
Peng—Robinson EOS is selected as the thermodynamic fluid package. Double click
on the conversion reaction block. Click on the Specification tab; enter pressure
as 1 atm and temperature as 25°C. Then click on the Reactions tab, click on New
and enter the components involved in the reaction, stoichiometric coefficient, and
fractional conversion as shown in Figure 3.13. Close the stoichiometric windows
and then double click on the inlet stream, specify temperature, pressure, flow
rate, and composition. Click Run and then generate the stream table as shown in
Figure 3.14.

Stream name S1 S2
Stream description
Phase Vapor Mixed
Temperature K 298.1500 | 298.1500
Pressure kPa 101.3250 | 101.3250
Enthalpy M:kJ/h 0.1251 0.0810
Molecular weight 24.5147 | 23.3473
Mole fraction vapor 1.0000 0.7371
Mole fraction Liquid 0.0000 0.2629
Rate kgmol/h 10.000 10.500
Fluid rates kgmol/h
NH; 5.0000 3.0000
O, 5.0000 2.5000
NO 0.0000 2.0000
H,O 0.0000 3.0000

FIGURE 3.12
Process flow sheet and molar flow rates of streams of Example 3.2.
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Reactants - Products
Component Coefficient Component Coefficient
IAMMONIA 4 NO 4
02 5 H20 3
* *
- Products generation
" Malar extent: | ||t-- wol/hi -
& Fractional conversion: |i15 of component |02 vl

FIGURE 3.13

Reaction stoichiometry and fractional conversion.

SUPERPRO DESIGNER SIMULATION

109

With SuperPro it is possible to simulate the conversion reaction in a continuous
stoichiometric CSTR or PFR reactors (Figure 5.11). The well-mixed reactor expects
some solid/liquid material in the feed stream. A small amount of water must be
added. The PFR does not have such a requirement (Figure 3.15).

Start by registering the components. Under Tasks menu select Edit Pure

Components (Figure 3.16).

Select the unit procedure, a continuous CSTR with a stoichiometric reaction

(Figure 3.17).

Example 3.2

Stream ID 1 2
Temperature |K 298.1 298.1
Pressure atm 1.00 1.00
Vapor frac 1.000 0.678
Mole flow kmol/h 10.000 10.500
Mass flow kg/h 245.147 245.147
Volume flow |L/min 4061.555 2893.744
Enthalpy MMBtu/h -0.218 -0.787
Mole flow kmol/h

Ammonia 5.000 3.000

O, 5.000 2.500

NO 2.000

H,0 3.000

FIGURE 3.14

Process flowsheet and stream table properties.
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Unit Procedures Tasks View Reports Databanks Window Help

Vessel Procedure

Continuous Reaction

Inoculum Preparation
Eiltration

Centrifugation
Homogenization/Milling
Chromatography/adsorption

» [ @ ol 2l 25 02 @ |

Kinetic L4

inaPFR

Equilibrium {in a CSTR)

in a Fermentor
in a Seed Fermentaor

»

»

L4 Environmental Reaction L4
b

»

in a Air Lift Fermentor

FIGURE 3.15
Selection of stoichiometric CSTR.

M Register / Edit Pure Components ...

 Pure Components in Database
Source DB [Designer |
fi

| Acenaphthene |
Acetal

Acetaidehyde _
Acetaidol

(Acetamide

Acelic Acid

Acetone

| Acetonitile

Acetophenon

Acetylens

| Acrdamide

| Acivlic Acid

Acrylonitrile

| Adenine

Adipanitile o]
Display By

O Mame © Local Name
© Trade Name (@ CAS Number

v 0K | 3¢ Cancel|

@ Hep |

Nitrogen
Owxpgen
‘w/ater

[ Primary Biomass Comg

; nert | Water Comp

 Activity Rief, Co

[ Inane) [Water

(2

iw’aba( Content [E000 % (wt)

[Tnone] 3}
Basis [0.00 Uimg

"

FIGURE 3.16

Component selection page in SuperPro.

S-101 &

FIGURE 3.17

P-1/R-101
stoich. reaction

Stoichiometric continuous CSTR in SuperPro.

¥ S-102
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Ingredient Name qu?ro FE"’:}%& Mass[é}]omp Corri;[t-r]allon Eﬁiaz

1| Ammonia [ 85.15000 34.73%7 0.34804 1000

2]  NivicOside | B | 0.00000 . 0.0000 000000 1000

@] owoen 53 160.00000 £5.2659 0.65398 1000

(4] water ® [ oooioo | 00004 | 000000 | 1000
FIGURE 3.18

Feed stream conditions.

Double click on the line of the feed stream and set the feed stream conditions
as shown in Figure 3.18. Note that the small amount of water is added to bypass
the error generated by the CSTR reactor because there was no liquid or solid in
the feed stream.

Insert the reaction data; assume a 50% completion for the limiting reactant
(Figure 3.19).

Solve the mass and energy balances and generate the stream table, under
View, select Stream Summary Table, right click on the empty area and select Edit
Content, select inlet and exit streams. The generated table appears like that shown
in Figure 3.20.

The PFR can also be used to generate the same results. In the operating con-
ditions page, it must be set that the reaction is taking place in the vapor phase
(Figure 3.21), otherwise an error message will be displayed: No material is avail-
able for reaction.

Oper.Cond's | Volumes| Reactions | Vent/Emissions || Labor, etc. | Description |

(FhaE T RS
Name [Reaction #1 Parallel ? [T

Reaction-Limiting Comp. | Oxygen
Extent Achieved [E0.000 %

Reaction Progress
O SetEstent [50.000 %

|
[ O Reaction-Limiting Component
|Based on

[ © Ref. Comnl Oxygen

Extent Achieved |50.000 %

© Caleulate to Achieve Target Concentration

111

[0.0000 [alL [F]of | (none) K3 |
| Rieaction Heat lgnore X
Enthalpy [0.0 [keallka | #]
for Reference Comp. [ [none] ng
at Reference Temp. [25.0 [T
FIGURE 3.19

Reaction stoichiometric and the extent of reaction.
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Time Ref: h S-101 S-102
Type Raw Material

Total Flow kol 10,0007 | 10.500

Temperature ¢l 2500 2500

| Pressure | bar| 1013 1013

| LigSol Vol Flo L 00101 54344

= Total Contents kol 10001 10,501

Ammonda | 5.000 3.000

Nitric Oxide | 0000 2000

Mitrogen ‘_ 0.000 | 0.000

] Oscygen | 5.000| 2500

Water] 0001 3001

FIGURE 3.20
Stream summary generated by SuperPro.

The process of solving for mass balance the generated results is shown in
Figure 3.22.

CONCLUSIONS

For conversion reactors, hand calculations and simulation results using Hysys,
PRO/II, Aspen Plus, and SuperPro Designer were exactly the same.

Example 3.3: Multiple Reactions

Consider the following two reactions taking place in an isothermal reactor:

CH4 + HzO — 3H2 + CO

CO + HZO _— C02 + H2

Feed enters the reactor at 350°C, 30 atm, and 2110 mol/s with feed mole frac-
tions, 0.098 CO, 0.307 H,0O, 0.04 CO,, 0.305 hydrogen, 0.1 methane, and 0.15
nitrogen. The reactions take place simultaneously. Assume that 100% conversion
of methane and carbon monoxide (CO), neglect pressure drop across the reactor.
Calculate the molar flow rates of the product components.

Reaction Takes Places in

O Liquid Phase

FIGURE 3.21
Selection of a reaction phase in SuperPro.
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— 8 5.102

S-101 @& —
P-1/PFR-101
PF Stoich Rxn
Time Ref: h S-101 S5-102
Type Raw
Material
Total Flow kmol 10.000 | 10.500
Temperature T 2500 100,00
Pressure har 1.013 ' 1.013
Lig/Sol Yol Flow L 0.0000 | 55.8699
(]| Total Contents kmol  10.000 10500
Ammoriia 5000 3.000
Nitric Oxide 0000 2.000
Nitrogen 0000, 0.000
Oxygen 5000 | 2500
Water | 0000 3.000

FIGURE 3.22
Process flow sheet and stream table properties.

SOLUTION

HAND CALCULATIONS

The labeled process flow sheet is shown in Figure 3.23; the material balance using
the extent of reaction method:

CH4 + Hzo —— 3Hz + CO E1

CO+HO — CO,+H, &,

MATERIAL BALANCE
ncy, = 0.1(2110 mol/s) - &,

Mo = 0.307 (2110 mol/s) - &, - &,
ny, = 0.305 (2110 mol/s) + 3, + &,
nco = 0.098 (2110 mol/s) + §; - &,

nco, = 0.04 (2110 mol/s) + &,
NN, = 0.15 (2110 mol/s)
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CH,+H,0 —» 3H,+CO

2110 mol/s CH,
CO +H,0 —» CO,+H, H,0
CH, 0.1 H
H,0 0.307 -
H, 0305 co
CcO 0.098 N,
C02 0.04 Conversion reactor
N, 015 T = 350°C
T = 350°C P =30 atm
P =30atm

FIGURE 3.23
Process flowsheet of Example 3.3.

RELATIONS
Complete conversion of methane (CH,):

12 0.1(2110 mol/s) - ncp,
0.1(2110 mol/s)

Complete conversion of CO:

~0.098 (2110 mol/s) = nco
0.098 (2110 mol/s)

From the first relation, the exit molar flow rate of methane is zero (ncy, = 0), and
substituting this value in methane material balance equations,

0=0.1(2110 mol/s) - &,
g =211Tmol/s

The first and the second reactions take place at the same time and the percent
conversions of both reactions are 100%.

_ 0.098 (2110 mol/s) - nco & &

0.098 (2110 mol/s), 0.098 (2110 mol/s) ~ 0.098 (2110 mol/s)

The second extent of reaction: &, = 0.098(2110) = 206.78 mol/s
Substituting calculated values of &, and &, in the material balance equations
gives the following exit molar flow rates:

nen, = 0.0
o = 0.307(2110 mol/s) - 211 - 206.78 = 230 mol/s(827.96 kmol/h)
Ny, = 0.305 (2110 mol/s) + 3 x 211+ 206.78 = 1483.33 mol/s(5340 kmol/h)
nco = 0.098 (2110 mol/s) + 211~ 206.78 = 211mol/s(759.6 kmol/h)
nco, = 0.04 (2110 mol/s) + 206.78 = 291.18 mol/s(1048.25 kmol/h)
ny, = 0.15 (2110 mol/s) = 316.5 mol/s(1139.4 kmol/h)
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Hysys SIMULATION

In a new case in Hysys, click the Components tab and add all components involved
(reactants and products). Click on the Fluid PKgs tab and select Peng—Robinson
as the fluid package. Select Reactions packages under Flowsheet and on the
Reactions page of the Simulation Basis Manager, click on Add Rxn and select
conversion, then click on Add Reaction. Select the components: methane, H,O,
H,, and CO, under stoich. Coeff enter —1 for methane and water as the reactant, 3
for hydrogen and 1 for CO as the product components (Figure 3.24). The balance
error should be 0.00.

Click on the Basis tab and set the conversion to 100% (Figure 3.25).

The stoichiometric coefficients of the second reaction are entered in the
same way as the coefficients of the first reaction. Click on Basis; select CO
as the base component, for Rxn Phase: overall, for CO: 100, and 0.0 for C1
and C2. Click on Add to FP and then on Add set to Fluid Package; note that
‘Basis-1" should appear under Assoc. fluid Pkgs. Press Return to Simulation
Environment to return to the simulation environment. You may have noticed a
button that was never there before when we looked at the reaction sets. Click
on Ranking and change the default setting to 1 so that those reactions occur
simultaneously in the parallel reactions (Figure 3.26).

After adding the two reactions, using the default set name (i.e., Global Rxn Set)
add the set to Current Reactions Sets; the reaction package page appears like that
shown in Figure 3.27. The reaction set should appear under Current Reaction Sets
with the Associated Reactions, otherwise it will not appear when returning to the
simulation environment.

‘1 Conversion Reaction; Rxn-1

~Stoichiometry Info

115

Component Mole Weight Stoich Coeff
iﬁmam . 16,043 7000
H20 18.015 -1.000
Hydrogen 2.016 3.000
co 28.011 1.000

*Add Comp™

Balance Error 0.00000
Reaction Heat (25 C)|  2.1e+05 kJ/kgmole

[ —
Stoichiometry I Basis |
o

| Resy

FIGURE 3.24
Conversion reactions of stoichiometry page.
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1 Conversion Reaction: Rxn-1

Base Component Methane
Rizn Phase Overall
co 100.0
C1 <emply>
E2 <emply>
Conversion (%) = CO + C1*T + C2*T"2
[T in Kelvin)

" _Stoichiomety _ Basis |

[ Dee ] Name [Fin 0 Re

FIGURE 3.25
Conversion windows.

9 Reaction Ranks: Global Rxn Set [?I

Reaction Rank  User Spec
Ran-1 | 1] N
W 1| ¥
[ Cancel ] [ Reset ] [ Accept ]

FIGURE 3.26
Reaction ranks for a parallel reaction.

Reaction Package

~Current Reaction Sets ———— ~Available Reaction Sets-

Global Rxn Set

__ Associated Reactions Associaled Reactions
Rxn-1 Rxn-1
| Rsn-2 Run-2 =
Add Run...
FIGURE 3.27

Simulation basis managers.
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Enter the simulation environmentby clicking on Return to Simulation Environment.
To set up the conversion reactor, select a conversion reactor from the object pal-
ette and place it on the PFD. Connect feed and product streams and then double
click on stream 1 and enter the temperature, 350°C; pressure, 30.4 bar; and molar
flow, 7596 kgmol/h. Click on Composition and enter the molar fraction and then
close the inlet stream window and double click on the conversion reactor; then
press the Reaction tab from the pull-down menu in front of Reaction Set and
chose the reaction set.

When the heat stream is not attached, it is assumed adiabatic; to make it isother-
mal, attach a heat stream and set the temperature on the product stream the same
as the inlet stream temperature. On the Parameters page, a pressure drop across
the reactor is set to zero.

Hysys requires you to attach another product stream. Go ahead and attach a
liquid product stream and call it 3. The PFD of the conversion reactor is shown
in Figure 3.28.

PRO/II SIMULATION

PRO/Il is capable of handling multiple reactions. The same procedure of Example
3.2 is used here. First, perform the process flow sheet of the conversion reac-
tor and specify the feed stream with the given total flow rate and compositions,
Temperature is 350°C and pressure is 30 atm. Under the Reactions input menu,
select Reaction Data and enter the two reactions as shown in Figure 3.29. Select
reaction set R1 from the Reaction set Name of the pull-down menu. Click on
Extent of Reaction and specify 100% conversion (fractional conversion is 1) for

-
2
-1'—“' CRV-100
Q-100
—
3
Streams
1 2 3
Temperature C 350.00 | 350.0 350.0
Pressure kPa 3040 | 3040 3040
Molar flow kgmol/h 7596 | 9115 | 0.0000
Comp molar flow (Methane) | kgmol/h 760 0 0
Comp molar flow (Hydrogen) | kgmol/h 2317 | 5340 0
Comp molar flow (CO ) kgmol/h 744 760 0
Comp molar flow (CO kgmol/h 304 | 1048 0
Comp molar flow (Nltrogen) kgmol/h 1139 1139 0
Comp molar flow (H,O) kgmol/h 2332 | 828 0

FIGURE 3.28
Process flowsheet and the molar flow rate of the product stream.
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i~ Kinetic Rate Calculation
Calculation Method: IPUW&T Law ‘ Vl Procedure Name: J
Cut Name Definition
II:IMRI RXN1 CH4 +H20 = 3.00H2 + CO H.|E. |K.|®
= RXN2 H20 + CO=H2+CO HolE.|K.|
FIGURE 3.29

Reaction data of Example 3.3.

both reactions. After running the system, the process flow sheet and the stream
property table appear like that shown in Figure 3.30.

ASPEN SIMULATION

Aspen can handle multiple reactions. For material balance on multiple reac-
tions, select a stoichiometric reactor (Rstoic) from the reactors’ subdirectory

Stream name S1 S2
Stream description
Phase Vapor Mixed
Temperature K 623.1500 298.1500
Pressure kPa 3039.7500 3039.7500
Enthalpy M:=kJ/h 197.0091 18.1428
Molecular weight 16.4572 13.7144
Mole fraction vapor 1.0000 0.9101
Mole fraction liquid 0.0000 0.0899
Rate kgmol/h 7596.000 9115.200
Fluid rates kgmol/h
CH, 759.6000 0.0000
H,O 2331.9719 827.9641
H, 2316.7800 5339.9883
cO 744.4080 759.6000
CO, 303.8400 1048.2479
N, 1139.4000 1139.4000

FIGURE 3.30

Generate text report of Example 3.3.
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— Reactants r~ Products
Component Coefficient Component Coefficient
METHANE -1 H2 K}
H20 -1 co 1
¥ *

i~ Products generation

" Molar extent: I Ii:‘.nl'n-:-!.-"'n _:_:J
+ Fractional conversion: |1 of component |METHANE |
FIGURE 3.31

Stoichiometric coefficient and fractional conversion of the first reaction.

and place it in the PFD area. Click on Material Stream, and connect feed and
product streams. Click on Components and enter all components (reactants
and products). Select Peng—Robinson as the fluid package. Double click on
the reactors block diagram. In the opened Data Browser window, click on the
Specification tab; enter 1 atm for pressure and 25°C for temperature. Then click
on the Reactions tab. Press New and enter components involved in the first
reaction, enter the stoichiometric coefficient, and then the fractional conver-
sion as shown in Figure 3.31. Repeat the same procedure for adding the second
reaction. Close the stoichiometry page. Double click on stream 1 and enter the
temperature, pressure, flow rate, and composition. Repeat the same for the sec-
ond reaction; then click Ok to close. Click Run to generate the stream table as
shown in Figure 3.32.

SUPERPRO DESIGNER SIMULATION

For multiple reactions, the procedure is done for a single reaction, but in this
case another reaction needs to be added. The two reactions take place in
parallel. The process of solving the material balance is shown in Figure 3.33.
The limiting component is defined by the SuperPro; however, the radio but-
ton of the limiting component should be selected for each reaction and the
parallel should be checked for each reaction. The stream summary is shown in
Figure 3.34.

CONCLUSION

The results of material balance calculations obtained with hand calculations,
Hysys, PRO/II, Aspen, and SuperPro Designer simulation package are the
same.
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Example 3.3
Stream ID 1 2
Temperature K 623.1 623.1
Pressure atm 30.00 30.00
Vapor frac 1.000 1.000
Mole flow kmol/h 7596.000 9115.200
Mass flow kg/h 125009.221 125009.221
Volume flow L/min 215695.070 261027.749
Enthalpy MMBtu/h —703.008 -572.114
Mole flow kmol/h
Methane 759.600
CO, 744.408 759.600
co, 303.840 1048.248
H,0 2331.972 827.964
H, 2316.780 5339.988
N, 1139.400 1139.400

FIGURE 3.32
Process flow sheet and the stream table of Example 3.3.

| Oper.Cond's Reactions ILabo(. etc. | Description |
‘Reaction Data
Name |Reaction #1 Parallel ? [X
Reaction-Limiting Comp. | Methane
Estent Achieved [100.000 % | [P Reaction #2
O SetExtent [100000 %

X b

tion #1

FIGURE 3.33
Reactions data.
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S-102
S5-101 & N
M@ P-1/RFR-101
PF Stoich Rxn
Time Ref: h S-101 $-102
Type Rawv Material

Total Flow kmol| 7765983 | 9285174
Tempersture C 2500 100.00
Pressure bar 1013 1013
Lig/Sol Vol Flowy L| 422343694 |15418.8251
Carb. Dioxide 473791 | 1218.223
Carbon Monoxide 744 432 759.595
Hydrogen 2316.780 | 5339998
Methane 759.595 0.000
Nitrogen 1139.400 | 1139.400
Oxygen 0.000 0.000
Weter 2331985 827958

FIGURE 3.34
Streams summary.

3.4 Energy Balance without Reaction

The general balance equation for an open continuous system at steady state
in the absence of generation/consumption term is

Energyinput = Energy output
Energyinput = Uin + Ek,in + Ep,in + Pm\'/',-n
Energy output = l,'lout + Ek,out + E.,,,,Out + PoutVOut

Energy transferred = Q - W,

Energy transferred = Energy out — Energyin
Q - WS = (Uout + Ek,out + E.p,out + Pou’t 'out)

_(Uin + Ek,in + Ep,in + PinVin)
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Q - W, = AU, + AE + AE, + A(PV)
H=U+PV
AH = AU + A(PV)

Rearranging the above equations leads to the first Law of Thermodynamics
for an open system at steady state.

Q - W, = AH + AE, + AEP, where (A = output-input)

where Q is the heat transferred to or from the system, W, is the shaft work,
[OH is the rate of change in enthalpy of the system, [JE; is the rate in change

of the kinetic energy, [JE, is the rate of change in potential energy, and [JU is
the rate of change in the internal energy of the system.

Example 3.4: Energy Balance on a Heat Exchanger

A shell and tube heat exchanger is used to cool hot water with cold water. Hot
water enters through the tube side of a heat exchanger with a mass flow rate
0.03 kg/s and 80°C to be cooled to 30°C. Cold water in the shell side flows with
a mass flow rate of 0.06 kg/s at a temperature of 20°C. Determine the outlet tem-
peratures of the cold water.
SOLUTION
HAND CALCULATIONS
Heat transfer rate can be calculated using energy balance equation:

Q = mC,AT

For this case, the total heat transfer may be obtained from the energy balance
equation considering adiabatic heat exchanger.

mc CPCDTC = thphDE\
So the heat transfer rate was calculated as

Q= ’thPhA-nq
mp = 0.03kg/s
AT, = 80 - 30 = 50°C

Cpy, is the average specific heat value
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For water at

T =80°C, Cp, = 4.198 KJ/kg°C

T =30°C, Cpy=4.179K)/kg°C

(4.198 + 4.179)
2

CPavg = - 4.1885KJ/kg°C

The heat transfer rate from hot stream to cold stream:

kg ( K

Qh = MCpuAT, = 0.03—21 4.188——(80 - 30)°C = 6.28 kj/s
s | kg°CJ

Calculate the temperature of water at the outlet of the shell side (T_ ,,, °C). The
exit temperature of the hot water is calculated from

Qc = mcCpcATC
me = 0.06 kg/s
Cp. at T_,,=20°C and atmospheric pressure since the outlet temperature is
unknown

Cp at 20°C = 4.183 kJ/kg°C
Q

AT, = —2
me x Cpc

Substituting values,

6.28(k)/s)

= = 25°C
0.06 (kg/s) x 4.183 (k)/kJ°C)

C
Hence,

Teout = Tein + AT, = 25 + 20 = 45°C

Hysys SIMULATION

In a Hysys new case, all the components involved in the problem is selected;
for this case, it is water. For fluid package, ASME Stream is selected, then Enter
Simulation Environment.

From the object palette, a shell and tube heat exchanger is selected followed by
specifying the required stream and parameters for the heat exchanger, information
of streams, such as temperature, pressure, flow rate, and compositions, should be
specified in order to make the software work. After specifying all the necessary
information to the cold and hot inlet streams and the hot exit temperature, pres-
sure drop in the tube and shell sides are set to zero. Hysys calculates automati-
cally, once enough information is received. The solution for this problem is shown
in Figure 3.35. To avoid the warning message ft Correction Factor is Low, while
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E-100
Streams
Hot_in | Hot_out| Cold_in | Cold_out
Temperature C 80.00 30.00 20.00 45.03
Pressure kPa 101.3 101.3 101.3 101.3
Mass flow kg/h| 108.0 108.0 216.0 216.0
Comp mass frac (H,O) 1.0000 | 1.0000 | 1.0000 1.0000

FIGURE 3.35
Exit temperature of the cold stream.

in the Design/Parameters page, set the cell below Shells in Series at the bottom of
the screen to 2 instead of 1.

PROV/II SIMULATION

Open a new case in PRO/II; click File and then New. Then click Component
Selection on the toolbar. Select water. Next, click on Thermodynamic Data. Once
inside, click on Most Commonly Used and then click on Peng—Robinson. Then
click Add and then OK to return back to the PFD screen. Now it is ready to insert
units and streams. The unit that we want to put in the simulation is the mixer. Scroll
down the toolbar until you see the shell and tube heat exchanger, Rigorous HX.
Next, click on Streams. First create a feed stream, S1, entering into the tube side.
Next, create stream S2 from the other side of the heat exchanger, the exit of the
tube side. The next stream, S3, should go into the shell side and S4 should leave the
shell side. Double click on S1 and specify the tube side mass flow rate (0.03 kg/s).
The inlet temperature is 80°C and the pressure is 1 atm. Double click on stream
S3 and specify the mass flow rate of the cold stream as 0.06 kg/s; temperature,
20°C; and pressure 1 atm. Double click on the heat exchanger icon and specify
the calculation type such that the tube outlet temperature is 30°C. Set the Area/
Shell to an arbitrary value, 2 m2. Now it is time to run the simulation. Click on Run
on the toolbar. The simulation should turn to blue. The next is to view the result.
To view the results from each stream, right click on the stream and then choose
View Results. Sample results can be seen in Figure 3.36. The result in Figure 3.36 is
displayed by clicking Output in the toolbar and then select Stream Property Table.
Note that Simple Hx exchanger can also be used for the same purpose.

ASPEN PLUS SIMULATION

A shell and tube heat exchanger is selected from the Heat Exchangers submenu.
Steam-TA is selected for the property method. The inlet heat stream and inlet cold
streams were fully specified. In the heat exchanger specifications, the hot stream
outlet temperature is selected and specified as 30°C. Specifying the two feed
streams and the outlet temperature of the cold stream, the system is ready to run.
The results should appear like that shown in Figure 3.37. The cold stream outlet
temperature is 318.2 K (45°C).
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Stream name
Stream description S1 S2 S3 54
Phase Water Water Water Water
Temperature C 80.000 30.000 20.000 45.027
pressure kg/cm? 1.033 1.033 1.033 1.033
Flowrate kgmol/h 5.995 5.995 11.990 11.990
Composition

Water 1.000 1.000 1.000 1.000

FIGURE 3.36

Process flow sheet and the stream summary of the shell and tube heat exchanger.

SuPERPRO DESIGNER

Water is a default component in SuperPro; consequently, there is no need for
component selection. The heat exchanger is selected as follows:

Unit Procedures >> Heat Exchanger > Heat exchanging

The two inlets are connected and fully specified (temperature, pressure, flow
rates, and compositions). Two exit streams are connected. Double click on the
exchanger block in the PFD area, and under Performance Options; and select the
hot stream outlet temperature button and enter the hot stream exit temperature as
30°C. Results are shown in Figure 3.38.

CONCLUSIONS

According to manual calculation, the cold water outlet temperature was 45°C.
The results obtained match with the values obtained from Hysys, PRO/II, Aspen
Plus, and SuperPro software. Selection of a suitable fluid package is very impor-
tant to obtain the correct results. Also, providing the sofware with correct values
of temperature, pressure, flow rate, and composition will lead to obtain the right
solution.

3.5 Energy Balance on Reactive Processes

Material balances could be done by either writing balances on either com-
pounds (which required the extent of reaction) or elements (which required
only balances without generation terms for each element); we can also do
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Cold_in =
| Cold_in |

Examble 3.4

Stream ID Cold_in Cold_out Hot_in Hot_out
Temperature | K 293.1 318.2 353.1 303.1
Pressure atm 1.000 1.000 1.000 1.000
Vapor frac 0.000 0.000 0.000 0.000
Mole flow kmol/h 11.990 11.990 5.995 5.995
Mass flow kg/h 216.000 216.000 108.000 108.000
Volume flow | L/min 3.606 3.635 1.852 1.808
Enthalpy MMkcal/h -0.820 —-0.814 -0.403 —-0.409
Mass frac

Water 1.000 1.000 1.000 1.000

FIGURE 3.37

Shell and tube PFD and the stream summary.

energy balances using either compounds or elements. For energy balances
with reaction, we have two methods for solving these types of problems [2,3]:

1. Heat of reaction method.
2. Heat of formation method.

These two methods differ in the choice of the reference state. The heat of
reaction method is ideal when there is a single reaction for which AH; is

known. This method requires calculation of the extent of reaction, g, on any
reactant or product for which the feed and product flow rates are known.
The reference state is such that all reactant and product species are at 25°C
and 1 atm in the states for which the heat of reaction is known. ﬁi accounts
for change in enthalpy with T and phase (if necessary). Hence, the rate of
change in enthalpy of a single reactive process is

AH = EAH® + Eﬁfﬁi - Eﬂiﬁi
out m
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S-103

% 5-102
S-101 & + » =
P-1/HX-101

Heat exchanging S-104

Time Ref: h $-101 $-102 $-103 S-104
Type| IRaw Material | Raw Material |
ToalFow| kg 10800 10800 21600 21600
Temperature | °C| 80.00  30.00| 20.00 [__45.00)
Pressure | bar 1.01 1.01 1.01 1.01 |
Lig/Sol Vol Flo | L 110.81] 108.77 216.75 218.75;
Total Contents kg 10800 10800 21600 216.00
Nitrogen | 000 000 0.00  0.00]
Oxygen | ; 0.00, 000/ 0.00/  0.00
Water | _108.00] 10800  216.00] 216.00

FIGURE 3.38
Heat exchanger summary.

For multiple reactions,

AH = E EZAHZ + Eflil:]i - Eﬁiﬁi
out n

reactors

The reference state is such that the reactants and products are at 25°C and
1 atm. A reference temperature other than 25°C can be considered in this
case, and the heat of reaction should be calculated at the new reference state

AH = E éiAHrj(Tref) + E 7’.11‘[:11‘ - ETIII:L
reactors out n

where

T
AH(T) = AH% (T = 25°C) + f ACpdT

25°C
ACp = EviCp,»
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Example 3.5: Oxidation of Ammonia

The standard heat of reaction for the oxidation of ammonia is given below:
NH3 +EOZ i NO+EHZO
4 4

One hundred kmol/h of NH; and 200 kmol/h of O, at 25°C are fed into a reactor
in which the ammonia is completely consumed. The product gas emerges at 300°C.
Calculate the rate at which heat must be transferred to or from the reactor [4].

SOLUTION

HAND CALCULATIONS

Neglecting change in kinetic and potential energy, the change in the enthalpy of
single reaction taking place in a stoichiometric reactor is

Q-W=AH
AH = EA/‘A/,O + Ehilili - Ehi’qi
out n

Material Balance (extent of reaction)
Basis: 100 kmol/s of NH,

N, = 100 - §
noz=200—%§
nvo=0+§

6
nHzO=O+ZE

Complete conversion of ammonia (x. = 1):

5 s E-100
100

SOLUTIONS

e, = 0 kmol/s, no, = 75 kmol/s, nyo = 100 kmol/s, and ny,0 = 150 kmol/s.
Energy Balance (reference temperature: 25°C):

AH = EAH? + Zn,lil, - En,ljl,
Al:/,O = %(—241,800) +(90,370) - (-46,190) = -226,140 k)/kmol
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The overall change in the system sensible heat of all components:

300 300 100
AH, = 75pr02dT+1ooprNodT+150prHzo,ng -0
25 25 25

out

AH, =[(75x8.47 +100x 8.453 +150x9.57 | kl/mol 1000 mol/kmol = 2.92x 10° ki/h

The change in the process enthalpy equals the change in the sensible heat plus
the heat of reaction:

k

mo

kmol

AH =100 (—226/140k ])+2.92x106%=—1.97x106%

Hysys METHOD

The conversion reactor is selected from the object palette in Hysys. The percent
conversion of ammonia is set to 100% as stated in the problem statements. The
heat flow from the conversion reactor is shown in Figure 3.39. Peng—Robinson
EOS is used for property measurement.

PRO/II SIMULATION

In a new case in PRO/II, the components involved are selected: ammonia, oxy-
gen, nitric oxide, and water. From the Thermodynamic Data in the toolbar, Peng—
Robinson EOS is selected from the Most Commonly Used property calculation
system. The Conversion Reactor is selected from the palettes in the PFD. A feed

Q-100
Heat flow | —1.976e+007 | kj/h

Q-100
3
Streams
1 2 3 Q-100
Temperature C 25.00 | 300.0 300.0 | <empty>
Pressure kPa 101.3 | 101.3 101.3 | <empty>
Molar flow kgmol/h 300.0 | 325.0 | 0.0000 | <empty>
Comp molar flow (Ammonia) kgmol/h 100 0 0 | <empty>
Comp molar flow (Oxygen) kgmol/h 200 75 0 | <empty>
Comp molar flow (NO) kgmol/h 0 100 0 | <empty>
Comp molar flow (H,0) kgmol/h 0 150 0 | <empty>

FIGURE 3.39
Heat released from the conversion reaction.
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stream S1 is connected and fully specified and an exit stream S2 is connected.
Once the process flow sheet is completed, it is time to enter the reaction. Click
on Reaction Data, in the pop-up menu, and name the reaction set and reac-
tion description. Click on Enter Data, name the reaction, and then click on
Reactants = Products. Set the reaction stoichiometry based on the balanced reac-
tion. Click Ok three times to return to the PFD. Click on the reactor block diagram.
Select the reaction set from the down arrow in front of the Reaction Set Name.
Click on Reaction Extent, select ammonia as the base component and set fraction
conversion to 1. (A=1, B and C=0). The system is ready to run. Click on Run,
the block color changes to blue. The result appears like that shown in Figure 3.40.
To generate results and place it just below the process flow sheet as shown in
Figure 3.40, click on Output in the toolbar and then select Stream Property Table.
Double click on the table block. Under the Property list to be used select Comp.
Molar Rates. Click Add All to add the property of all streams. The heat duty can
be found from the generated text report. The heat duty is —19.8 M kJ/h. The value
is close to that obtained by hand calculations.

ASPEN PLUS SIMULATION

The stoichiometeric reactor in Aspen Plus is being used to estimate the rate of
heat of transfer from the reactor. The components’ molar flow rates are shown in
Figure 3.41. The heat released is shown in Figure 3.42. The results are within the
range of hand calculations.

Stream name S1 S2
Stream description
Phase Vapor Vapor
Temperature K 298.1500 573.1500
Pressure kPa 101.3250 101.3250
Enthalpy M=k]J/h 2.3611 10.2874
Molecular weight 27.0094 24.9317
Mole fraction vapor 1.0000 1.0000
Mole fraction liquid 0.0000 0.0000
Rate kgmol/h 300.000 325.000
Fluid rates kgmol/h
Ammonia 100.0000 0.0000
NO 0.0000 100.0000
Water 0.0000 150.0000
Oxygen 200.0000 75.0000

FIGURE 3.40
Process flow sheet and the stream summary.
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Example 3.5

Stream ID 1 2
Temperature |K 298.1 573.1
Pressure atm 1.00 1.00
Vapor frac 1.000 1.000
Mole flow kmol/h 300.000 325.000
Mass flow kg/h 8102.816 8102.816
Volume flow |L/min 121988.456 | 254629.564
Enthalpy MMBtu/h -4.356 -23.092
Mole flow kmol/h

Water 150.000

NO 100.000

Oxygen 200.000 75.000

Ammonia 100.000

FIGURE 3.41

Stream summary and the process flow sheet.

Selecting conversion reactor:

Unit procedures >> Continuous reactions >> Stoichiometric >> in PFR

SuPERPRO DESIGNER
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The limiting reactant is ammonia with complete conversion. The reaction takes
place in the vapor phase and the heat of reaction should be provided. Results are
shown in Figure 3.43 and the heat duty is shown in Figure 3.44.

- RStoicresults ——
Outlet temperature:
Qutlet pressure:
Heat duty:

Netheat duty:
Yapor fraction:
1stliquid / Total liquid:

|3nu_unnnua lc

E

4

|1 | atm Lj
19767661 | GJ/hr ~|
0 | cal/sec Lj

—
—

FIGURE 3.42

Heat duty of a stoichiometric reaction.
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—+—— S5-102 {8k

5-101 @———

P-1/PFR-101
PF Stoich Rxn
Time Ref: h S-101 S$-102
Type Raw Material
Total Flow kmol 300.00| 325.00
Temperature °C 25.00| 30000
Pressure bar 1.01 1.01
Lig/Sol Vol Flow L 0.00 0.00

Tot tents 30000 325.00
_Ammaonia 10000} 0.00
Nitric Oxide 0.00 100.00
Nitrogen 0.00 0.00
Oxygen 20000 7500
Water 0.00 [_150.00]
FIGURE 3.43
Stream summary and process flow sheet.
O SetExit Temperature | [30000 [°C 3
O Adiabatic
© SetDuty
Heating [0.00 [kdth (=]
O Cooling |12702031.47 [kJzn 2]

FIGURE 3.44
Reactor heat duty.



Material and Energy Balance 133

CONLUSIONS

Hysys, SuperPro Designer, and Aspen Plus results are exactly the same. There is
discrepancy between hand calculations and the result obtained with SuperPro
mainly due to physical properties such as specific heat.

PROBLEMS
3.1 Cumene Reaction

Cumene is produced from the reaction of benzene and propylene at 25°C
and 1 atm. The inlet mass flow rate of benzene is 1000 kg/h and that of
propylene is 180 kg/h. Assume 45% completion of the limiting reactant.
Calculate molar flow rates of the product stream.

Ce¢Hg(benzene) + C;Hg(propene) —— CyHjy(cumene)

3.2 Nitric Oxide Production

Ammonia is burnt to produce nitric oxide. The fractional conversion of
the limiting reactant is 0.6. NH; and O, are in equimolar proportion, and
the total inlet flow rate is 100 kmol/h. The operating temperature and
pressure are 25°C and 1 atm, respectively. Calculate the exit component
molar flow rates. Assume that the reactor is operating adiabatically.

3.3 Multiple Reactions

A feed enters a conversion reactor at 350°C, 30 atm, and a molar flow
rate of 7600 kmol/h. The feed molar fractions are 0.098 CO, 0.307 H,O,
0.04 CO,, 0.305 hydrogen, and 0.25 methane. The reactions take place
in series. Assume 100% conversion of methane and CO, neglect pres-
sure drop across the reactor. Calculate the molar flow rates of the prod-
uct components. The reactions take place in an isothermal conversion
reactor

CH4 + HzO —_— 3H2 + CO

CO + H,O —— CO, + H,

3.4 Gas-Phase Reaction

The gas-phase reaction proceeds with 80% conversion. Estimate
the heat that must be provided or removed, if the gases enter at
400°C and leave at 500°C. The following reaction takes place:
COZ + 4H2 - 2H20 + CH4

3.5 Burning of CO

CO at 10°C is completely burnt at 1 atm pressure with 50% excess air that
is fed to a burner at a temperature of 540°C. The combustion products
leave the burner chamber at a temperature of 425°C. Calculate the heat
evolved, Q, from the burner.
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3.6 Production of Ketene from Acetone

Pure acetone reacts isothermally to form ketene and methane at 2 atm
and 650°C. The percent conversion of acetone is 70%. Calculate the reac-
tor exit molar flow rate of acetone, ketone, and methane. Calculate the
heat added or removed from the reactor. As a basis assume 100 kmol/h
of pure acetone. Note that 1 mol of acetone reacts to form 1 mol of ketene
and 1 mole of methane.

References

1. Ghasem, N. M. and R. Hend, 2009. Principles of Chemical Engineering Processes,
CRC Press, New York, NY.

2. Felder,R. M. and R. W. Rousseau, 1999. Elementary Principles of Chemical Processes,
3rd edn, John Wiley, New York, NY.

3. Reklaitis, G. V., 1983. Introduction to Material and Energy Balances, John Wiley &
Sons, New York, NY.

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



4

Shell and Tube Heat Exchangers

At the end of this chapter you should be able to

1. Know the major types of available heat-exchange equipment, with
particular emphasis on shell-and-tube heat exchangers.

2. Estimate overall heat transfer coefficients for a shell-and-tube heat
exchanger.

3. Compute the pressure drops on both sides of a shell-and-tube heat
exchanger.

4. Perform mechanical design of the most appropriate shell-and-tube
heat exchanger to meet desired heat duty and pressure drops.

5. Verify the heat exchanger designed by hand computations with four

software packages, Hysys/Unisim, PRO/II, Aspen Plus, and SuperPro
Designer.

4.1 Introduction

The process of heat exchange between two fluids that are at different tem-
peratures, separated by a solid wall, occurs in many engineering applica-
tions. The device used to implement this exchange is called a heat exchanger,
and specific applications may be found in space heating and air condition-
ing, power production, waste heat recovery and chemical processing. Heat
exchangers are typically classified according to flow arrangement and type
of construction. In the first classification, flow can be countercurrent or
cocurrent. There are different types of heat exchangers; double pipe heat
exchanger, shell and tube heat exchanger, plate heat exchanger, and phase
change heat exchangers (boilers and condensers). Shell and tube heat
exchanger is the most common type of heat exchangers in oil refineries and
other large chemical processes [1,2]. The tube side is for corrosive, fouling,
scaling, hazardous, high temperature, high-pressure, and more expensive
fluids. The shell side is for more viscous, cleaner, lower flow-rate, evaporat-
ing and condensing fluids. When a gas or vapor is used as a heat exchange
fluid, it is typically introduced on the shell side. Also, high viscosity liquids,
for which the pressure drop for flow through the tubes might be prohibi-
tively large, can be introduced in shell side.

135
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4.2 Design of Shell and Tube Heat Exchanger

When two fluids of different temperatures flow through the heat exchanger,
one fluid flows in the tube side (the set of tubes is called a tube bundle) and
the other fluid flows in the shell side outside the tubes. Heat is transferred
from hot fluid to the cold fluid through the tube walls, either from tube side
to shell side or vice versa. The fluids can be either liquids or gases on either
the shell or the tube side. Heat transfer coefficients, pressure drops and heat
transfer area depend on the design’s geometric configuration of heat
exchanger which needs to be determined. Computation of shell-and-tube
heat exchangers involves iteration. The geometric design to be determined
includes shell diameter, tube diameter, tube length, tube configuration, and
number of tubes and shell passes [3-5].

4.2.1 Required Heat Duty, Q

req

The starting point of any heat transfer calculation is the overall energy bal-
ance and the rate equation. Assuming only sensible heat is transferred, the

required heat duty Q,., can be written as follows:

Qreq = mhcph(Th,in - Th,out) = mcCpC(Tc,out - Tc,in) (4].)

The heat exchanger has to meet or exceed this requirement, the basic design
equation:

Qreq = ulAlF(ATim) (4:2)

where U, is the overall heat transfer coefficient, A, is the inside heat transfer
area, the symbol F stands for a correction factor that must be used with the
log mean temperature difference for a countercurrent heat exchanger, AT;,.:

(fi-t)-(L-t)
In(T, - t,/T, - t,)

ATlm = (43)

where T; and t, are the hot side and cold side inlet temperature, respectively,
and T, and t, are the corresponding outlet temperatures. The value of F
depends upon the exact arrangement of the streams within the exchangers.
The range of hot side fluid to the cold side fluid temperatures, R,

R _ Tl - T2 _ Thot,in - Thot,out (44)

t2 - tl tcold,out - tcold,'m
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The range of cold fluid to maximum temperature difference,

t _t tco ou _tco in
S = 2 1 _ 1d,out 1d, (45)

Tl - tl Thot,in - tcold,in

The mathematical relationship between F, R, and S can be found from
graphical representation or calculated as follows [4,5]. The formula for one
shell pass and 2, 4, tube passes or any multiple of 2, F,_,,

[\/RZ +1/(R - 1)]111 [(1-9)/(1 - SR)]

E., = |
- ln[A+\/R2+1/A—\/R2+1]

, A=<-1-R (46)

The formula for two shell pass and 4, 8, tube passes or any multiple of 4,

Foy

£ [M/Z(R - 1)]ln[(1 - 5)/(1 - SR)]

24 = 1ﬁ[(A+B+\/R2—-+i)/(A+B—\/ﬁ)] 4.7)
where

B - %,/(1 ~5)(1-SR)

The value of F should be greater than 0.8 because low values of F means
that substantial additional area must be supplied in the heat exchanger to
overcome the inefficient thermal profile. The approximate heat transfer area
A can be calculated using reasonable guess for the overall heat transfer coef-
ficient; selected values are available in Table 4.1 [2]. The next step is to deter-
mine the approximate number of tubes N,, needed to do the job.

4.2.2 Tube Selection
The tube length is selected as 8, 10, 12, 16, and 20 ft. Likewise, and the most

common tube ODis §, 2, 3, 3, 3,1,1}, or 1 in. The tube wall thickness is
defined by the Birmingham wire gage (BWG). The tubes are typically speci-
fied to be 14 BWG. The most common tube lengths are 16 and 20 ft and the
most common tube OD values are 3 and 1 in. The velocity through a single
tube should be between 3 and 10 ft/s to keep the pressure under reasonable
constraints and to maintain turbulent flow, and minimize fouling. The num-
ber of tube passes can be adjusted to get the velocity to fall in this range. The
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TABLE 4.1
Selected Overall Heat Transfer Coefficient (U) for Shell and Tube Heat Exchangers
Design Included
Shell Side Tube Side (Btu/°F ft? h) Total Dirt
Ethanol amine solutions Water, or am