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To impro®e the SRK equation of state for the calculation of ®apor-liquid equilibria
of petroleum fluids, the parameters of the Mathias-Copeman a -function were refitted to

( )a large number of experimental ®apor-pressure data 15,311 data points stored in the
Dortmund Data Bank with a particular ®iew to impro®ing the accuracy of the ®apor-
pressure correlation in the low pressure range. Using the new parameters, ®apor-liquid
equilibria were calculated using two different mixing rules: the group contribution mix-
ing rule for the mixture parameters a of the SRK EOS; the con®entional mixing rules for
the mixture parameters a and b of the SRK EOS together with a characterization method
de®eloped on the basis of existing empirical correlations for the properties of plus frac-
tions of undefined mixtures. The results show that the accuracy for crude oil and natu-
ral gas mixtures can be impro®ed by refitting the SRK EOS parameters.

Introduction
Ž .Simple cubic equations-of-state EOS of the van der Waals

type are often preferred due to their potential for achieving
the desired compromises. The most popular cubic EOSs are

Ž .based on the RK equation Redlich and Kwong, 1949 and its
Ž .modifications. The RK EOS as modified by Soave 1972

Ž .SRK is widely used for representing vapor-liquid equilib-
Ž .rium VLE data.

In order to improve the performance of the SRK EOS for
satisfying the requirements of VLE calculations, Mathias and

Ž .Copeman 1983 proposed an a-function which is a polyno-
mial extension of the original Soave a-function which can
significantly improve the accuracy for vapor pressures at low
pressures.

The development of reliable methods for the calculation of
phase equilibria requires the necessary parameters to be fit-
ted using a large database covering a wide temperature and

Ž .pressure range. The Dortmund Data Bank DDB , which
started in 1973 in Dortmund and since 1989 further devel-
oped in Oldenburg, represents the largest computerized data
bank for thermodynamic pure component and mixture prop-
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erties. Today, the DDB contains more than 110,000 vapor-
pressure data.

Up to now, the most important success of the SRK EOS is
its wide application in the oil and gas production and

Ž .processing industry Pedersen et al., 1984 . However, the pre-
diction of VLE for undefined petroleum mixtures is usually
not satisfactory. In order to improve the SRK EOS, this study
mainly concerns components of petroleum fluids, such as

Ž .CO , N , H O important ternary oil recovery fluids , H S2 2 2 2
Ž .an important component of sour natural gases , methanol
Ž .gas hydrate inhibiting agent in natural gas production , as

Ž .well as paraffins, naphthenes, and aromatics PNA . First of
all, the required Mathias-Copeman parameters were fitted to
a large number of experimental vapor-pressure data for these
petroleum fluids. A characterization method is proposed for
the SRK equation of state on the basis of existing empirical
correlations for the properties of plus fractions of petroleum
and natural gas mixtures. Some analytical data including
composition analysis, molecular weights, and densities of plus
fractions and phase equilibrium data for various reservoir
crude oils and natural gases have been collected. These dif-
ferent phase equilibrium data were calculated and compared
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by using the new fitted model and the original SRK model
Ž .Soave, 1972 in order to demonstrate the advantage of fit-
ting EOS parameters to a large database.

SRK EOS and Calculation Results for Saturated
Vapor Pressure

Ž .The original SRK EOS is Soave, 1972

RT a TŽ .
P s y 1Ž .

®y b ® ®q bŽ .

Ž .For pure components, the energy parameter a T can be cal-
culated from

a T s aa T 2Ž . Ž .Ž .r

whereby the parameters a and b are expressed as

R2T 2
c

as0.42748 3Ž .
Pc

RTc
bs0.08664 4Ž .

Pc

The a-function given in Eq. 2 is calculated according to the
Mathias-Copeman expression, which is able to describe the

Ž .temperature dependence of a T more accurately at low
Ž .pressures Mathias and Copeman, 1983

22 3
a T s 1q m 1y T q m 1y T q m 1y T' ' 'Ž . Ž . Ž . Ž .r 1 r 2 r 3 r

for T F1 5Ž .r

2
a T s 1q m 1y T for T )1 6' Ž .Ž . Ž .r 1 r r

In this work, a large number of experimental vapor-pres-
Ž .sure data stored in the Dortmund Data Bank DDB were

fitted to obtain the required parameters m , m , and m .1 2 3
The results are listed in Table 1 together with the critical
temperatures, critical pressures, and acentric factors used.
Initially, the calculations were performed by fitting a general-
ized function for m for all substances. In this case, the re-1
sults obtained are given in the column SRK-1. The calculated
results for all substances listed in Table 1 are based on the

Ž .following generalized expression G as a function of the
acentric factor v

m s0.48344q1.58597v y0.3758v 2 q0.23194v 3 7Ž .1

Slightly better results are obtained when compared with the
results based on the original generalized expression of m1

Ž .given by Soave 1972 . The average relative deviations be-
Žtween experimental and calculated vapor-pressure data in

.total 15,311 data points were reduced from 3.66% to 3.53%.
After having established the generalized parameter m , the1

experimental data were used to fit the parameters m and2
m in order to improve the results. The deviations obtained3

Ž . Žusing three terms Eq. 5 are also listed in Table 1 column

.SRK-2 . It can be seen that the average deviation is reduced
to 1.96%. Figure 1 shows the fitted results of SRK-2 for
toluene as an example. It can be seen that if a large number
of data points are fitted, the error of scattering experimental
data is compensated. For most of the substances, only param-
eter m had to be fitted to improve the results significantly2
as shown in Table 1. However, for a few substances such as
water, good results are only obtained when not only m but2
also m is used. The parameters m and m are specific for3 2 3
each component. However, for alkanes from n-heptane to
eicosane following generalized expressions were developed
for m depending on the value of the acentric factor v2

m s0 0.35- v F0.56 8Ž . Ž .2

m s25.689y108.63v q150.68v 2 y68.739v 3 v )0.56Ž .2

9Ž .

The generalized and revised SRK equation of state can be
applied even for complex petroleum fluids. Components such
as CO , N , C , C , C , iC , nC , iC , nC , and nC are2 2 1 2 3 4 4 5 5 6
treated as defined components, so that there is no problem
in using specific parameters for these components. The unde-
fined heavy cuts are usually expressed in C q fractions. In7
this case, Eqs. 8 and 9 can be used.

Besides the comparison between the original SRK equa-
tion of state and the SRK-1 model, a comparison with the
results obtained using the equations of state proposed by Peng

Ž . Ž .and Robinson 1976 , Yu and Lu 1987 , and Schmidt and
Ž .Wenzel 1980 is additionally given in Table 1. The overall

average relative vapor-pressure deviations given by these
Ž .equations of state are 5.28% Peng and Robinson , 4.19%

Ž . Ž .Yu and Lu and 3.58% Schmidt and Wenzel , respectively.
Significant improvement has been obtained by the proposed
SRK-2 model, where the overall average relative deviation is
1.96%. For the substances calculated by both SRK-1 and
SRK-2 models, the values of the parameters m and m are1 2
replaced by ‘‘G’’ in Table 1, when the generalized parameters
are used.

Extension to Binary Mixtures
Ž .The PSRK Predictive SRK EOS group contribution mix-

ing rule for the mixture parameters a and b is employed in
this work to carry out all the calculations. The PSRK model
combines the UNIFAC model with the SRK EOS. The PSRK
yields satisfactory VLE predictions for systems containing not
only nonpolar, but also polar components and asymmetric

Žsystems Holderbaum and Gmehling, 1991; Fischer and
.Gmehling, 1996; Gmehling et al., 1997; Li et al., 1998

a 1 b ai
s Ý x ln g qÝ x ln qÝ x 10Ž .i i i iž /bRT A b b RT0 i i

where

A sy0.64663 11Ž .0

bsÝ x b 12Ž .i i
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Table 1. Calculated Saturated Vapor Pressure of 54 Substances Based on Different Equations of State vs.
Experimental Data in the Dortmund Data Bank

AAPD%T Range P Range Tc PcData
Ž . Ž . Ž . Ž .Component Points K kPa K atm v m m m SRK-1 SRK-2 SRK PR YL SW1 2 3

y1Methanol 1,135 174.04]512.58 0.1693]8,097.000 512.6 79.90 0.5590 1.4371 y7.9942=10 0.3278 ) 1.12 ) ) 6.50 )
Carbon dioxide 277 163.41]304.10 4.7600]7,369.000 304.2 72.80 0.2250 G y1.9446 15.2851 14.29 1.42 14.40 14.63 15.72 15.00

y2Nitrogen 210 63.14]126.15 12.5200]3,391.000 126.2 33.50 0.0400 G y5.4127=10 0 1.72 1.03 1.48 0.86 1.69 1.25
y2Hydrogen sulfide 116 187.66]370.00 23.1600]8,501.000 373.2 88.20 0.1000 G y3.6204=10 0 1.72 0.96 1.36 1.46 2.23 1.35

y2Methane 407 89.80]190.53 10.7800]4,596.000 190.6 45.40 0.0080 G y5.9041=10 0 2.49 1.44 2.15 1.61 1.66 0.98
y3Cyclopentane 122 213.91]503.21 0.3130]4,023.000 511.7 44.51 0.1920 G 5.7868=10 0 0.79 0.57 1.28 4.16 3.17 2.18

Cyclohexane 979 267.80]552.60 2.6600]4,023.000 553.8 40.27 0.2130 G 0 0 1.15 1.15 0.93 2.53 2.17 1.31
y2Cycloheptane 75 283.05]599.40 1.2720]3,661.000 604.2 37.70 0.2360 G 2.2121=10 0 1.43 0.50 1.53 3.02 2.72 2.17

y3Cyclooctane 110 288.15]641.60 0.4030]3,410.000 647.2 35.13 0.2510 G 6.9743=10 0 3.45 1.59 3.46 5.91 5.18 4.24
Benzene 1,846 260.15]561.65 1.3450]4,849.000 562.1 48.30 0.2120 G 0 0 0.92 0.92 0.97 3.19 2.69 1.81
Toluene 859 263.45]591.27 0.4706]4,093.000 591.7 40.60 0.2570 G 2.7551=10y2 0 2.73 1.53 2.69 4.83 4.02 3.31

y2Ethylbenzene 305 273.16]611.10 0.2560]3,342.000 617.1 35.60 0.3010 G 1.9083=10 0 2.14 1.80 1.79 4.13 2.51 1.96

y3Propylbenzene 79 313.15]433.39 1.0990]104.000 638.3 31.60 0.3440 G y4.9818=10 0 4.54 4.49 5.13 5.19 4.44 4.46
Butylbenzene 73 312.94]457.48 0.4050]104.000 660.5 28.50 0.3920 G 0 0 1.46 1.46 2.33 1.24 2.11 1.46

y1Hexylbenzene 12 353.58]462.97 0.5891]40.690 695.4 25.21 0.5290 G y1.2950=10 0 8.97 1.64 10.85 6.30 13.63 11.19
y2Octylbenzene 12 373.22]462.87 0.3620]14.270 728.0 20.10 0.5883 G y7.5181=10 0 6.29 2.66 8.15 2.58 10.37 9.41

y1p-Xylene 297 283.15]611.15 0.3066]3,314.000 616.2 34.70 0.3240 G y1.1010=10 0.2986 3.28 2.72 3.66 2.83 2.61 2.81
y2m-Xylene 223 283.15]616.71 0.2933]3,521.000 617.0 35.00 0.3310 G y4.0179=10 0 3.38 2.08 3.82 2.05 2.90 2.86
y2o-Xylene 190 283.15]625.15 0.2133]3,519.000 630.2 36.80 0.3140 G y2.8656=10 0 3.49 2.49 3.84 2.53 2.70 2.50
y3Naphthalene 520 334.95]740.15 0.3013]3,619.000 748.4 40.00 0.3020 G y2.9986=10 0 1.22 1.21 1.32 2.14 1.16 1.12

1-Methyl
y2naphthalene 111 353.64]755.37 0.3565]3,027.000 772.0 35.20 0.3340 G 6.2326=10 0 4.01 1.12 3.33 5.09 4.00 3.97

1-Ethyl
y2naphthalene 13 393.15]531.45 1.3330]101.300 775.6 30.60 0.3767 G 9.0196=10 0 7.35 0.95 6.07 9.38 6.39 7.68

Ethane 355 113.40]305.32 0.1333]4,873.000 305.4 48.20 0.0980 G y4.4576=10y2 0 2.54 1.86 2.24 2.03 2.02 1.33
y2Propane 557 144.26]369.65 0.1290]4,232.000 369.8 41.90 0.1520 G y3.6204=10 0 2.66 2.20 2.49 2.39 2.63 1.99

i-Butane 222 166.90]408.14 0.4000]3,648.000 408.8 35.92 0.1760 G 0 0 2.83 2.17 2.74 3.24 4.22 3.30
y2n-Butane 329 177.59]424.86 0.2410]3,760.000 425.2 37.50 0.1930 G 1.5292=10 0 2.18 1.91 2.41 3.01 2.41 2.04

i-Pentane 150 193.62]453.15 0.1920]3,013.000 460.4 33.36 0.2270 G 0 0 1.94 1.96 1.86 2.40 1.54 1.47
y2n-Pentane 322 207.97]461.35 0.4106]2,959.000 469.7 33.25 0.2510 G y1.3734=10 0 1.05 0.88 1.05 0.72 0.76 0.48

y2n-Hexane 937 228.15]503.15 0.3106]2,794.000 507.4 29.75 0.2960 G 1.8354=10 0 1.77 1.18 1.46 2.64 2.24 2.04
n-Heptane 714 258.15]540.00 0.5520]2,736.000 540.3 26.98 0.3510 G G 0 1.00 1.00 1.56 1.18 1.03 0.75
n-Octane 409 269.85]563.15 0.3000]2,298.000 568.8 24.62 0.3940 G G 0 2.97 2.82 1.87 3.92 1.35 2.80
n-Nonane 95 293.15]424.94 0.3910]104.000 594.7 22.50 0.4440 G G 0 2.01 1.87 1.79 2.67 3.02 1.64

n-Decane 248 303.15]588.13 0.2533]1,395.000 617.9 20.72 0.4900 G G 0 2.71 2.60 2.99 3.59 5.69 3.63
Undecane 29 333.15]470.42 0.5506]104.800 638.4 19.23 0.5350 G G 0 2.13 1.95 1.37 3.26 3.24 1.35
Dodecane 131 333.15]651.15 0.2266]1,539.000 658.8 17.86 0.5620 G G 0 3.69 2.54 2.59 7.09 1.92 2.18
Tridecane 29 377.15]509.21 1.3330]102.800 676.0 16.57 0.6230 G G 0 4.42 2.04 5.32 2.45 6.51 5.83

Tetradecane 71 373.08]588.13 0.4429]343.400 691.8 15.52 0.6790 G G 0 4.84 1.44 4.95 2.11 6.31 6.40
Pentadecane 20 384.15]543.65 0.3840]101.100 707.0 14.60 0.7060 G G 0 3.75 2.03 3.57 2.42 4.80 5.23
Hexadecane 73 393.05]589.00 0.3176]188.000 722.4 13.83 0.7420 G G 0 4.72 3.38 3.86 3.15 5.54 6.45
Heptadecane 11 333.15]434.05 0.0015]1.373 735.9 13.24 0.7700 G G 0 10.89 4.62 13.57 51.60 5.06 5.87

Octadecane 22 413.07]590.65 0.2640]100.000 747.7 12.75 0.7900 G G 0 5.28 4.16 8.11 20.93 6.04 3.85
Nonadecane 17 423.04]588.13 0.2550]73.660 756.0 11.00 0.8270 G G 0 1.64 1.34 5.86 18.93 4.76 1.81
Eicosane 63 439.50]625.99 0.2818]120.800 767.0 11.00 0.9070 G G 0 7.51 2.88 3.14 13.17 3.19 7.62
Ethylene 303 101.53]282.30 0.0757]5,036.000 282.4 49.70 0.0850 G 0 0 4.75 1.86 4.59 9.93 9.10 5.70

y2Propylene 281 145.02]364.55 0.2280]4,600.000 365.0 45.60 0.1480 G y4.4018=10 0 2.32 1.44 2.07 1.76 2.38 1.86
1-Butene 139 195.65]410.93 2.4570]3,489.000 419.6 39.70 0.1870 G 0 0 1.67 1.65 1.89 1.99 1.58 1.50
trans-2-Butene 46 195.20]363.15 1.1670]1,267.000 428.6 40.50 0.2140 G y4.3160=10y2 0 2.47 1.19 2.26 0.48 0.76 1.47
i-Butylene 37 216.41]410.93 8.7250]3,489.000 417.9 39.50 0.1900 G 0 0 1.42 1.41 1.54 1.31 1.24 1.14

y3cis-2-Butene 60 186.26]363.15 0.4946]1,180.000 435.6 41.50 0.2020 G y1.2023=10 0 1.80 1.76 1.60 2.88 2.58 1.86
y21-Pentene 73 272.99]383.50 31.1600]863.400 464.7 34.80 0.2450 G y9.4422=10 0 3.45 0.59 3.40 3.37 3.68 3.35
y11,3-Butadiene 78 197.60]413.15 1.9470]3,537.000 425.0 42.70 0.1950 G 1.7490=10 y0.7224 2.21 1.84 2.26 1.47 1.65 1.47
y3Water 1,451 294.35]647.00 2.3960]22,100.000 647.3 214.75 0.3440 G y4.2117=10 y0.4499 10.47 1.04 11.20 8.05 10.58 10.35
y2Hydrogen 60 15.50]32.36 12.1600]1,136.000 33.2 12.80 y0.2200 G y3.8608=10 0 3.16 3.12 3.52 3.18 9.96 4.74
y2Neon 8 24.56]33.73 43.3400]510.200 44.4 27.20 y0.0414 G 3.8204=10 0 3.80 3.43 4.03 6.76 7.97 5.35

3.53 1.96 3.66 5.28 4.19 3.58Overall 15,311

UNo good results could be obtained based on the generalized correlation of m .1
G Generalized.
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Figure 1. Calculated vs. experimental vapor pressure
data of toluene.

The activity coefficients g are calculated using the originali
Ž .UNIFAC model Hansen et al., 1991 . Figures 2 and 3 show

the predicted results of the PSRK model for vapor-liquid
equilibria of methane with different light alkanes and for the
system methane-n-pentane at different temperatures. For the

calculations, the pure component parameters from the gener-
Ž .alized expressions Eqs. 7 to 9 were used. As can be seen

from the figures, the predicted results are in good agreement
with the experimental data.

Prediction of VLE of Undefined Reservoir Oils and
Natural Gases
Mixing rule of EOS parameters

Up to now, the PSRK group contribution mixing rule for
the mixture parameters a and b of SRK EOS is limited to
defined mixtures. For undefined petroleum mixtures, the fol-
lowing conventional mixing rules are used in this work

asÝÝ x x a 13Ž .i j i j

1r2a s a a 1y k 14Ž . Ž .Ž .i j i j i j

The parameter b required in Eq. 1 is calculated from Eq. 12.

Characterization of C7H -fraction
Ž .A reservoir fluid mixture oil or gas condensate contains

in addition to the defined light an undefined heavy hydrocar-
Ž .bons fraction for example, the C7q-fraction . The proper-

Ž .ties of narrow cuts pseudocomponents are usually ex-
pressed in terms of average molecular weight and specific

( )Figure 2. PSRK UNIFAC equation of state for vapor-liquid equilibria of methane with different light alkanes.
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( )Figure 3. PSRK UNIFAC equation of state for vapor-
liquid equilibria for the system methane -
n-pentane at different temperatures.
) 277.59 K; ` 310.93 K; = 344.26 K; ^ 366.48 K; I 399.82
K.

Žgravity density of the liquid hydrocarbon relative to water at
.the same temperature . The required equation of state pa-

rameters for pure components are determined by the critical
properties and the acentric factor, which are well defined for
the light hydrocarbons but not readily available for the heav-
ier hydrocarbon fractions. The characterization of C7-plus
fractions involves the determination of the single carbon

Ž .number SCN distribution, the division into pseudocompo-
nents, the evaluation of the critical properties, and acentric
factors of the pseudocomponents.

Determination of SCN distribution
Ž .1 It is well known that, for naturally occurring hydrocar-

bon mixtures, a logarithmic relationship between the mole
Ž .fraction x , and the corresponding carbon number C ex-N N

ists for C )7. In the characterization methods proposed byN
Ž .Pedersen et al. 1984 a logarithmic distribution function of

the mole fraction x of the SCN fraction vs. the carbonN
number C was assumedN

C s Aq B ln x 15Ž .N N

where A and B are constants determined by a least-square
fit to the experimental data of composition analysis for the
lighter fractions. The results can be used to calculate the mo-
lar contents of the heavier fractions by extrapolation. How-
ever, if the measured value is not equal to the calculated one,
A and B have to be changed to obtain agreement between
the two quantities. In this case, the x value found for theN
heaviest fraction from the carbon number fractions is kept as

Žthe starting point for extrapolation. The composition is
Ž .known from the true boiling point TBP distillation process

.and gas chromatographic analysis. The C and C fractions4 5
are analyzed for both normal and isoparaffins, while the C q

6
fraction distilled off by a TBP distillation is split into carbon
number fractions, that is C , C , and so on.6 7

Ž .2 The molecular-weight distribution of the plus fraction
Ž .is determined by following equation Guo and Du, 1989

MW' y MWN N
x s exp 16Ž .N ž /A B

During the fitting of Eq. 15 or 16, the iteration stops when
the molecular weight and the mole fraction of the plus frac-
tion agree with the experimentally determined values. The
composition and molecular weight of the individual compo-
nents of the plus fraction can then be extrapolated on the
basis of Eqs. 15 and 16 by satisfying the following mass bal-
ance

x s xq 17Ž .Ý i p
i

MWqs x MWrxq 18Ž .Ýp i i p
i

where the subscript p refers to the plus fraction and i refers
to the individual component in the plus fraction. For com-
pounds from C7 to C45 of the SCN fraction where experi-
mental molecular weights are not available, the values sug-

Ž .gested by Katz and Firoozabadi 1983 were used. For hydro-
carbons with a carbon number greater than 45, the molecular
weights were estimated using the following equation

MW sy4.0q14.0 C 19Ž .CN N

Ž .3 A fitting procedure can be established to determine the
‘‘aromaticity’’ of the plus fraction when the PNA distribution
analysis data are not available. A logarithmic dependence of
SG against carbon number is suggested on the basis of the

Ž .work published by Pedersen et al. 1984

SG C ySG C s D ln C yln C 20Ž .Ž . Ž .Ž . Ž .N N N N0 0

Ž . ŽD is a constant, SG C is the specific gravity such as rela-N
. Ž .tive density , and MW C is the molecular weight of theN

carbon number fraction C . The starting point for the fittingN
Ž .procedure should be the specific gravity SG C of the heav-N0

iest carbon number fraction C for which a measured valueN0

is available. The extrapolated composition and molecular
weight of the individual components in the plus fraction are
used: the following objective function F must be very small
Ž y8.such as 10 during the fitting procedure

x MWÝ i i x MWi iiF s y 21Ž .ÝqSG SGp ii

In Eq. 21, the subscripts i and p are defined in the same way
as in Eqs. 17 and 18. Finally, Eq. 20 is used to generate the
SG values for the heavier fractions. With the method de-
scribed above, the plus fraction of the sample can be split
into single carbon fractions. Figures 4]6 show the split re-
sults for the C , M , and SG of the C U fraction of oil sam-i i i 7
ple 1.
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Figure 4. Split results of carbon number vs. mole frac-
tion for the C7+ fraction of sample 1.

Lumping of the SCN fractions
The single carbon fractions were summed to give a certain

number of pseudocomponents of approximately equal weight
fraction. The average properties of the pseudocomponents
were then calculated using the following mixing rule

x s x 22Ž .Ýpc i
i

MW s x MW 23Ž .Ýpc i i
i

x MWÝ i i
iSG s 24Ž .pc x MWrSGÝ i i i

i

where subscript i indicates the SCN fractions contained in
the pseudocomponent. The above characterization procedure
was used to separate the undefined C q-fraction into three7
pseudocomponents with equal weight fractions.

Figure 5. Molecular weight distribution for the C7+
fraction of sample 1.

Figure 6. Split results of specific gravity vs. carbon
number for the C7+ fraction of sample 1.

( )Estimation of T , P and v of pseudocomponents pcc c

The following empirical correlations are used for the SRK
EOSs compared in this work:
Ž .1 The normal boiling points T of the pseudocompo-b

Žnents are calculated by the Winn correlation Pedersen et al.,
.1984

1r2.3776MWpc 0.9371T s SG 25Ž .b pc pcy5ž /5.805=10

Ž .2 The critical temperature T and the critical pressure Pc c
of the pseudocomponents are calculated from the correla-

Ž .tions of Sim and Daubert 1980

T sexp 4.2009 ?T 0.08615? SG0.04614 r1.8 26Ž .Ž .C pc b pc pc

P s6.1483=107?Ty2.3177? SG2.4853 27Ž .C pc b pc pc

Ž .3 The acentric factor v of the pseudocomponents is cal-
Ž .culated using the correlation of Edmister 1958

log P3 C pc
v s y1 28Ž .pc 7 T rT y1Ž .C pc b pc

where the values of T and T are given in K, those of SGb c
are given in 158Cr158C, and those of P are given in bar.c

The SRK model combined with the above characterization
methods can then be used to calculate the thermodynamic
properties of complex undefined petroleum fluids.

Experimental data and calculated results
The sources of the oil and gas samples investigated in this

article are listed in Table 2. The recombined wellstream com-
position and properties of plus fractions of these samples are

Ž .given in Tables 6]8. The definition of rel. dev. % in this
work can be obtained from an example of saturated pressure
P s as

rel. dev. % s P s y P s rP s =100 29Ž . Ž .Ž .cal exp exp
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Table 2. Reservoir Crude Oils and Gas Samples
USample No. Oil and Gas Source

1 Volatile crude oil, Fuyu oil field, China
Ž .2 Oil, No. 4 from Coats et al. 1986, see Du, 1991
Ž .3 Oil, No. 7 from Coats et al. 1986, see Du, 1991

4 North Sea oil
Ž .5 Oil, Lotsa Oil Co. PVT Report 1968

7]9 CO injected oils from Huabei oil field, China2
Ž .10 Gas condensate from Yang et al. 1997

Ž .11 Gas condensate from Ng et al. 1986
Ž .12]15 Gas condensates from Wang and Guo 1990

UU Ž .35]38 Oils data collected by Du 1991
UU39]43 CO injected oils from Jianghan oil field, China2

UOil data and the related measurement method were described by Du
Ž .1991 .

UU Ž .Original sample numbers used by Du 1991 .

Bubble Point Pressure Prediction for Crude Oils. The exper-
imental bubble point pressure data of the reservoir crude oils
and a comparison with the results predicted using the SRK
and SRK-2 models are listed in Table 3. It can be seen that
in the case where k s0, both the SRK-2 and the originali j
SRK models are able to predict lower bubble point pressures
for most of the samples. However, SRK-2 provides better re-
sults than the original SRK model.

In Table 4 the experimental bubble point pressures and
the predicted results for the CO -injected crude oil systems2
obtained from the SRK-2 model are listed. Very good accu-
racy is achieved when the SRK-2 model is combined with ki j
values from the following generalized correlations of k de-i j

Ž .veloped for the original SRK EOS and crude oils Du, 1991
Ž . Ž .For methane i -hydrocarbon j systems

k s b v 0.5y v 0.5 30Ž .Ž .i j j i

where b s0.07 according to the results of Du for the original
SRK EOS and b s0.033 for the SRK-2 model in this work.

Ž . Ž .For carbon dioxide i -hydrocarbon j systems

k s0.12443q0.083828v y0.093302v 2 v F0.35 31Ž .Ž .i j j j j

k s0.105 v )0.35 32Ž . Ž .i j

Table 3. Prediction of Bubble Point Pressure of Reservoir
Crude Oil Systems

Exp. Bubble Pt. Ž .Rel. Dev. %Ž .Temp. Pres. MPaSample
Ž . Ž .No. K k s0 SRK-2 SRKi j

1 338.2 17.37 y9.28 y13.85
1 348.2 17.99 y8.65 y12.83
1 360.2 18.68 y7.42 y11.78
2 316.5 13.60 y15.95 y19.14
3 328.2 11.78 y9.34 y15.46
4 360.4 22.94 5.52 y0.86
5 366.5 27.45 y25.88 y30.21

35 374.8 33.16 y1.15 y5.37
36 372.2 25.76 y8.43 y12.48
37 333.2 18.82 y5.42 y8.06
38 360.9 30.30 y8.35 y12.06

AAD, % 9.62 12.92

Table 4. Prediction of Bubble Point Pressure of
CO -Injected Crude Oil Systems by SRK-2 Model2

Temp. Exp. Bubble Pt. Rel.Sample
Ž . Ž . Ž .No. K Pres. MPa Dev. %

7 353.2 12.681 0.15
7 373.2 13.887 7.48
8 353.2 14.404 y1.83
8 373.2 16.093 4.01
9 353.2 17.196 y7.71
9 373.2 18.781 0.58

39 359.2 8.614 1.91
40 359.2 10.613 y4.27
41 359.2 12.095 1.40
42 359.2 13.818 1.27
43 359.2 22.440 y1.22

AAD, % 2.89

It should be mentioned that for such high CO injections2
poor results are obtained for all the van der Waals types of
EOS when k is not used.i j

Dew Point Pressure Prediction for Natural Gases. Table 5
Ž .lists the experimental data and predicted results k s0 fori j

dew point pressures of the natural gas samples based on the
improved and original SRK equations of state. From Table 5,
it can be seen that both of the SRK equations of state predict
lower dew point pressures when compared with the experi-
mental values; however, better results are obtained for the
SRK-2 model than for the original SRK equation of state.

The effect of tuning k on the prediction results of thei j
phase envelope of SRK EOS is shown in Figure 7. When a
small k value is used, the predicted dew point pressure cani j
be increased. The predicted results of the SRK models for
sample 11 with k s0 is shown by the dashed lines. Wheni j
Eq. 30 is used with the coefficients 0.07 tuned to 0.033, the
predicted results of SRK-2 are shown by a solid line. The
results then agree perfectly with the experimental data.

Flash Calculation. The experimental VLE data of gas
Ž . Ž .condensate sample 11 by Ng et al. 1986 is used to check

the results predicted by SRK-2. The measurement was car-
ried out in a variable volume cell and the equilibrium phase

Ž .properties were measured at 1008F 311 K by expanding the
Ž .volume of the equilibrium cell reducing the pressure from

Ž .dew point 23 MPa pressure. After the flash, the composi-

Table 5. Prediction of the Dew Point Pressure of
Natural Gases with k s0i j

Ž .Rel. Dev. %Temp. Exp. Dew Pt.Sample
Ž . Ž .No. K Pres. MPa SRK-2 SRK

10 390.5 46.07 y7.10 y12.99
10 410.1 45.31 y3.78 y9.72
10 429.5 44.66 y1.57 y7.92
10 450.3 42.88 2.25 y4.86
11 255.4 16.59 y12.08 y13.43
11 272.1 18.75 y6.90 y7.79
11 283.2 20.27 y6.10 y7.17
11 311.0 23.00 y4.62 y6.04
12 403.7 33.48 y2.25 y5.71
13 355.7 28.27 y3.90 y5.82
14 413.2 41.94 y24.14 y26.84
15 366.5 23.73 y8.13 y5.41

AAD, % 6.90 9.48
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Figure 7. Calculated dew point line for a gas conden-
sate using the SRK EOS and the effect of
tuning k .i j
v Experimental critical point; ` experimental dew point
Ž . Ž . ŽYang et al., 1997 ; } } SRK k s 0 ; SRK-2 k si j i j
. Ž .0 ; SRK-2 k / 0 .i j

tions of the equilibrium phase were determined. The equilib-
rium ratios are given by

K s y rx 33Ž .i i i

Figure 8 presents the experimental equilibrium ratios for the
defined components in this gas condensate at 311 K and the
simulation results for this experiment by the SRK-2 model,

Ž .whereby the tuned coefficient 0.033 Eq. 30 was used for the
calculation. The agreement between the experimental data
and the predicted results is satisfactory.

Figure 8. Equilibrium ratios using SRK-2 EOS for com-
ponents in a gas condensate system at 311 K.

ŽPredicted results; ` experimental data: Ng et al.,
.1986 .

Conclusions
Based on a large number of vapor-pressure data taken from

Ž .the Dortmund Data Bank DDB , the parameters of the Ma-
thias-Copeman a-function of the SRK EOS have been refit-
ted for the components in petroleum fluids with a view to
improving the accuracy of the vapor-pressure description at
low pressures. Using the new parameters, the PSRK model is
employed to calculate vapor-liquid equilibria for binary mix-
tures, the results being very satisfactory.

A characterization method has been applied for the SRK
equation of state on the basis of existing empirical correla-
tions for the properties of plus fractions of undefined mix-
tures. In most cases, where the PNA analysis data are not
available, the molecular weight and specific gravity of the plus

Table 6. Composition of Reservoir Oil Samples and Properties of C7H Fraction

Sample No.

Component 1 2 3 4 5 35 36 37 38

Composition, mol. %
CO 0.770 2.350 0.080 0.840 0.200 0.27 0.64 0.46 0.642
N 0.330 0.110 1.640 0.340 0.260 0.24 1.16 0.662
C1 40.874 35.210 28.400 49.230 47.630 66.83 52.39 41.86 58.80
C2 9.951 6.720 7.160 6.320 1.630 8.28 5.60 11.36 13.21
C3 8.351 6.240 10.480 4.460 1.180 5.15 6.31 9.60 7.36
iC4 2.840 0.860 0.610 1.04 2.31 1.18 0.88
nC4 3.580 5.070 8.400 2.180 0.640 2.27 3.12 5.12 3.21
iC5 1.420 0.930 0.450 1.00 1.66 1.27 0.83
nC5 1.070 5.230 3.820 1.330 0.410 1.04 1.66 0.22 1.48
C6 0.590 4.100 4.050 2.060 1.610 1.85 2.22 3.26 2.04

C7q 30.223 34.970 35.970 31.450 45.380 12.03 24.10 10.89
C7 2.53
C8 3.47
C9 2.76
C10 2.13

C11q 11.64

Properties of C7q-Fraction
MW 213.0 213.0 252.0 230.3 224.0 182.0 199.0 261.0 188.0
SG 0.8179 0.8405 0.8429 0.8708 0.8478 0.801 0.822 0.8552 0.801
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Table 7. Composition of CO Injected Reservoir Oil Samples and Properties of C7H- Fraction2

Sample No.

Component 7 8 9 39 40 41 42 43

Composition, mol. %
CO 41.631 46.435 51.521 12.642 21.656 33.195 40.917 61.6852
N 0.276 0.253 0.229 0.145 0.130 0.111 0.098 0.0642
C1 8.046 7.384 6.683 15.046 13.494 11.506 10.176 6.599
C2 2.477 2.273 2.057 5.156 4.624 3.943 3.487 2.261
C3 1.295 1.188 1.075 3.962 3.553 3.030 2.680 1.738
iC4 0.146 0.134 0.121 0.781 0.700 0.597 0.528 0.342
nC4 0.282 0.259 0.234 1.261 1.131 0.964 0.853 0.553
iC5 0.398 0.365 0.331 0.921 0.826 0.705 0.623 0.404
nC5 0.284 0.260 0.236 0.569 0.510 0.435 0.385 0.249
C6 1.610 0.931 0.718 0.180 0.162 0.138 0.122 0.079

C7q 44.447 40.789 36.916 59.334 53.212 45.375 40.130 26.024

Properties of C7q-Fraction
MW 295.0 295.0 295.0 282.0 282.0 282.0 282.0 282.0
SG 0.8785 0.8785 0.8785 0.8446 0.8446 0.8446 0.8446 0.8446

Table 8. Composition of Gas Condensate Samples and Properties of C7H- Fraction

Sample No.

Component 10 11 12 13 14 15

Composition, mol. %
CO 0.750 2.17 2.44 1.67 1.212
N 3.912 0.34 0.08 0.63 1.942
C1 70.203 74.133 70.64 82.10 78.51 65.99
C2 9.22 7.2086 10.76 5.78 8.86 8.69
C3 2.759 4.4999 4.94 2.87 3.21 5.91
iC4 0.662 0.8999 0.001 0.56 0.62 2.39
nC4 0.981 1.8088 3.019 1.23 0.95 2.78
iC5 0.402 0.8702 0.001 0.52 0.4 1.57
nC5 0.422 0.8889 1.349 0.60 0.35 1.12
C6 0.816 2.5925 0.9 0.72 0.46 1.81

UC7q 9.873 7.0982 5.88 3.10 4.34 6.59

Properties of C7q-Fraction
WM 192.8 153.0 132.0 149.0 140.0
SG 0.803 0.81 0.774 0.786 0.774

UComposition of C7q: C7, 3.1005; C8, 1.8631; C9,0.8364; C10, 0.6047; C11, 0.3296; C12, 0.1529; C13, 0.1012; C14, 0.0538; C15, 0.0208; C16, 0.0117; C17,
0.008; C18, 0.0065; C19, 0.0021; C20, 0.0014; C21, 0.0008; C22, 0.0007; C23, 0.0005; C24, 0.0004; C25, 0.0004; C26, 0.0003; C27q, 0.0003 mol. %

fraction can be employed to take into account the aromatic
properties for the reservoir fluids by using the logarithmic
distribution function of both the mole fraction and specific
gravity of the SCN fraction vs. the carbon number of Peder-
sen et al. and the molecular-weight distribution function of
Guo and Du. To estimate T , P , and v of the pseudocom-c c
ponents, the normal boiling points T are calculated by theb
Winn correlation, T and P are calculated from the correla-c c
tions of Sim and Daubert, and v is calculated from the cor-
relation of Edmister.

The SRK equation of state together with the parameters of
the Mathias-Copeman a-function fitted in this work has been
used successfully for the calculation of the phase equilibrium
behavior of undefined reservoir crude oils and natural gases.
The calculated results show that the SRK models usually pre-
dict bubble or dew point pressures which are too low in the
case where k s0. For SRK-2, better results are obtainedi j
when compared with the results of the original SRK model.
Using a generalized correlation to predict k , the accuracyi j
of the VLE prediction can be improved for the reservoir crude
oils, CO injected crude oil, and natural gas systems. The2

calculations have been performed for very heavy reservoir
Žcrude oil samples containing both high concentrations of

.methane and heavy fractions , CO injected reservoir crude2
Žoil samples containing high concentrations of CO , methane2

. Žand heavy fractions , as well as gas condensate in the vicinity
.of the critical point . That is so that it is clear that the a-ex-

pression is able not only to describe the phase equilibria for
alkanes and aromatic hydrocarbons, but is also able to pre-
dict the thermodynamic properties for the very heavy compo-
nents up to C which were not included when fitting the80
parameters. Therefore, the conclusion can be drawn that the
SRK-2 model provides more reliable results for enhanced oil
recovery and hydrocarbon processing than the original SRK
model.
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Notation
bsvolumetric parameter of the SRK equation-of-state

C scarbon number of single carbon component ii
k sbinary interaction parameter for parameter ai j
K sphase equilibrium ratioi
m sparameter in the Mathias-Copeman expressioni
Rsgeneral gas constant

SG sspecific gravity of single carbon component ii
®smolar volume
x smole fraction of component i in the liquid phasei
y smole fraction of component i in the vapor phasei

M smolecular weight of single carbon component i, grmoli
a stemperature dependent function of the energy parameter a

Subscripts and Superscripts
calc scalculated value
expsexperimental data
Ms mixture property
N sheaviest fraction in the carbon number fractions0
pcspseudocomponent properties

r sreduced condition
sssaturated condition

qs plus fraction
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