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ABSTRACT

A personal computer based thermodynamic property estimation package
for pure and ideal gases has been developed. It is a user-friendly, menu-
driven package written in FORTRAN, comprising of a computational
module, named the PVT Module, for evaluating pressure, volume or
temperature and an executive module, named TPACK ( version 1.0).
Ten equations of state have been used, in addition to the generalized
compressibility charts of Hougen-Watson. In this package any one of
the equations/tables can be selected for the evaluation of the properties,
by the user during operation. The rapid polynomial technique has been
employed for using the tables. The values returned by the package have
been compared with the experimental data for CH 4 and CO3.The source

code for the computational module runs to about 3800 programming
lines and the executive program to about 4500 lines. The entire
executable version of TPACK occupies about 610 k bytes of memory.
The average executing time for a property is less than 1.7 seconds. The
entire package can be stored on a standard 2 Mb diskette and used
independently for property estimations or can be incorporated into other
design or simulation packages. Here the features of the package, along
with the flow charts for the computational and executive modules have
been presented.

INTRODUCTION

Computers have been a major tool in specific aspects of the design of
chemical plants for over 30 years. Originally most of the available
computer aided design (CAD) packages were dedicated to solving
isolated problems, such as distillation column or heat exchanger design.
More recently, however packages have been developed for almost all
phases of plant design viz., process simulation, pipe drafting, material
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control, critical path scheduling and structural design. Over a hundred
flow-sheeting systems have been developed among which a few, such as
ASPEN, ASPEN PLUS, CHEMTRAN, CONCEPT, DESIGN 2000,
FLOWPACK II, FLOWTRAN and PROCESS have achieved wide
acceptance. These packages have improved design efficiency enormously
and enabled the process engineer to look at many alternative design
strategies.

The importance of property estimation packages in process simulation

cannot be over emphasised. On an average 70-80 per cent of computer
time is utilised for accessing data and estimating properties during any
simulation. There now exists a plethora of application software ranging
from quite simple in-house developed, problem-specific programs
through so-called fully integrated, conception-to-grave design packages.
But although the number of ¢commercial data packages available in the
market is considerable, it is difficult to have any idea of the accuracy
before hand, and it is not possible to improve upon these packages,
which are more or less black boxes, since the source code would not be
available. Therefore the trend has been for the user to develop for
himself the packages to meet the specific requirements wherever
possible.

Prediction of thermodynamic properties of pure components and
solutions has been a subject of considerable practical and theoretical
interest since long. Extensive experimental work has been done in this
field by numerous investigators in the past. However, correlation of
such data has not been achieved to the required degree of accuracy and
many of these equations (even the purely empirical equations) are, for
some limited specific range only . To this day the best of correlations
for pure components yield a maximum deviation of around 4 per cent
(outside the critical region) whereas experimental measurements are
sometimes available with a reliability of 99 per cent and higher.

One of the major chores of a process engineer is to select a good
thermodynamic correlation for his system from which he can proceed to
find design parameters. This selection is vital for a good process design
and simulation. For a particular property there are quite a number of
available correlations but with attendant difficulty in selecting the right
one to match all possible combinations of temperature, pressure,
polarity etc. Further all such correlations are developed with different
system attributes like the acentric factor, boiling point etc. Presently
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there is an increased emphasis on modelling, simulation and synthesis
for process development and scale-up. A chemical engineer therefore has
to necessarily place greater emphasis on the calculation of
thermodynamic properties from the available and published correlations
and data at any point of interest in no time. It was difficult to imagine
the possibility of computer aided design or process simulation in
developing countries a decade or so ago because of the high cost and
limited capabilities of both hardware and software, but the scene has
now changed due to the soaring capabilities and plummeting prices of
computer hardware.

The present work was therefore taken up with a view to develop user-
friendly, property estimation packages (using available methods and
correlations) which could be used on ordinary PC systems and which
could be the starting step for integration with full-fledged simulation
packages to be developed later.

DESCRIPTION AND FEATURES OF PACKAGE
TPACK (Veérsion 1.0)

The package described here, named TPACK (version 1.0), is capable of
working on the PVT Module, designed for calculation of any one of
pressure, volume or temperature, given the other two, and also on any
other computational module that would be developed later.

Although the computational module (PVT) is an integral part of the
overall package, TPACK, it can also be operated independently, with
the menu-driven facility. While the computational module is written in
FORTRAN the executive program of TPACK has been written in C.

PVT Module

Designated as PEVOT2 the PVT module is a user-friendly FORTRAN
program for calculating any one of the following properties given the
values of the other two - (i) Pressure (ii) Volume (iii) Temperature

PEVOT2 when invoked from the executive program displays an option-
menu with the help of MENU MODULE which asks the user to specify
the critical properties of the substance (gas) whose properties are desired.
If the user strikes the "ESC" key the substance is assumed to be
methane and its critical values are defaulted. The next menu displayed
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asks for the property to be estimated. Accordingly the control is
transferred to the appropriate module.

If the property to be estimated is, for example, volume it gives two
options i.e., a tabulated set or a single value. If a tabulated set is opted,
the user has to specify the output file name into which the values are to
be directed, number of values, initial temperature and pressure and the
increments in temperature and pressure.

The modules for calculation of single values of pressure, temperature or
volume are similar. These modules first ask for the other two
properties. Then the list of methods available is displayed among which
the user has to select any one, after which the desired property is
calculated using the selected method and the values are displayed.

The methods available!-7, in the package, for PVT calculations are:

1.  Ideal Gas Law: PV = RT
i : Z=1+ LN
2. Virial Equation (Truncated): RT
3.  Vander Waal's Equation: [P+a/V2](V-b)=RT
4,  Dieterici Equation: { Pe@VRD}V - b) =RT
5. Berthlot's:Equation: [P+aTV2] (V-b)=RT
6.  Soave-Redlich-Kwong Equation:
1 a h
Z= T
For Volume : (1-h) BRT (1+h
_bP

h=
Where ; ZRT
RT a

P = "
For Temperature and Pressure: (v+b) (T*V(V+b))

7.  Peng-Robinson Equation:
RT aTl

P= -
(V=0) {(V(V+b)+b(V-b))
8.  Beattie-Bridgeman Equation:
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b ¢ a
Pv? = RT[V+B,{1- =}l -—=]-A4,[1-=
[V+B,{1-—H vrz] ol1=7]
9.  Benedict-Webb-Rubin Equation:
P=RIp+[B,RT-A, ---g-g-]p2 +[bRT - a)p® +acp®

3 (14 %) g2
7 ¢
10. Barner-Adler modification:
RT afa ¢fc dfd efe
V-b V(V-b) V(V-b)’ V(V-b® V(V-b)

+cp

P=

11. Generalized Compressibility Charts.
The flowchart for the PEVOT?2 module is given in figure A-1.

While using generalized Hougen-Watson6 charts the rapid polynomial
technique has been employed for the purposes of interpolation. This
technique has been preferred as it combines the advantages of the Least
square method and the Cubic spline technique.

For the evaluation of temperature or volume from the explicit equations
for pressure, Newton-Raphson method has been used in many cases. In
others the secant method has been used.

The error criterion taken for the calculation of PVT is 0.001. The
number of iterations has been limited to 100.

Executive Program (TPACK)

The computational module (PVT module) is in itself self-contained and
is rendered menu-driven by enabling each of these packages to call
MENU subroutine common to all packages. All the computations
achievable by the larger package TPACK (version 1.0) can be carried
out using any computational package without need of the EXECUTIVE
program. However, an executive program has been included for the
purpose of combining any other modules, to be developed later, into a
single-whole, so that the user can have the option at any time to change
from one computational package to another. The executive program is
given the name TPACK, which is also the name used for the entire
package involving the executive and any other computational modules.
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The executive program is written in C language where it gives the user’
a set of predefined options viz.,

PVT Module;  Other Modules;
DOS Shell; Quit

These options are displayed on the screen in a WINDOW using MENU

module which in turn returns an integer number which is the

representation of the user's choice. Depending upon the number returned -
the control is transferred to the appropriate module. DOS Shell

command enables the user to come out of the program to execute DOS
commands and return to the program on typing EXIT.

The flowchart for the EXECUTIVE module is given in figure A-2.
MENU Module

MENU Module is a subroutine used in the executive program and the
three computational programs for displaying "POP MENUS". This
utilizes functions of C language like clrscr, window, text colour, text
background etc., which are not available in FORTRAN, used for the
computational programs.

When this program is invoked from the executive program, with the
help of an interfacing program, it reads the number of strings and the
maximum length among all strings that are sent by the executive
program and accordingly allots a window area on the screen. This also
reads the colours for background, foreground, high-lighting and pop
cursor of the window as selected in the executive program. The character
strings are written in the window and the predefined alphabet can be
high-lighted.

MENU module has a subroutine - WORKBOX which when invoked
- reads the character string and the default values with the help of the
interfacing program and creates a window and writes the character string
and default values. It then waits for the user to input the required values.
Hitting the ESC key, on the other hand, causes the default values to be
taken for calculation. "Quit" commands have -also been provided for
cancelling an entry.

When more than one menu is displayed on the screen, the "active” menu

Uhandisi Journal Vol. 20 No. 1, June 1996 90



Rao et al.

is distinguished by the presence of a double-lined border while the other
menus are all single-lined.

DISCUSSION OF RESULTS, CONCLUSIONS AND
RECOMMENDATIONS

To show the format in which the packages display the results on the
video monitor screen, a sample output for one of the computations is
presented, as a screen dump, in figure A-3.

Plots of evaluated and experimental values

i)  For methane, over a narrow range of temperatures from 90 K to
190 K, and pressures of 0.1 to 45 atmospheres, the values returned
by the package have been presented in fig.1-6. In all of the figures

the continuous line shows the experimental values 2,10,

Figs. 1 and 2 are the plots of pressure evaluated from known values of
temperature and volume. As can be seen the Van der Waals, Dieterici,
Berthlot, SRK, and Peng-Robinson equations show good agreement
with the experimental values.
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Figs. 3 and 4 show the success of the various methods in evaluating
volume from known values of pressure and temperature, In the range
tested all the methods show good agreement with experimental values.
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Figs. 5 and 6 show temperature calculated from known values of
pressure and volume. It can be seen that only the Van der Waals,
Dieterici, SRK, Peng-Robinson and Beattie-Bridgeman equations give
results which are consistent with experimental values.
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ii)  For carbon-di-oxide 8.9, over a temperature range of 170 K to 300
K and pressure range of 0.2 to 75 atmospheres the values predicted
by the TPACK have been presented in Figs. 7 and 8. Here, only
the Dieterici, SRK, Peng-Robinson and Barner-Adler equations
meet the tolerance criteria.
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The packages TPACK and PEVOT2 have been tested thoroughly under
various conditions and have been found to be rugged and free from bugs.
Further, from the results and the plots it can be seen that these packages
give outputs of property values which are reliable to the extent of the

e amAd aetinaatinn mathade thameslvec

rehablhty of the eq‘uatiuns and estimation methoas nemseives.
Error and convergence analysis

Based on experimental data for methane, the relative error involved in
different kinds of computations, using the Tpack and PVT modules, has
been evaluated over a wide range of temperature and pressure. Methane
has been selected for this purpose as it is a simple molecule which is
spherical and non-polar, at the same time being polyatomic. It can be
representative of typical compounds used commercially. Further,
experimental data is readily available. In the PVT module the pressure
range investigated, using the modules, is 1 - 500 atms., and the
temperature is 90 - 370 Kelvin.

Equations are recommended based on two criteria, viz., (i) relative error
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and (ii) Ease of convergence. A relative error of 6% has been used as
the cut-off point. In all the computational modules a limit of 100
iterations is used for convergence purposes. When convergence is not
achieved within this limit, the system terminates the computation.

Based on the above criteria, recommendations are made for the various
equations, as presented in table 1 :

Table 1.
Equation

Ideal gas law

Virial

Van der waals
Dieterici

Berthelot

Soave-Redlich-
Kwong (SRK)

Peng-Robinson

Beattie-Bridgeman

Recommendation

Recommended in the temperature range of 70 -
170 K and at pressures below 10 atm.

Recommended for pressures up to 40 atm.

Applicable for pressures up to 400 atm and
temperatures of 200K.

This equation may be recommended for molal
densities less than 3.25.

Recommended for molal densities Iess than 3.0
in calculation of volume and pressure, but is not
recommended for calculation of temperature.

Consistent in the whole of the gaseous region
and is recommended for all the three
calculations.

In the calculation of pressure and temperature it
is applicable only up to a pressure of 180 atm
and temperatures up to 180 K. In calculations of
volume this range can be extended up to 250
atm.

In calculation of temperature and pressure it is
recommended for pressures up to 30 atm., and at
temperature upto 180 K. In the calculation of
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volume the range of pressure may be extended
up to 100 atm. It was found that this equation
converges faster in the range of its applicability
than SRK equation.

Benedict-Webb- Its consistency in calculation of pressure and

Rubin (BWR) temperature is limited to temperatures of about
200 K. This equation gives consistent results
for volume calculations except for some scarce.
points. -

Barner-Adler This equation was tested only for low pressures

Generalized Charts

as it was found that its range of applicability is
very limited; only up to 20 atm and for
temperatures up to 180 K.

In the range of data tables it was found that the
error was less than 2.0 per cent.

" NOMENCLATURE:

constant

constant
constant

second virial coefficient

N<v—1’;c*ﬂg<guwg>

o o
ke

~

(6= Tan B I o T+

%
fdvfe

pressure [atm]

universal gas constant = 0.08206 [lit.atm/gmole.K]
temperature {K]

volume [lit/gmole]}

compressibility factor

constants
constant
constant
constant

temperature functions equal to unity at T = T

Uhandisi Journal Vol, 20 No. 1, June 1996

95



Thermodynamic Property Estimation Package for P-V-T

REFERENCES

1.

10.

H.E. Barner and C.W. Quinlan Interaction parameters for Kay's
pseudocritical temperature, Ind.Eng.Chem.Proc.Des. Develop. 8:
407 (1969).

V.B.'Baskova, V.Y. Baskova and M.A. Gol'tsman, Supercritical
region of water vapour and methane, Zh. Fiz. Khim 65(9) (1991).
P.R. Bienkowski, H.S. Denenholz and K.C. Chao, Generalized
hard-sphere augmented virial equation of state, AIChEJ, 19: 167
(1973). »

E.M. David, J.S. Richard and L.V. Colin, Dieters' equation of
state and critical phenomena, CES Vol : 43 459-466 (1988).

J.0. Hirschfelder, C.F. Curtiss and R.B. Bird, Molecular Theory

. of Gases and Liquids, John Wiley and Sons Inc. New York

(1954). :

O.A. Hougen and K.M. Watson, Chemical Process Principles,
John Wiley and Sons (1946).

R.G. Kunz and R.S. Kapner, Second virial coefficients from
tabulated PVT data, AIChEJ 17;562 (1971).

Liley, Thermodynamic data for CO2 at high pressure and
temperature, J. Chem. Eng. Data, 4, 238 (1959).

Refrigerating Data Book, 5th ed., American Society of
Refrigerating Engineers, New York, (1942),

Zagoruchenko and Zhuravlev, Thermophysical Properties of
gaseous and liquid Methane, Moskow, (1969), NBS-NSF
translation TT 70-50097, 1070.

The manuscript was received on 29th December 1995 and accepted for
publication, after corrections, on 16th July 1996

Uhandisi Journal Vol. 20 No. 1, June 1996 96



Rao et al.

___i,,_
i

HAPHIE TLOATS 295 MELD mofd
-y Wd

L'A'd M

|

uonoNy UIS00UD Mi
Bursn aNiDahu ) AN DY

\”wgauu&"zocmocn&L
-]

N

P 2

g1

1) e 9

W AIPHD PP 1P WOUS
AT AN HDMRIDY)

|

1P W Sihaadw pud ity
1011 SMNEEA }B Spd oY

M) MOSNIGOM ™ ONI o
NOI WEs

"X LOHUYIE
“M03 MK

T3 BIVEMETIONYA
AOUTRSTS Teaia

el B

PO 41g O N0 PO,

NI 2 Ci 9O [ 3 noudn s nusw soea — >ut-£

f IO v0n w o _ uan
1 3anivyaaral = g
i 3bnss I [ Sevartaute

} ssuscosd monnd poay !
N ) k iy L
: JE S

o Mwis =

97

Uhandisi Journal Vol. 20 No. 1, June 1996



Thermodynamic Property Estimation Package for P-V-T

MAPOIA HALLILYAXA Ul Ay y smopy

T-v "Brg

e ./.x Loz

) T aF

b 53
; s
| SOHMIN2 341D 3% | - i
- _ At s aed

TE o L
S3A} / S

-~ B .7
\\\/ N
=" 3inaowm e n.!l.f]I'llL
@ oﬂlAﬁoEZu..zo.K‘
- st
/u\ _ ONY™ 40D
MN _ S0OC 31123v3

f dIVENT ] ont

JND3IX 3 _ .\nww «
s34 .
TNVHING D \VW.%»I@
" S

Inaow I/a\
Iy VHINY™ NOWLO
-

imno

I1I3INE soqg
FINA0W  AdCHING
TAWKT O AIYHMI N

FMAOWN  1'A‘a

\024:.&00 SO0 Cvig /
—_— -

/

MNNIN MO L

« L COEW | ®

[ sroriao avaas "
i WWMT@
rHvis Y

98

Uhandisi Journal Vol. 20 No. 1, ‘June 1996



Rao et al.

Cri Temperature (Tc. Kelvin) : 190.600006 Ideal Gas Law
Cri Pressure (Pc alm} ¢ 44 .000000 Virial Eqn
Cri Compr Factor (Zc) : 0.288000 Vander Walls Egn
Acenlric Faclor (w) 1 0.008000 Dieterici Eqn
Berthlols Eagn
Redlich Kwong Egn
Peng Robinson Eqn
PRESSURE Beattie Bridgeman Eqn
VOLUME Benedict Webh Rubin Egn
TEMPERATURE Barner Adler Ean
QulT Compres Factor Melhod
Quit
PRESSURE (atm) : 193.491394
VOLUME (ltis/mole} : 0.4137000
TEMPERATURE {(Kelvin) : 330.000000
Fig. A-}

Sample Data Display
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