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USE OF A GENERALIZED MODIFIED BWR EQUATION OF STATE FOR
HALOGENATED HYDROCARBON SATURATED THERMODYNAMIC
PROPERTIES

K. H. Aboul-Fotouh and K. E. Starling
School of Chemical Engineering and Materials Science, The University of Oklahoma, Norman, Oklahoma

A generalized modified BWR equation of state developed from normal paraffin hydrocarbon data has been tested for
prediction of the thermodynamic properties of eight halogenated hydrocarbons. Average absolute deviations of predicted
saturated properties from tabulated values were 1.61% for vapor pressure, 2.49% for liquid density, 2.38% for vapor specific
volume, 1.75 Btu/Ib for liquid enthalpy, 1.21 Btu/lb for vapor enthalpy, and 0.05 Btu/lb - °R for both liquid and vapor entropy.

INTRODUCTION

A generalized modified BWR equation of state (1) developed primarily for hydrocarbon thermodynamic
properties predictions was tested in this study for prediction of halogenated hydrocarbon thermodynamic
properties. The major impetus for this study was provided by needs in the geothermal power industry, although
other industries also can utilize the results. The MBWR (Modified Benedict-Webb-Rubin) equation is presently
being used in the geothermal power industry for convenient prediction of power cycle working fluid properties
for hydrocarbons (2). Although the Martin-Hou equation has been used for halogenated hydrocarbons (3),
difficulties in its use have been encountered (2, 4), probably because this equation was not originally intended
for use in the compressed liquid region at low reduced temperatures. The present work should be considered to
be a feasibility study of use of the MBWR equation for halogenated hydrocarbons. Only generalized equation of
state parameters have been used herein. Obviously, determination of specific parameter values for each
halogenated hydrocarbon would yield considerably improved predictions. The determination of specific MBWR
parameters and/or development of an improved equation of state will be carried out in subsequent work.

THE GMBWR EQUATION

The GMBWR (Generalized Modified Benedict-Webb-Rubin) equation of state, the related thermodynamic
functions, and methodology for computations are well documented (1) and therefore, only a summary discussion
of the GMBWR equation is presented here. The MBWR
equation for the absolute pressure, P, is the following function B oRD 4 (BRI - A - 2+ Q- 92
of absolute temperature, T, and molar density, p , '
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where R is the universal gas constant and B,, A,, etc. are the ’
eleven MBWR equation of state parameters. The GMBWR  [1i: 1 Vaives of Generdlized Parameters A;
results when the following generalized relations are used for the ~ 4»d B for Use with Generalized Equation of
MBWR parameters of a substance, where T, , po , and w are,

Parameter Value

H s s . Parameter _
respectively, the critical temperature, critical density and  sabscript (j) Aj B;
acentric factor of the substance and Ajand B; (j = 1, 2, . . . 11) 1 0.443690 0.115449

i i i 2 1.28438 —0.920731
are universal parameters given in Table 1. 3 0356306 20871

4 0544979 —0.270896
5 0528629 0349261
6 0.484011 0.754130
7 0.0705233 —0.04448
8 0.504087 1.32245
9 0.0307452 0.179433
10 0.0732828 0.463492
11 0.006450 —0.022143
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Predictions of the thermodynamic properties of a given nonpolar
substance (such as a hydrocarbon) using the GMBWR equation
require only specification of the critical temperature, T, the critical
density, p;, and the acentric factor « . For other substances, the
parameter w can be treated as a pseudo acentric factor, that is, as a
characterization parameter to be determined from experimental data
such as vapor pressure data, rather than requiring that the value of w
be determined from the defining relation for the acentric factor,

- _ _ (o]
w= -1 - 109, (Pr)Tr = 0.07 (13)

where P’ is the reduced vapor pressure (P° /P¢) and T, is the reduced
temperature (T/T.).

GMBWR CHARACTERIZATION PARAMETERS FOR
HALOGENATED HYDROCARBONS

The chemical formulas, molecular weights, critical constants, and
boiling points of the twelve halogenated hydrocarbons considered in
this study are given in Table 2. All property values used in this work
were taken from ASHRAE tabulations (5). Given the values of the
critical temperature and critical density in Table 2, the only task to
allow use of the GMBWR equation for halogenated hydrocarbons
was determination of the pseudo acentric factor for each substance.

To determine the optimal value of the pseudo acentric factor for a
given fluid, an iterative search method was used in which the trial

value of the pseudo acentric factor was varied until the average absolute deviation of predicted vapor pressures
from reported values was minimized. Optimal values of the pseudo acentric factor were determined from vapor
pressure values for three regions of temperature (1) 0° F and below, (2) 0° F and above, and (3) overall (total
range of values). Figure 1 shows the behavior of the average absolute deviation of predicted from experimental
vapor pressures for these temperature regions versus trial values of the pseudo acentric factor for

sym.-dichlorotetrafluoroethane.

TABLE 2. Physical Properties of Halogenated Hydrocarbons (Refrigerants) Included in this Study.

]

A + B

10

All + Bllmexp (-3.8w)

10

Critical Critical  Boiling
. Molec-  Critical density temper- point
Refrig. Chemical  ular  pressure  (Ib mole/ ature  atlatm
no. Chemical name formula  weight (psia) cu. ft) (°F) (°F)
11 Trichlorofluoromethane CCL:,F 137.38 639.5 0.251872 388.4 74.87
12 Dichlorodifluoromethane CCLF. 120.93 596.9 0.288127 233.6 —21.62
13 Chlorotrifluoromethane CIF. 104.47 561.0 0.345564 83.9 —1146
14 Carbon Tetrafluoride CCF, 88.01 543.0 0.443842 —50.2 —198.3
22 Chlorodifluoromethane CHCIF. 86.48 721.9 0.379127 204.8 —41.36
23 Trx:fluoromethane CHF, 70.02 701.4 0.459217 78.1 —115.7
113 Tx_'lchlorotriﬂuotoethane CCLFCCIF. 187.39 498.9 0.191959 417.4 117.63
114 Dichlorotetrafluoroethane  CCIF.CCIF. 170.94 473.0 0.212728 294.3 38.8

(2)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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FIGURE 1. Optimum Pseudo Acentric Factor Estimation for Dichlorotetrafluoroethane

Optimal values of the pseudo acentric factor determined in this manner are given in Table 3. For most of the
fluids studied, the optimal value of the pseudo acentric factor is virtually independent of the temperature range
of the vapor pressure data and is within the range of values of acentric factors reported in the literature (6, 7) and
values obtained using estimation methods (6).

COMPARISON OF PREDICTED AND REPORTED SATURATED PROPERTIES

Evaluation of the capability of the GMBWR equation for predictions of the saturated thermodynamic
properties of halogenated hydrocarbons was performed by comparing predicted and reported property values at
the predicted vapor pressure at tabulated saturation temperatures. A summary of the results of these comparisons
is given in Table 3. The results are very reasonable for most of the fluids studied. It can be noted in Table 3 that
the overall average absolute deviations of predicted saturated properties from reported values for the eight
halogenated hydrocarbons were 1.61% for vapor pressure, 2.49% for liquid density, 2.38% for vapor specific
volume, 1.75 Btu/lb for liquid enthalpy, 1.21 Btu/lb for vapor enthalpy, and 0.05 Btu/lIb-°R for both liquid and
vapor entropy. Although these deviations are somewhat larger than for hydrocarbons (1), the GMBWR equation
is sufficiently accurate for many engineering calculations involving these halogenated hydrocarbons.

CONCLUSIONS

The feasibility of using the GMBWR equation of state for prediction of the thermodynamic properties of
halogenated hydrocarbons has been demonstrated. It was found that with the use of the three characterization
parameters, critical temperature, critical density, and pseudo acentric factor, the saturated thermodynamic
properties of eight halogenated hydrocarbons could be predicted with accuracies sufficient for many engineering
calculations. The method used for determination of the pseudo acen-
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TABLE 3. Summary of Results of Application of the MBW R Equation for Prediction of Halogenated
Hydrocarbon Saturated Properties

Pseudo h, h, $, Sg
Refrig. No. of Temp. range acentric P° 23} Ve (Btu/ (Btu/ (Btu/ (Btu/
no. points (°F) factor (%) (%) (%) 1b) 1b) 1b-°R) 1b-"R)
11 40 —85to 0 0.1862 1.07 0.68 1.03 0.25 0.92 0.010 0.009
0 to 388.4 0.1822  0.90 1.36 2.71 0.98 1.86 0.063 0.064
—85to 388.4 0.1842 1.4 1.18 2.73 0.75 1.51 0.05 0.050
12 40 —152to 0 0.178 1.67 0.65 1.89 0.40 0.43 0.024 0.020
0 to 230 0.162 0.60 2.90 1.07 1.95 1.51 0.047 0.048
—152t0 230 0.176 1.89 1.79 2.76 0.98 0.46 0.037 0.035
13 34 —200to 0 0.169 1.62 0.60 1.81 0.66 0.16 0.036 0.030

0 to 83.93 0.165 0.53 4.85 3.37 1.87 0.82 0.026 0.028
—200 to 83.93 0.169 1.26 292 2.43 1.09 0.34 0.032 0.029
14 19 —230to —52 0.170 1.11 3.69 2,16 1.42 0.97 0.093 0.096

22 37 —150t0 0 0.2260 0.26 0.65 0.69 0.35 0.21 0.041 0.040

0 to 204.81 0.2270 097 1.53 1.98 1:11 1.00 0.064 0.062

—150 to 204.8 0.2254 0.74 1.88 1.97 1.68 1.13 0.067 0.066

23 28 —190t0 0  0.264 1.07 1.89 1.13 2.10 1.60 0.046 0.042

0 to 78.66 0.278 1.74 2.25 2.11 3.94 2.11 0.025 0.023

—190 to 78.66 0.264 1.45 3.16 3.55 4.80 3.49 0.040  0.037

113 27 —30to 0 0.256 0.31 0.32 0.37 0.10 0.92 0.009 0.010

0to417.4 0.250 1.68 1.55 2.87 1.24 2.19 0.049 0.051

—30to 4174 0.250 1.92 1.35 2.93 1.07 2.06 0.043 0.045

114 42 —135t0 0 0.2495  0.39 0.70 0.24 0.18 0.41 0.0.17  0.014

0 to 290 0.2455  0.90 2.21 1.39 0.92 1.50 0.042 0.044

_____ —135t0 290 0.2495 1.10 1.69 1.83 0.62 0.93 0.033 0.033
OVERALL 1.61 2.48 2.37 1.74 1.21 0.05 0.05

tric factor is simple and can be used for other halogenated hydrocarbons (with dipole moments less than 1.6
Debyes).
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