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Abstract: In this paper, a modified form of DPTG (Dashtizadeh-Pazuki-Taghikhani-
Ghotbi) cubic equation of state is proposed. To this end parameters of the original
DPTG equation (a, b) are also corrected. In order to calculate the saturated vapor
pressure, the liquid density, and the vapor volume of 25 pure fluids modified DPTG
equation of state is applied and the final results are compared with the SRK and PR
equations of state. Finally, the above-mentioned DPTG EOS is used for calculation
of the second virial coefficient, enthalpy and entropy of vaporization, surface tension
of pure substances, and the density of normal hydrocarbons and Z.

On the other hand, the modified DPTG equation of state is applied to calculate
bubble pressure, binary systems mole fraction of the vapor phase, and the density of
normal hydrocarbons mixture. The results show that the modified DPTG equation of
state could be used for calculation of pure and mixtures of fluids phase behavior
with good accuracy.

Keywords: Equation of state, PVT property, phase behavior, fluid

Received 28 November 2006, Accepted 29 January 2007
Address correspondence to Shiva Mansouri, Pars Oil Company, East Mirdamad
Blvd., No. 32, Modarress High Way, Tehran, Iran. E-mail: shmj4 @yahoo.com

1883



09: 27 25 January 2011

Downl oaded At:

1884 G. R. Pazuki et al.
INTRODUCTION

The equation of state is a crucial factor in the calculation of thermodynamic
properties, modeling, and simulation of chemical processes. Solubility of
solids in supercritical fluids, precipitation of asphaltene in crude oil, properties
of fluids in pipe line, and phase behavior of polymer solutions could be calcu-
lated by means of equations of state. Considering parameters a and b for
intermolecular forces and van der Waals molecular volume (1) the first
two-parameter cubic equation of state for prediction of phase behavior of sub-
stances could be presented. Redlich-Kwang (2), Soave (3), Peng and Robinson
(4) have proposed new equations based on vdW EOS. Afterwards, Stryjek and
Vera (5), Fotouh and Shukla (6), Zabaloy and Brignole (7), Souahi et al. (8),
Feyzi et al. (9) and Gasem et al. (10) have presented new cubic equations of
state by further modification on RK, SRK, and PR equations. Recently, many
cubic equations of state are presented based on molecular thermodynamic
(11-14).

In this work, the a and b parameter in DPTG (Dashtizadeh-Pazuki-Taghi-
khani-Ghotbi) EOS are modified in terms of reduced temperature and acentric
factor. The pressure-volume-temperature (PVT) properties such as saturation
pressure, liquid density, and vapor volume are calculated by modified DPTG
EOS. In addition, pure fluids enthalpy and entropy of vaporization, the normal
hydrocarbons density, the compressibility factor, second virial coefficient and
surface tension of pure substances are estimated by the modified DPTG
equation of state.

At the end, the modified DPTG equation of state is used for the calcu-
lation of bubble pressure point and vapor phase mole fraction and mixtures
of normal hydrocarbons density.

MODIFIED DPTG EQUATION OF STATE

According to the perturbation theory, the compressibility factor, Z, could be
written as (13):

7 — Zref + Zpert (1)

where subscripts ‘ref” and ‘pert’ refer to reference and perturbation.

Dashtizadeh et al. proposed a new cubic equation of state based
on the perturbation theory for prediction of phase behavior of fluids
recently (13):

_ l+bim 46m )
1—bymy T +4eim)(1 +4erm)
a
0= PRT (3)
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b
=1 4)

The parameters of the above equation for DPTG equation of state are: b; = 8§,
by=4,6=0,c;=0and ¢, = 1.
Therefore, Eq. (1) would be simplified to:

]

_v+2b a
"~ v—b RT(v+Db)

)
The above equation in molar volume would be written as:

RT 3bRT b  2b*RT
v3—v2+<a—b2—)v—<a+ ):0 (6)

P P PP

Thermodynamic properties such as saturation vapor pressure vapor and liquid
phase densities are obtained by Eq. (6.)

In the present study, parameters a and b in DPTG-EOS have been
modified as follows:

2772
a=oT,, w)(0.51301 RPTC> (7)
b= BT}, w) (0.058743 I;T‘) ®)
where:
a(T,:l,w):B(T,:l,w):l (9)

The parameters a and B are considered as follow:

a'? = [1+my(1 = T) +m(l = TP +my(1 = T (10)
B2 =[1+n(1-T) (1

Parameter n and m; are obtained by minimizing the following objective
function (13):

np 1 _ Al
A= Z(Wp |Pcal,i - Pexp,il + Wy |pcal,i 1 pexp,i') (]2)
i

Pexp,i exp,i

where w, = 0.8, w, = 0.2 and np is number of experimental data points.
Parameters my, m,, m3 and n are plotted in Fig. 1. Using a curve fitting
program, the relation between the parameters and the acentric factor is
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Figure 1. Dependence parameters of new equation of state the reduced acentric
factor.

obtained as:

my = 0.4690 + 0.7096w — 0.2660w” (13)
my = —0.6548 — 1.2625w — 1.9727 w? (14)
m3 = 0.9553 + 5.0064w + 0.4159w” (15)
n=0.1723 — 0.3858w — 0.1683 0’ (16)

RESULTS AND DISCUSSION

The modified DPTG equation of state is applied in order to calculate the ther-
modynamic properties of fluids. In Table 1, the vapor pressure, liquid
density, and the vapor volume of 25 pure substances (555 experimental
data points) for M-DPTG, are compared with those given by the DPTG
and PR equations of state. The average of absolute deviations (AAD %)
for predicted vapor pressure using the M-DPTG, PR, and SRK equations
of state would be 0.924, 1.325, and 1.440%, respectively. The average of
absolute deviations for the predicted saturated liquid density using the
M-DPTG, PR, and SRK equation of state would be 5.58, 6.07, and
9.921%, respectively. Also, the average of absolute deviations of the
predicted vapor volumes would be 1.50, 1.91, and 1.533 for M-DPTG, PR
and SRK equations of state. Table 2 shows predicted normal hydrocarbons
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Table 1. Average absolute deviation of vapor pressure, saturated liquid density and the vapor volume of pure compounds from PR, SRK, and New

equations of state

Percent of average absolute deviation (%AAD)

Vapor pressure

Saturated liquid density

Vapor volume

Compound n T, range NEW PR SRK NEW PR SRK NEW PR SRK Reference
CH,4 19 0.50-0.97 0.88 0.584 1.820 4.32 8.886 4.472 1.26 0.930 2.335 “
C,Hg 15 0.52-0.98 0.478 0.757 1.216 5.40 6.570 7.775 1.31 1.173 1.075 “
C;Hg 17 0.51-0.95 0.691 1.401 0.758 4.55 5.049 8.164 0.69 1.571 0.318 “
n-C4Ho 20 0.54-0.99 0.49 0.814 1.037 6.21 4.875 10.479 1.85 1.138 0.717 “
i-C4Hy9 17 0.54-0.98 0.85 1.569 1.658 5.87 5.216 9.518 1.58 2.179 1.479 “
n-CsH;, 22 0.64-0.97 0.52 0.348 1.061 591 3.379 12.236 1.86 1.103 0.713 b
i-CsHy, 28 0.53-0.97 2.97 0.244 1.348 5.00 4.747 10.420 0.81 1.219 1.449 b
n-C;Hj¢ 11 0.57-0.74 0.48 1.676 0.663 2.72 0.698 12.140 0.71 1.773 0.516 “
n-CgHs 12 0.60-0.98 0.46 1.590 1.797 791 5.916 16.758 5.05 1.961 2.248 “
n-C;oHz, 14 0.55-0.94 1.73 2.362 1.819 6.80 7.428 18.132 0.12 1.928 2.179 “
C,Hy 12 0.57-0.96 0.51 0.658 0.808 4.55 6.197 7.215 0.95 1.189 0.575 “
C;Hg 19 0.52-0.98 0.70 1.487 0.900 5.04 6.612 7.128 1.65 1.482 0.387 “
CH, 12 0.65-0.97 0.93 1.496 2.275 6.81 4.192 11.429 4.94 1.248 1.372 “
CeHg 25 0.55-0.98 0.65 0.908 0.681 5.36 3.166 11.216 1.83 1.167 0.717 “
C;HO 20 0.59-0.94 2.56 2.288 1.631 13.55 12.236 22.475 1.80 2.488 2.207 “
CH;C1 36 0.51-0.96 1.1 0.661 1.233 7.28 2.093 12.867 2.76 1.768 3.188 b
CHCl; 14 0.52-0.99 0.62 3.949 4.290 3.033 6.671 8.114 1.73 4.433 4.665 “
C,CLFE, 29 0.67-0.96 0.7 0.462 1.045 4.47 4.322 9.019 0.71 0.987 1.227 b
(continued)

111§ Jo uonenby d1qn) PAYIPO

L8ST
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Table 1. Continued

Percent of average absolute deviation (%AAD)

Vapor pressure

Saturated liquid density

Vapor volume

Compound n T, range NEW PR SRK NEW PR SRK NEW PR SRK Reference
CF, 10 0.57-0.97 2.07 1.466 1.794 5.58 6.284 7.585 2.76 2.331 2.843 “
CCly 27 0.50-0.97 0.49 1.542 0.946 6.64 4.243 10.494 0.58 2.262 0.923 “

N, 13 0.51-0.95 0.51 0.689 1.191 4.11 9.777 3.461 0.45 1.364 1.486 “

0, 17 0.48-0.97 0.28 1.593 1.544 4.17 10.598 3.369 0.72 2.196 1.663 “

Ne 9 0.59-0.95 0.14 1.045 1.546 3.84 13.317 4.193 0.99 6.778 1.119 “
SO, 20 0.53-0.98 1.68 2.444 2.144 52 2.329 12.948 0.54 2.574 1.900 “

Xe 12 0.59-0.97 0.61 1.095 0.813 5.34 7.204 6.441 0.56 2.527 1.025 “
Total 0.924 1.325 1.440 5.58 6.07 9.921 1.500 1.991 1.533

“Perry and Green (15).
Smith and Srivastava (16).

8881
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Table 2. Prediction of liquid density pure heavy hydrocarbons with new EOS and
PREOS (Cs-Cyp). The experimental data are obtained from Ref. (17)

AAD%
Compound np AP[bar] AT[K] New PR
n-CsH» 19 20-200 393.15 1.994 3.505
n-CsH;» 8 200 293.15-393.15 2.943 4.858
n-CgH 4 17 40-300 483.15 7.510 2.739
n-CeH 4 9 300 343.15-483.15 7.831 4.065
n-C;H¢ 9 100-500 573.15 8.475 90.099
n-C7H,¢ 7 5000 303.15-573.15 10.298 143.288
n-CgHg 18 30-200 553.15 7.718 4.00
n-CgH ;g 8 200 553.15 2.817 0.379
n-CoHy 10 50-5000 573.15 6.885 78.148
n-CoHag 6 5000 303.15-573.15 9.559 140.63
n-C,oHas 19 20.27-202.65  393.15 6.978 5.383
n-C,oHa» 8 202.65 313.15-393.15 9.446 6.419
n-C;1Hyy 10 505000 573.15 5.215 76.158
n-C;Hoy 7 5000 303.15-573.15 8.949 138.092
n-C3Hag 10 50-5000 573.15 4.809 75.753
n-C3Hog 7 5000 303.15-573.15 9.285 136.11
n-C,,Hse 10 50-5000 573.15 6.630  75.802
n-C7Hsg 6 5000 323.15-573.15 11.533 133.159
n-CyoHuo 10 50-5000 573.15 7.423 76.577
n-CooHys 5 5000 373.15-573.15 11.668 130.849
Average 203 7.398 66.3007
AAD % :iz exp—call 00
np exp

density from M-DPTG and PR equations of state. The average of absolute
deviations for M-DPTG and PR equations of state would be 7.39 and
60.30%, respectively.

Saturation vapor pressure and vapor volume of fluids are shown in Fig. 2
and 3. The aforementioned figures show that there is a good agreement
between the experimental data and the obtained results by the modified
DPTG equation of state. Different predicted vapor pressure for 25 pure
fluids is shown in Fig. 4 and the overall error is between 0—5%. The exper-
imental and predicted enthalpy and entropy of vaporization for some pure sub-
stances are also shown in Figs. 5 and 6.

Figure 7 illustrates the predicted and experimental compressibility
factor of C,Hg versus temperatures and pressures. The reduced temperature
changes between 0.92—1.31 and the reduced pressure between 0.02—2.05. It
is shown that there is a good agreement between the theoretical and
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Figure 2. Experimental and predicted vapor pressure of different fluids as a function
of temperature.

experimental data at subcritical and supercritical conditions. The second
virial coefficient is calculated by using the M-DPTG equation of state by
applying the following equation:

a

B(T)=3b— (17)

250000
© Kr
200000 A Neo-C5
0O C3H6
=
o
£ 150000 o n-C7
E —— Calculated
£
-
100000 1
50000
i AN
0 50 100 150 200 250 300 350 400 450

TIK]

Figure 3. Experimental and predicted vapor volume of different fluids as a function
of reduced temperature.
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Figure 4. Percent of deviations for predicting the vapor pressure of 25 compounds
using the new equation of state.

The experimental values of the second virial coefficient for N, and the
obtained results by the M-DPTG, PR, and SRK equations of state is shown
in Fig. 8.

Also, the surface tension of normal hydrocarbons (C;—Cg) is calculated
by the M-DPTG equation. The empirical relation between surface tension and

500
450 o CaHa
A nClo
400 am
o X
= CCI Tated
— Lalculale
=
=00
e
el
e
= 250
=
-
=200
b=
150
190
50
o
o 02 0.4 0.6 0.8 | 12
T

Figure 5. Experimental and predicted enthalpy of different fluids as a function of
reduced temperature.
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Figure 6. Experimental and predicted entropy of different fluids as a function of
reduced temperature.

difference densities of liquid and vapor would be written (19):

o = [Pa(p, — p,)* (18)

where P, is Parachor constant which would be different for each component.

1.2
o Tr=0.92
a Tr=0.99
I o Tr=1.02
o Tr=1.08
o Tr=1.15
0.8 x Tr=1.31
— calculated
N 0.6
a
0.4 -
o5 o ©
02
0
0 0.5 1 1.5 2 235
P,

Figure 7. Experimental and calculated compressibility factor of C,Hg as a function
of reduced temperature (experimental data from Ref. (17)).
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Figure 8. Second virial coefficient of N, as a function of reduced temperature
(experimental data from Ref. (18)).

Hugill and van der Welsenes proposed the following correlation for the
prediction of the Parachor constant (20):

P, = 40.1684(0.151 — 0.464w)T)3/12/P/6

Table 3. Parachor constant and average absolute deviation
of the new EOS and Hugill Model for normal hydrocarbons

np  Pgu(Model)  AAD%‘  AAD%”

CH, 6 72.12 0.41 20.81
C,H, 6 1145 2.32 27.96
C5Hg 6 154.8 11.77 39.50
C.Hyo 9 182.9 5.01 25.33
CsHp» 3 2233 1.50 20.33
CeHs 6 257.5 3.32 24.60
CHye 9 295.3 4.75 26.66
CsH g 7 319.4 2.74 47.80
CoHay 9 351.0 451 50.20
C1oHas 9 388.6 5.05 45.87

70 4.13 32.91

“NEW EOS.

*Hugill model.

(19)
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In this work, the Parachor constant is obtained by minimization of the
following objective function:

Yexp — Yeal
Yexp

0=y

i

(20)

1
The experimental data of surface tension were reported by Jasper (21).
Parachor constant and the absolute of average deviations for M-DPTG are
presented in Table 3.

The results show that M-DPTG equation of state can accurately predict
surface tension of pure fluids.

Finally, the M-DPTG equation of state is applied to calculate phase
behavior of mixtures fluids. For mixtures the van der Waals mixing rules
could be applied to estimate a and b:

a = Zinxjaij (21)
b= inbi (22)
ay = (aza;)'*(1 — k) (23)

Table 4. Average absolute deviation the calculated bubble point pressure for many
binary mixtures

T range (%AAD) P
No. Mixture np Min Max NEW PR SRK  Ref.
1 CO,—Ethanol 56 291.15 313.14 10.717 25.852 2227 (22)
2 CO,-i-butanol 31 2882 3132 14420 36.600 35.19 (23)
3 CO,-i-pentanol 51 2882 3132 5.111  33.182 31.72  (23)
4  CH4—n-C4Hjo 24 16648 381.4 6.972 5445 3985 (24)
5 CO;—n-C4Hyg 36 31093 41093 7.704 17954 1797 (24)
6 CO,-C,Hg 7 25295 25295 23.840 26.691 2696 (24)
7 N,-CH, 24 88.71 155.37  8.165 9.506 9.248 (24)
8  Methanol-H,O 18 373.15 473.15 6.670 7.744 7574 (24)
9  Propanol-H,O 12 417.76 395.71 24.140 20.229 17.57 (24)
10 Methanol-Buthanol 10 402.35 39235 3.480 6.785 6.964 (24)
11 Ethanol-H,O 9 40435 397.85 39.150 38.072 3585 (24)
12 Methyl acetate— 13 370.15 377.55 1.270 4928 5.136 (24)
Methanol
13 Ethanol-CHCl; 29 308.15 308.15 11.484 12264 1629 (24)
14 CcHg—Acetonitrile 6 318.15 318.15 19.660 16.894 19.86 (24)
15  Acetonirile—H,O 4 34995 35255 30296 17.107 14.09 (24)
16 CO,-CHCl; 29 303.15 333.15 4.173 16.856 1553 (25)
17 CO,-Toluene 43 308.16 328.2 9.040 036.904 3631 (26)

Average 402 13311 19.590 18.971
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where k;; is the interaction parameter and is zero for all binary systems (13).
In order to calculate phase behavior of binary mixtures, fugacity coefficient
of ith component i is necessary so that it could be obtained by using
M-DPTG equation of state as follow:

In ¢i — 3|:8(nbm)/8n, _ 11’1(1 N @)>j| _ am/(meT) a(nbm)
v —by, v v+ by, on;
2
ay, L 18(n am) B i a(nb,,) In v Wz (24)
b, RT a,|n On; b,, on; v+ b,

The modified DPTG equation of state is applied for VLE calculation of 17
binary mixtures. The results of the bubble point pressures and vapor mole
fractions using the NEW, PR, and SRK equations of state are reported in
Tables 4 and 5. The average of absolute deviations of bubble pressure are

Table 5. Average absolute deviation the calculated mole fraction of vapor phase for
many binary mixtures

T range (%AAD) y;
No. Mixture np Min Max NEW PR SRK  Ref.
1 CO,—Ethanol 291 313.1 0.595 0.516 0.566 (22)
2 CO,—i-butanol 56 288 313.2 0.718 0.667 0.692 (23)
3 CO,—i-pentanol 31 288 313.2 1.189 1.183 1.197  (23)
4 CH4—n-C4H;o 51 166 381.4 0.023 0.010 0.015 (24)
5 CO,—n-C4H;g 24 311 411 6.750 18220 18.65 24)
6 CO,-C,Hg 36 253 253 8.940 23.320 23.47 (24)
7 N,—-CHy4 7 88.7 1554 2.830 5.434 4.462 (24)
8 Methanol-H,0 24 373 473.2 1.560 1.890 1.640 (24)
9 Propanol-H,O 18 418 3957 14936 15415 1448 (24)
10 Methanol - 12 402 392.4 2.260 3.606 3.727  (24)
Buthanol

11 Ethanol-H»O 10 404 397.9 9.092 8.032 7.782  (24)

12 Methyl acetate— 9 370 377.6 3.260 5.226 5.017 (24)

Methanol

13 Ethanol-CHCl; 13 308 308.2 21.580 30.980 29.76 (24)

14 CeHg— 29 318 3182 11.770  19.541 19.50 (24)
Acetonitrile

15 Acetonirile— 6 350 352.6 23.864 18.434 16.99 (24)
H20

16 CO,—-CHCl; 4 303 333.2 2.044 1.949 2.034 (25)

17 CO,—Toluene 29 308 328.2 1.006 0.506  0.491 (26)
Average 402 6.612 9.113 8.851
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Figure 9. Experimental and predicted surface tension of four normal hydrocarbons as
a function of reduced temperature (experimental data from Ref. (21)).

13.311, 14.445, and 18.971% and for vapor mole fraction are 6.162, 6.931, and
8.851% for the NEW, PR, and SRK equations of state (Fig. 9). The bubble
point pressures of CO,—C3H;3Cl system are plotted in Fig. 10. Also, the calcu-
lated results for binary mixtures of hydrocarbons (Tables 6).

80
0 o T=308.15K s
A T=32317K
60
— Calculated
50
B
2 40 1
B
30
20
10
a
0 T T T T r r T
0.9200 09300 09400 09500 0.9600 0.9700 (L9800 0.9900 1.0000

y(COy)

Figure 10. Pressure-equilibrium phase composition for CO,-C,H;Cl (experimental
data from Ref. (26)).
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Table 6. The average absolute deviation of the calculated density of mixtures of
hydrocarbons using NEW EOS, PR, and SRK equations of state

AP AAD%
Mixture T[K] np (atm) NEW SRK PR Ref.
C;+nCyg 423.15 7 10-100 14.699 15.983 7.532 27)

373.15 10 10-100 1.912 17.616 8.776 27)
348.15 10 10-100 5.526 17.852 9.969 (27)
323.15 10 10-100 6.774 18.965 10.804 (27)
298.15 10 10-100 8.334 19.607 11.216 27)
273.15 10 10-100 11432 24.797 15.783 (27)
248.15 10 10-100 12.197 21.449 12.442 27)
C; +nC¢ 423.15 10 10-100 15.191 15.760 9.030 (28)
373.15 10 10-100 4.935 12.347 4.574 (28)
348.15 10 10-100 2.847 12.545 4.395 (28)
323.15 10 10-100 1.771 11.831 3.621 (28)
298.15 10 10-100 2.029 11.574 3.046 (28)

273.15 10 10-100 3.548 11.422 2.736 (28)
248.15 10 10-100 4314 11.773 2.954 (28)
223.15 8 10-80 5.891 11.912 2.352 (28)
C; +nCy 423.15 10 10-100 2.689 16.504 9.171 (29)

373.15 10 10-100 3.621 15.858 7.964 (29)
348.15 22 10-313 4.725 15.310 8.883 (29)
323.15 23 10-318 6.421 15.480 9.097 (29)
298.15 23 10-319 7.848 15.752 9.445 (29)
273.15 23 10-318 9.148 16.177 9.843 (29)
248.15 10 10-100 10.359 19.058 10.075 (29)
223.15 10 10-100 11.395 19.205 10.072 (29)

Average 276 6.852 16.034 7.990

The M-DPTG equation of state predicts densities of mixtures more accu-
rately than SRK and PR equations of state.

CONCLUSION

The DPTG cubic equation of state is modified to calculate phase behavior of
pure fluids and mixtures. The vapor pressure, liquid density, and vapor volume
of pure fluids, the enthalpy and entropy of vaporization, second virial coeffi-
cient, normal hydrocarbons density, and the surface tension of pure fluids are
calculated by the modified equation of state. Also, M-DPTG is applied for
prediction of bubble pressure and mole fraction of vapor phase for binary
mixtures and mixtures of hydrocarbons density. The results show that
the modified DPTG equation of state can accurately predict phase behavior
of fluids.
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