
T
m

H
a

b

c

d

a

A
R
R
A
A

K
F
T
S
T

1

r
t
b
t
u
a
b
[
˛
o

R
W
f

0
h

Fluid Phase Equilibria 346 (2013) 33– 44

Contents lists available at SciVerse ScienceDirect

Fluid  Phase  Equilibria

j our na l ho me  page: www.elsev ier .com/ locate / f lu id

hermodynamic  modeling  of  petroleum  inclusions:  Composition
odeling  and  prediction  of  the  trapping  pressure  of  crude  oils

ongwei  Pinga,∗,  Honghan  Chena, Régis  Thiéryb,c,d

Key Laboratory of Tectonics and Petroleum Resources (China University of Geosciences), Ministry of Education, Wuhan 430074, China
Clermont Université, Université Blaise Pascal, Laboratoire Magmas et Volcans, BP 10448, F-63000 Clermont-Ferrand, France
CNRS, UMR 6524, LMV, F-63038 Clermont-Ferrand, France
IRD, R 163, F-63038 Clermont-Ferrand, France

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 9 December 2012
eceived in revised form 5 February 2013
ccepted 6 February 2013
vailable online 14 March 2013

eywords:
luid inclusion
rapping pressure
aturation pressure
hermodynamic modeling

a  b  s  t  r  a  c  t

Microthermometry  and  volumetric  analysis  have  been  widely  used  to reconstruct  the  composition  and
P–T trapping  conditions  of  petroleum  inclusions.  However,  a reliable  prediction  of  the P–T  trapping  condi-
tions  requires  efficient  thermodynamic  modeling  of the  PVT properties  to obtain  the  saturation  pressure
and  petroleum  volume  prediction  in  addition  to  accurate  measurements  of the  homogenization  temper-
ature, Th,  and  the  degree  of bubble  filling,  Fv. Until  now,  no  critical  appraisal  of  the  volume  prediction  has
been  performed.  Using  an extensive  compilation  of  data  from  the literature  (909  points  for  the  volume),
we  demonstrate  that it  is possible  to  have  good  predictions  on  the  saturation  pressures  and  volume  char-
acteristics  of crude  oils.  Our improved  Fv is correlated  with  the  molar  fraction  of  C7+ cut  and  the Th value of
the oil  inclusion.  We  develop  a new  composition  modeling  method  based  on the  ˛–ˇ  composition  model
by  tuning  the  C7+ molar  fraction.  However,  the  ability  of  the  new  method  to  predict  the  trapping  pressure
is  still  strongly  dependent  on  the accuracy  of the  saturation  pressure  estimation  and  the  modeled  Fv. A
large number  of  reservoir  fluids  (N  =  160)  has  therefore  been  used  to  derive  the  correlations  between  the

trapping  pressure  prediction  and  the  composition  and  saturation  pressure.  The  formulation  only  relate
to the  molar  fraction  of  methane.  The  new  correlations  are  of  interest  as they  reduce  the  number  of rel-
evant variables,  in particular  eliminating  the  effect  of  Fv on  the  trapping  pressure  prediction.  Finally,  we
tested  the  accuracy  of  the  new  method  in  predicting  the  trapping  pressure,  emphasizing  the  influence
of  the  bulk  methane  mole  fraction  on the  trapping  pressure.  There  is  a need  for  future  research  on the

e  mol
prediction  of  the  methan

. Introduction

Petroleum inclusions can supply important information
egarding the trapping conditions, fluid compositions and post-
rapping physical processes in petroleum-bearing sedimentary
asins [1,2]. Reconstruction of the composition and PVT proper-
ies of trapped oil in individual fluid inclusions can be performed
sing petroleum inclusion thermodynamic modeling (PITM) with

 specified homogenization temperature (Th) and the degrees of
ubble filling (Fv) in an ˛–  ̌ composition model or real fluid model

3–12], where the ˛–  ̌ model involves two adjustable parameters,

 and  ̌ to approximate the full composition spectrum (C1–C500)
f natural oils [5,13],  and the “fluid model” uses postulated
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composition data [3,14],  mainly, in the form of mole percentages
for C1, C2, C3, C4, C5, C6 and C7+ and physical properties, MW and SG,
respectively the molar weight and specific gravity of the C7+ cut.
We review this method in Fig. 1. The first step is to measure Th and
Fv at room temperature (20 ◦C). Then, a composition model (˛–ˇ
or fluid model) must be assumed to obtain the composition of the
petroleum inclusion through an iterative calculation process [3,5]
in which the oil composition is optimized to match the modeled Th
and Fv with their observed counterparts. Finally, the trapping condi-
tions are calculated using the derived petroleum fluid composition
and coeval aqueous fluid inclusion [3,5].

However, the PITM suffers from several problems. For exam-
ple, the results based on the widespread method of Aplin et al. [3]
depend strongly on the input composition of the petroleum inclu-
sion chosen in the model [14]. Although the input composition can
be selected based on a nearby reservoir, we  cannot be confident

that the input composition is close to that of the petroleum inclu-
sion as many processes (e.g., oil cracking, gas de-asphalting, water
washing and biodegradation) can drastically alter the composi-
tion of the inclusion following the petroleu maccumulation [15,16].

ghts reserved.
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Fig. 1. (a) Schematic diagram of the steps in interpreting the microthermometric data. (b) Typical P–T phase diagram of a petroleum inclusion, illustrating the various
elements required for the analysis of the microthermometric and volumetric data. The liquid–gas immiscibility loop is delimited by the bubble point (L(G)) curve and dew
p n is d
( lling, F

T
ˇ
a
p
t
c
s
t
T

t
i
c
o
m
m
r
t
t
s
p
t
t
i
i
e
p
t
n
b
p
fl
T
t
f
t
c
t
a
u
s
h
n
o

oint  (G(L)) curve, intersecting at the critical point (CP). The P–T path of the inclusio
Ph , Th) homogenization point and the (Pv , Tv) point at which the degree of bubblefi

hiéry et al. [4,5] proposed a method using two parameters,  ̨ and
 to describe the model composition of the natural petroleum. The
dvantage of this model is that it does not require the initial com-
osition as input but rather utilizes the ˛–  ̌ composition model
o fit the measured parameters (Th and Fv) using thermodynamic
alculations. However, the method of Thiéry, et al. suffers from the
ame composition uncertainty problem as that of Aplin et al. [3];
he ˛–  ̌ solution for Th and Fv is a one-dimensional curve, ˇ(˛) (see
hiéry et al. [5] for further details).

Two types of parameters affect the results of the composi-
ion modeling and trapping condition calculations for petroleum
nclusions. First, the input parameters, including measured values
ontaining Th and Fv or other optional parameters such as the gas
il ratio (GOR), American Petroleum Institute degree (API◦) and C1
ole content help to constrain the composition modeling. The Th
easurement is usually accurate to within ±0.1◦ and has been

eported to estimate the volume of the cavity of an oil inclusion
o an accuracy better than 95% [17]. The input parameters can
herefore be determined with sufficient accuracy for the PITM. The
econd category of input parameter (the so-called thermodynamic
arameters), which has a non-negligible impact on the accuracy of
he PVT calculation, includes the parameters affecting the satura-
ion pressure and volume predictions for the petroleum fluid, which
n turn have a strong effect on the modeled Fv of the petroleum
nclusion. The correlations used to determine the physical param-
ters of the petroleum cuts have been verified by the saturation
ressure predictions of Ping et al. [12]. However, the determina-
ion of the trapping pressure (step 3 in Fig. 1) using PITM depends
ot only on the accuracy of the saturation pressure prediction [12]
ut also on the accuracy of the modeled Fv for the trapped com-
osition calculated previously (steps 1–2 in Fig. 1) as the modeled
uid composition is determined by a match between the modeled
h and Fv and their measured counterparts. The problem is whether
he modeled Fv is accurate. To our knowledge, the prediction of Fv
or petroleum inclusions has not been investigated in the litera-
ure, leading to the main question addressed in this paper: how
an we confidently assess the precision of the Fv value used in
he composition modeling of petroleum inclusions? How can we
ssess the accuracy of the trapping pressure prediction obtained
sing PITM? Ping et al. [12] have investigated the saturation pres-

ure prediction of thermodynamic models of petroleum inclusions;
owever, the interpretation of the trapping pressure prediction is
ot straightforward, primarily owing to the lack of published data
n the volume and trapping pressure of petroleum fluids. In the last
escribed by an isochore with three points of interest: the (Pt , Tt) trapping point, the
v , is measured. The dashed-dotted curve is an isocurve of constant Fv .

decade, numerous PVT studies have been made publicly available
(see e.g., [12,18,19] and references therein), which may  shed new
light on this problem.

It is clear that the saturation pressures and modeled Fv values of
petroleum fluids are important affective parameters in the trapp-
ing pressure reconstruction with PITM. In this study, a method for
calibrating the volume prediction for petroleum fluids is presented.
Although a reliable calculation of the Fv value is possible, we will
demonstrate that the modeled composition and trapping pressure
are sensitive to the accuracy of the modeled Fv. Furthermore, we
demonstrate that both the saturation pressure at Th and the trapp-
ing pressure at trapping temperature Tt (which slightly exceeds
Th, e.g., Tt = Th + 5◦) are strongly related to the C1 mole percent in
petroleum fluids. Finally, we  present an empirical formula for the
trapping pressure prediction as a function of the C1 molar content
of the petroleum inclusion.

2. Calculation method

The accuracy of the saturation pressure calculation plays an
important role in the volume prediction. The saturation pressure
of oils should therefore be matched to the experimental value
before volume calculation. The compositions of petroleum fluids
are always expressed as weight fractions and the molecular weight
measurement of the plus fraction typically has an experimental
error of approximately ±(5–20%) [20–22],  causing substantial vari-
ation in the molecular weight of the plus fraction, which is used
as the primary tuning parameter. Only the molecular weight of the
plus fraction is usually used as the tuning variable for matching sat-
uration pressure with the extended composition [20–22].  However,
we found that if the density of the plus fraction is adjusted simul-
taneously, then the variation of the MW and density of the plus
fraction can be reduced significantly compared to those obtained by
adjusting the MW of the plus fraction alone. In this study, the satura-
tion pressure is therefore matched using the extended composition
by adjusting both the MW and density of the plus fraction. The MW
of the plus fraction is adjusted within the minimum experimen-
tal error to achievethe saturation pressure calculated. The detailed
rationale underlying this approach is described in Appendix A.
Experimental volume data are used to calibrate the volumes
in the gas and liquid phases, which are calculated using a volume
translation based on the equation of state (EOS). The volume cal-
ibration method for petroleum fluids is provided in Appendix B.



se Equ

T
i

(

(

(

(

(

q

(

(

T
C
m

[

H. Ping et al. / Fluid Pha

he basic calculation scheme to match the experimental volume
ncludes the following steps:

1) Splitting the C7+ fraction into a number of pseudo-components
based on their mole fractions, molecular weights (MW) and
specific gravities (SG).

2) Estimating the physico-chemical properties (the critical tem-
perature Tc, critical pressure Pc, acentric factor ω, molecular
weights MW, specific gravities SG,  and normal boiling tem-
perature Tb) of the pseudo-components using the appropriate
correlations.

3) Grouping the pseudo-components into a smaller set of pseudo-
components. The properties of the new pseudo-components
are computed from the old ones using mixing rules.

4) Tuning the experimental MW and SG values of the heptane plus
composition slightly to match the saturation pressure at a given
temperature for the grouped composition (Appendix A). The
experimental relative volume data are then matched using the
adjusted composition (Appendix B).

5) Using PR-EOS [23] to perform the PVT and phase equilibrium
calculations.

The number of variants on this general calculation scheme is
uite large, and we have chosen the following arbitrary options:

1) The C7+ cut is split into a series of pseudo-components ran-
ging from C7 to C44 plus a final C45+ term using the algorithm
described in [24]. The C45+ pseudo-component was  chosen as
the final component because the parameters for compounds
with higher carbon numbers are not defined in some current
methods (e.g., Katz and Firoozabadi [25]).

2) Preliminary calculations have shown that the saturation pres-
sure calculation results are sensitive to the choice of correlation
used to calculate the pseudo-component parameters (Tc, Pc, Tb,
ω) [12]. A number of correlations have been widely developed
for computing the critical properties (Tc, Pc and Tb) and acen-
tric factor (ω) of hydrocarbon [26–34]. In this study, we have
therefore tested several correlations of them. Several combina-

tions of correlations are possible, and we consider nine different
calculation methods, which are listed in Table 1. The critical
properties and accentric factor of each single carbon number
(SCN) are well-documented for hydrocarbons with low carbon

able 1
ritical properties calculation of extended composition (C7–C45+) with different
ethods.

Method Critical temperature and
pressure (Tc and Pc)

Acentric factor (ω)

1 Cavett (1962)a Riazi and Al-Sahhaf (1996)b

2 Cavett (1962)a Edmister (1958)c

3 Winn (1957)d Riazi and Al-Sahhaf (1996)b

4 Riazi and Al-Sahhaf
(1996)b

Edmister (1958)c

5 Kesler-Lee (1976)e Edmister (1958)c

6 Riazi-Daubert (1980)f Riazi and Al-Sahhaf (1996)b

7 Kesler-Lee (1976)e Riazi and Al-Sahhaf (1996)b

8 Twu (1984)g Edmister (1958)c

9 Pedersen and
Christensen (1989)h

Pedersen and Christensen (1989)h

a Tc and Pc were calculated using Cavett (1962) method [26].
b ω was calculated using Riazi and Al-Sahhaf (1996) method [27].
c ω was calculated using Edmister (1958) method [28].
d Tc and Pc were calculated using Winn (1957) method [29].
e Tc and Pc were calculated using Kesler-Lee (1976) method [30].
f Tc and Pc were calculated using Riazi-Daubert (1980) method [31].
g Tc and Pc were calculated using Twu (1984) method [32].
h Tc , Pc and ω were calculated using Pedersen and Christensen (1989) method
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numbers (C1–C6) [35]. Some correlations express the critical
properties in terms of the boiling temperature, Tb, and specific
gravity, SG,  rather than in terms of the laboratory observables
(MW and SG). In this case, an additional equation is required to
connect the MW, Tb and SG parameters. The MW and Tb values
for each SCN group (C7–C44) are assigned using the tabular cor-
relation provided by Katz and Firoozabadi [25]. The MW and Tb
values of theC45+ component can be obtained using the meth-
ods of Ahmed et al. [24] and Pedersen et al. [36], respectively.
We estimated the SG values of C7–C45+ using the MW values and
a correlation for the Watson characterization factor, K, which
is assumed to be constant for a given fraction [37]. The K value
can be obtained using the correlation of Zurita et al. [21].

(3) The pseudo-components are lumped into six groups: C7, C8, C9,
C10, Cn1 and Cn2. The Cn1 group contains compounds with car-
bon atom numbers n between 11 and 25, andCn2 includes those
components with n greater than or equal to 26. This grouping
scheme is the same as that used in the ˛–  ̌ model [5].  The result-
ing components after grouping are N2, CO2, H2S, C1, C2, C3, i-C4,
n-C4, i-C5, n-C5, C6, C7, C8, C9, C10, Cn1, and Cn2. Kay’s mixing
rules [33,38] are applied to calculate the parameters (Tc, Pc, ω,
MW, SG,  Tb).

(4) The match to the saturation pressure of the oil follows the pro-
cedures described in Appendix A.

(5) The binary interactions parameters (BIPs) kij between the
hydrocarbons can be estimated by a group contribution method
[39,40], however, the objective is not to find the optimum BIPs
that leads to accurate prediction of the saturation pressure,
and so the BIPs between the hydrocarbon were set to zero
for simplify; the interaction parameters were nonzero for the
hydrocarbon to non-hydrocarbon interactions [21].

3. Results and discussion

3.1. Correlation comparisons for the saturation pressure
prediction

The 160 measurements of the saturation pressure and compo-
sitions of a variety of crude oils collected from the literature were
used to match the modeled saturation pressure [19,38,41–61]. To
check the accuracy of the various correlations, we compared the
experimental and adjusted values of MW, SG and the composition.
To measure the composition, we take the absolute mean deviation,
�x,  of the molar fractions, xi, of the various cuts (C1, C2, C3, C4, C5,
C6, C7+) as follows:

�x  = 1
7

7+∑

i=1

∣∣∣∣
xi,tun − xi,exp

xi,exp

∣∣∣∣ (1)

Next, the deviations of the experimental values from the
adjusted values (MW and SG)  are quantified using classical statisti-
cal parameters.

The average absolute deviation of P, AAD (P), is defined by:

AAD (P) = 1
N

N∑

i=1

∣∣∣∣
Ptun − Pexp

Pexp

∣∣∣∣ , (2)

where N is the number of data points and P is either the MW or SG
of the C7+ cut.

Similarly,
AAD(V) = 1
N

N∑

i=1

∣∣∣∣
Vcal − Vexp

Vexp

∣∣∣∣ . (3)
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Table 2
Variations in MW and SG for the heptane plus fraction using various methods to
match the saturation pressures of the crude oils.

Method AAD (SG) AAD (MW) AAD (x) Validated

1 1.94 4.94 2.21
√

2 2.25  5.63 2.66
√

3  21.97 85.44 24.54
4 9.14 30.24 10.53
5  8.46 32.38 9.47
6  2.55 7.25 2.91
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7  2.88 9.28 3.36
8 27.55  119.47 31.22
9  4.32 14.34 10.38

Here Vcal is the calculated relative volume (Vrel
t or Vrel′

t ) with or
ithout volume calibration and Vexp is the experimental relative

olume (Vrel
t and Vrel′

t ).
Table 2 shows the variation in the MW and SG values of the hep-

ane plus fraction required to match the saturation pressure using
 different set of correlations (Table 1) to calculate the parameters
Tc, Pc, ω, MW, SG,  Tb) of the extended composition. The criterion
or selecting the critical property correlations is to minimize the
equired adjustment of the MW and density of the plus fraction
o match the measured saturation pressure. The best results are
btained using methods (1), (2), (6), and (7).  However, the set of
orrelations leading to the smallest adjustment in the MW and
ensity of the heptane plus fraction is method (1),  in agreement
ith the conclusions of Zurita et al. [21] and Al-Meshari [42]. In the

emainder of the analysis, we employ method (1).

.2. Volume calibration

The 909 relative volume data points (N = 397 (CME), N = 71 (DV),
 = 441 (SWT)) collected from the literature [18,42,62] were used

o match the calculated values by adjusting the coefficients d and e
Eq. (B.12))  in the PR-EOS.  The regressed coefficients d and e for the
olume shift parameters for pseudo-components Cn1 and Cn2 are
.3 and 0.1, respectively. The accuracies of the method used in this
aper (method 1) and the other eight methods (Table 1) for estimat-

ng the saturation pressures and relative volumes (Vrel
t and Vrel′

t ) of
arious crude oils are listed in Table 3. It can be seen from Table 3
hat methods 1 and 2 are the most accurate for the saturation pres-
ure and relative volume calculations with no volume translation;
ethods 6, 7 and 9 are far superior to methods 3, 4, 5 and 8, which

ave large average deviations for both the saturation pressure and
elative volume predictions. The accuracy of the relative volume
alculation can be improved by employing the volume translation
ethod. As shown in Table 3, the AAD% values of the calculated rel-
tive volume for CME, DV and SWT  using method 1 are 0.83, 1.58
nd 0.78, respectively, and the accuracy of the results is improved
elative to those obtained without the volume translation. Overall,
ethod 1 provides the most accurate volumetric prediction. Note

able 3
omparison of the various methods for calculating the relative volume of the crude oils.

Method AAD (%), (Ps) AAD (%), constant mass expansion (Vrel
t ) AAD (

Without volume
calibration

Volume
calibration

With
calib

1 0.09 1.50 0.83 2.81 

2  3.03 1.89 1.12 2.42 

3  31.34 14.35 14.77 4.32 

4  28.67 6.19 6.77 4.81 

5  28.00 5.89 6.34 4.77 

6 10.14  2.28 2.98 2.65 

7  12.67 2.81 3.47 3.03 

8 37.75  23.07 10.69 5.52 

9  9.90 2.08 2.68 2.64 
v

Fig. 2. Comparison of the experimental Fv of fluid F5 [18] with the values calculated
by  the methods in Table 1 using the volume calibration method.

that the proposed method provides a superior prediction primar-
ily because of its accuracy in the saturation pressure prediction. A
reliable volume prediction for petroleum fluid cannot be obtained
without a reliable previous estimation of the saturation pressure.

One question remains. The relative volume estimate has been
improved by the volume translation method. How accurately can
the degree of bubble filling, Fv, be estimated using the proposed
method? A definite answer to this question would require exper-
imental data. However, no direct experimental Fv data have been
published in the literature thus far. Nevertheless, an equivalent Fv
can be obtained using Eq. (B.6) when both Vrel

t and Vrel′
t are known

under the same P–T conditions as the experimental data. In this
paper, we  use a dimensionless compressibility function, commonly
known as the Y-function, to extrapolate Vrel

t to the P–T conditions
under which Vrel′

t is measured, and the Y-function is frequently used
to smooth the values of the relative volume (Vrel

t ). To smooth the
relative volume data below the saturation pressure, the Y-function
is plotted versus pressure on a Cartesian scale. The Y-function forms
a straight line or has only a small curvature. It is therefore possible
to recalculate the relative volume at all pressures below the sat-
uration pressure. Figs. 2–4 display comparison diagrams between

the calculated Fv and equivalent Fv from the experimental relative
volume of fluid, F5, F12 and F13 [18]. Note that method 1 predicts
Fv values that are in good agreement with the equivalent Fv val-
ues, whereas the other methods do not reproduce the equivalent

%), differential vaporization (Vrel′
t ) AAD (%), isothermal swelling test (Vrel

t )

out volume
ration

Volume
calibration

Without volume
calibration

Volume
calibration

1.58 0.90 0.78
2.14 0.99 0.92
4.39 8.05 7.88
4.01 7.34 7.26
4.01 7.40 7.32
2.17 2.66 3.12
2.52 3.72 4.06
5.08 10.76 10.28
2.00 3.06 3.45
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Fig. 5. Effect of the saturation pressure estimation on the accuracy of the calculated
Fv using the methods in Table 1.
ig. 3. Comparison of the experimental Fv of fluid F12 [18] with the values calculated
y the methods in Table 1 using the volume calibration method.

v values. The linear correlation between the AAD(%) of the Fv and
aturation pressure predictions in Fig. 5 shows that the reason for
he discrepancies in the Fv values predicted by the other methods
s discrepant saturation pressure predictions. This observation is in
ccordance with the conclusion that the saturation pressure plays
n important role in the volume prediction.

.3. The effect of Fv on the composition modeling and saturation

ressure prediction

The ˛–  ̌ model [4,5] has been used in petroleum inclusion ther-
odynamic modeling for more than ten years; however, the factors
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ig. 4. Comparison of the experimental Fv of fluid F13 [18] with the values calculated
y  the methods in Table 1 using the volume calibration method.
impacting the modeled results are not fully understood. Ping et al.
[12] recently assessed the abilities of several fluid models (the ˛–ˇ
model,  ̌ model, and fluid model) to predict the saturation pres-
sure. Note that the saturation pressure prediction for these models
is based on the known fluid composition and physical properties
(MW and SG)  of the C7+ cut of the crude oils. For petroleum inclu-
sions, the fluid composition should be determined by solving for the
˛–  ̌ value that yields the measured Th and Fv. The uncertainty in the
composition modeling, which affects the accuracy of the composi-
tion and saturation pressure predictions, therefore increases with
the uncertainty in the modeled Fv. We  next elaborate on this point
through an example. For an inclusion with Th = 54.41 ◦C and Fv = 3%
measured at 20 ◦C, the ˛–  ̌ solutions are given by the black line (a)
in Fig. 6. For comparison, we  have calculated the ˛–  ̌ solutions for
the inclusion under two conditions: a modeled Fv with a ±1% devi-
ation compared to the given Fv (3%). The ˛–  ̌ solutions are given
by the black lines b and c in Fig. 6. Note that the ˛–  ̌ solutions (the
ˇ(˛) curve) for the same inclusion (Th = 54.41 ◦C and Fv = 3%) are
different for different prediction accuracies of Fv. For further com-
parison, we assumethat the inclusion (Th = 54.41 ◦C, and Fv = 3%) has
a 27.1% methane mole percent, whose ˛–  ̌ solution and calculated
characteristics are given in Table 4. The corresponding ˛–  ̌ points
are plotted in Fig. 6.

Note that the three compositions calculated using the ˛–ˇ
model yield discrepant compositions and saturation pressures,
especially for the plus fraction (C7+ and Cn2), where a maximum
deviation of 10 mol% has been caused by the 1% deviation in the
calculated Fv although the three compositions have similar satu-
ration pressures. We  next assume that the inclusion (Th = 54.41 ◦C,
and Fv = 3%) has a 41.7% methane mole percent, whose ˛–  ̌ solution
and calculated characteristics are provided in Table 5. The cor-
responding ˛–  ̌ points are plotted in Fig. 6. Table 5 shows that
the deviation of 1% in the calculated Fv can produce an absolute

deviation (AD) of 25% in the saturation pressure prediction. The
examples of Tables 5 and 6 demonstrate the importance of the vol-
ume  prediction in composition modeling and pressure prediction
for petroleum inclusions.
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Table 4
Comparison of the estimation of the composition and saturation pressure with the ˛–  ̌ model for a petroleum inclusion with Th = 54.4 ◦C, Fv = 3% at 20 ◦C and x1 = 27.1% (In.
1);  with the values estimated with the ˛–  ̌ model whose calculated Fv has a 1% negative deviation (In. 3); or a 1% positive deviation (In. 2).

Solution  ̨  ̌ Ph (MPa) x1 (mol%) x7+ (mol%) xn1 (mol%) xn2 (mol%)

In. 1 0.9198 0.3980 8.90 27.1 48.3 22.4 9.0
In.  2 0.8822 0.3078 8.45 27.1 43.6 19.8 3.6
In.  3 0.9492 0.4840 9.74 27.1 53.4 21.8 18.4

Table 5
Comparison of the saturation pressure estimate with the ˛–  ̌ model for a petroleum inclusion with Th = 54.4 ◦C, Fv = 3% at 20 ◦C and x1 = 41.7% (In. 4); with the values estimated
with  the ˛–  ̌ model whose calculated Fv has a 1% negative deviation (In. 6); or a 1% positive deviation (In. 5).

Solution  ̨  ̌ Ph (MPa) x1 (mol%) x7+ (mol%) xn1 (mol%) xn2 (mol%)

41.7
41.7
41.7

3

l
a
a
a
b
a
t

a
f
s
m
a
s
l

C

F
p
p
2
r
t

In. 4 0.9500 0.6130 18.56 

In.  5 0.9326 0.5736 16.73 

In.  6 0.9673 0.6706 23.08 

.4. A new correlation for ˛–  ̌ composition modeling

In the previous section, we have demonstrated that the calcu-
ated Fv value has a significant impact on the modeled composition
nd predicted saturation pressure. The ˛–  ̌ model cannot provide

 reliable prediction of the Fv value of a petroleum inclusion unless
 high-accuracy saturation pressure prediction and volume cali-
ration have first been achieved. To our knowledge, no model is
vailable that can provide accurate predictions of both the satura-
ion pressure and volume properties.

Ping et al. [12] has proven that Fv (%) is correlated with Th (◦C)
nd theC7+ content (in mol%). In this study, a strong correlation is
ound between Fv and C7+ for different Th values after matching the
aturation pressure and volume calibration, as shown in Fig. 7. A
athematical relationship between Th and the C7+ mole percent-

ge has been obtained using multilinear regression (Eq. (4)). The

tandard deviation of the residuals between the fitted and calcu-
ated C7+ values is 2.37 mol% for the C7+ fraction:

7+ = aFv
b × 100% (4)
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ig. 6. Determination of the ˛–  ̌ solution. The red lines are isocurves of the C1 mole
ercent. The black lines, a, b, and c, are examples of ˇ(˛) curves calculated for three
etroleum inclusions (see the text for details). The six marks with the numbers 1,
,  3, 4, 5, and 6 refer to the ˛–ˇ fluid in Tables 5 and 6. (For interpretation of the
eferences to color in this figure legend, the reader is referred to the web  version of
his  article.)
 38.1 15.5 13.3
 35.0 15.5 8.4
 42.0 13.6 21.0

where a and b are the coefficients given as a function of Th by

a = −1.81674 × 10−8Th
4 + 7.49047 × 10−6Th

3

− 9.20595 × 10−4Th
2 + 6.52266 × 10−2Th − 9.89904 × 10−1

b = 7.56250 × 10−6Th
2 − 4.45141 × 10−3Th − 4.12191 × 10−1

According to Eq. (4),  the C7+ mole percent depends uniquely on
the determination of Th and Fv of a petroleum inclusion. It is known
that the molecular weight, density, and relative distribution of com-
ponents (or lumped component fractions) in the C7+ fraction are
expected to be very different in different types of reservoir fluids,
e.g., gas condensates, volatile oils, black oils or heavy oils. The vol-
umetric behavior of the C7+ fraction is sensitive to variations in the
fluid type, as shown in Fig. 7. There is no obvious effect of the C7+
mole percent on Fv when the oils range from black oil to heavy oils,
but there is a strong effect on Fv when the oils range from volatile
oils to gas condensates. Table 6 shows the range of input variables
used to develop the empirical correlation (Eq. (4)) for estimating
the C7+ mole percent in an inclusion. Table 6 clearly shows that
the correlation has been developed over a methane content range
of 0.66–74.30% and a heptane plus fraction range of 9.82–83.99%,
representing the full range of possible petroleum fluids from gas
condensates to heavy oils except wet  gas and dry gas. As compo-
sition data are unavailable for the source rock, we cannot ensure
that the correlation actually holds over the entire range of possible
fluid compositions for all source rock types. However, we believe
that the correlation can be used for the petroleum fluids from dif-
ferent types of source rock because the reservoir fluids used in this
study originate from all over the word and therefore cannot all be

generated from the same source rock type.

However, Fv and Th combined with the ˛–  ̌ model are not
sufficient to constrain the petroleum inclusion composition [4,5].
Because of the problem of composition uncertainty, there is

Table 6
Range of input variables used in deriving the correlations between C7+ mole percent
and  Fv and Th .

Data used to develop the model

Min. Ave. Max.

N2 0.00 0.47 3.92
CO2 0.00 1.25 8.82
H2S 0.00 0.17 4.78
C1 0.66 37.17 74.30
C2 0.58 7.65 14.09
C3 0.41 6.27 10.51
C4 0.92 4.42 8.42
C5 0.39 3.13 6.67
C6 0.00 2.92 6.68
C7+ 9.82 36.70 83.99
Temp. (◦C) 43.35 89.26 156.67
Ps (MPa) 0.55 18.98 42.86
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alibration method.

ounique solution for a given Th and Fv, which can be measured
ndividually on one petroleum inclusion, and the full set of solu-
ions is represented by an ˛–  ̌ curve [4,5]. One problem is that the
–  ̌ composition modeling is strongly affected by the calculated
v using the EOS, and this modeling is used to fit the measured Fv.
he uncertainties in the calculated Fv, modeled ˛–  ̌ curve, modeled
omposition and prediction of the saturation pressure are given in
ables 5 and 6 and Fig. 6. How can the effects of the modeled Fv
n the ˛–  ̌ composition modeling be overcome? This problem can
e solved using the direct link between the C7+ mole content and
h and Fv provided by Eq. (4).  The ˛–  ̌ solutions for a given Th and
v should correspond to the same C7+ mole content; otherwise, the
odeled ˛–ˇ curve will intersect the iso-C7+ curve (Eq. (4)) and a

nique ˛–  ̌ value will be determined by the intersection of the ˛–ˇ
urve and iso-C7+ curve, which is inconsistent with the equilibrium
hermodynamical conclusion that the Th and Fv data are insuffi-
ient to determine the unique ˛–ˇ parameters. For this reason, we
rst calculate the C7+ mole percent using Eq. (4) for a measured
et of Th and Fv values for a petroleum inclusion, and then com-
ute the ˛–  ̌ curve with the identical C7+ mole percent using the
–  ̌ composition model. This simplified ˛–  ̌ modeling not only
liminates the effects of the calculated Fv using the EOS but also
enders the method consistent with equilibrium thermodynamics.
he ˛–  ̌ solutions for a petroleum inclusion with a given Th, Fv,
nd hypothesized compositional distribution (˛–ˇ) can therefore

e characterized simply by tuning the heptane plus mole fraction.
he ˛–  ̌ parameters for the inclusion can then be determined by
omparison to the ˛–  ̌ behavior of the natural oils or physical and

a1 = −1.31 × 10−7; a2 = 4
b1 = 4.14 × 10−8; b2 = −1
c1 = −9.18 × 10−9; c2 = 3.
ilibria 346 (2013) 33– 44 39

chemical characteristics of the inclusion, e.g., the API degree and C1
mole percent.

3.5. Constraining the trapping pressure prediction with the C1
mole content

The determination of the trapping pressure requires Th, Fv and
the trapping temperature, Tt, of the petroleum inclusion. The mea-
sured Th and Fv are usually coupled with an ˛–  ̌ composition model
[4,5] or fluid model [3] and used to constrain the possible compo-
sition of the trapped petroleum by matching the calculated Th and
Fv. For the ˛–  ̌ model, the Th and Fv values are not sufficient to
determine the ˛–  ̌ parameters unambiguously: a wide range of
˛–  ̌ values can satisfy a given set of Th and Fv data [4,5]. Additional
parameters must therefore be used to delimit the range of proba-
ble values, e.g., the GOR, API degree or methane mole content [5].
Once the fluid composition is determined, the isochore in the single
phase domain connecting the homogenization condition (e.g., the
point (Th, Ph) in Fig. 1) to the trapping condition (e.g., point (Tt, Pt)
in Fig. 1) can be constructed, and the trapping pressure is easy to
obtain if Tt is known. As stated earlier, the prediction of the trapping
pressure is directly related to the saturation pressure and modeled
petroleum composition, which is heavily impacted by inaccuracies
in the calculation of Fv. However, for a given petroleum fluid whose
fluid composition, physico-chemical characteristics (e.g., MW and
SG) of the plus fraction and experimental saturation pressure are
known, it is straightforward to obtain a reliable prediction of the
saturation pressure and volume characteristics using the method
in this paper. The trapping pressure can then be reliably recon-
structed. This point is stressed in this study because a reliable
trapping condition cannot be reproduced by experimental simula-
tions (synthetic fluid inclusions), owing primarily to the difficulty of
fixing the experimental petroleum composition, e.g., only dead oil
was used in the synthetic petroleum inclusion experiment. How-
ever, a reliable prediction of the trapping pressure can be performed
using the thermodynamic model presented in this study, poten-
tially enabling the natural relations that appear to exist between
Pt, Th, and C7+in petroleum inclusions to be deciphered.

The 160 petroleum fluids [19,38,41–61] are used as reference
fluids, and the approximate saturation pressure, Ps, is computed
artificially assuming various Th values (Th = 60 ◦C, 80 ◦C, 100 ◦C,
120 ◦C and 140 ◦C) after matching the saturation pressures of the
reference oils using the method in this study (Appendix A). The
calculated saturation pressures are regarded as the most reliable
approximations to the true value. Ping et al. [12] has shown that the
saturation pressure is a function of the C1 mole percent. Fig. 8 shows
the close agreement between the calculated saturation pressures
and C1 mole percent, as the saturation pressure is also related to
Th. We  obtain the mathematical correlation between Th and the C1
mole percent using multi linear regression as follows:

Ph = aC1
2 + bC1 + c (5)

where a, b and c are the coefficients, given as functions of Th by

a = (a1Th
4 + a2Th

3 + a3Th
2 + a4Th + a5) × 10−4 (6)

b = (b1Th
4 + b2Th

3 + b3Th
2 + b4Th + b5) × 10−2 (7)

c = c1Th
4 + c2Th

3 + c3Th
2 + c4Th + c5 (8)

where the constant coefficients in Eq. (6) through Eq. (8) are given
by:
.99 × 10−5; a3 = −8.31 × 10−3; a4 = 6.72 × 10−1; a5 = 20.30;

.56 × 10−5; b3 = 2.17 × 10−3; b4 = 2.88 × 10−2; b5 = 18.70;
42 × 10−7; c3 = −6.60 × 10−5; c4 = 1.39 × 10−2; c5 = 4.28 × 10−1.
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 function of the adjusted experimental C1 mole percent of the reservoir fluids
19,38,41–61].

The accuracy of Eq. (5) is tested below. The calculated pressures
re compared with the experimental values, and an AAD% of 7.20
s obtained (Table 7). The method of Eq. (5) is also compared to the
elationship given in Elsharkawy [19], which was obtained using
ultilinear regression on the petroleum composition (N2, CO2, H2S,

nd C1 to C7+) and MW and SG of the heptane plus fraction. Table 7
hows that Eq. (5) is slightly superior to the empirical relation, but

ote that the former uses only one independent parameter, x1, in
lace of the twelve input variables used in Elsharkawy [19]. Eq. (5)
herefore appears to be more suitable for application to petroleum
nclusions given the difficulty of obtaining the detailed composition
nd physical parameters of the petroleum.

The strong correlation between the saturation pressure and C1
ole percent motivated us to seek a relationship between the

rapping pressure, Pt, and the C1 mole percent. Several sets of Pt and
1 mole percent data were used to fit the correlation between them,
nd Fig. 9 shows the tight relationship between P (T = 100 ◦C,

a1 = −1.56 × 10−7; a2

b1 = 5.25 × 10−8; b2 =
c1 = −1.98 × 10−9; c2
t h

t = 105 ◦C) and the C1 mole percent. In addition, we found that the
t becomes gradually worse with increasing discrepancy between

able 7
omparison of the predicted saturation pressures using the method in this study
Eq. (5)) and the empirical correlation.

Method ARD (P)% AAD (P)%

Eq. (5) 2.33 7.20
Empirical modela −2.59 9.23

a Elsharkawy (2003) [19].
Fig. 9. Regression curves of the calculated trapping pressure (Pt) (Th = 100 ◦C,
Tt = 105 ◦C) as a function of the adjusted experimental C1 mole percent of the reser-
voir fluids [19,38,41–61].

Tt and Th. The fitted correlation between the trapping pressure,
PTh+5 (Tt = Th + 5 ◦C), and the C1 mole percent is given by

PTh+5 = aC1
2 + bC1 + c (9)

where a, b and c are the coefficients, given as a function of Th by

a = (a1Th
4 + a2Th

3 + a3Th
2 + a4Th + a5) × 10−4 (10)

b = (b1Th
4 + b2Th

3 + b3Th
2 + b4Th + b5) × 10−2 (11)

c = c1T4
h + c2T3

h + c3T2
h + c4Th + c5. (12)

The constant coefficients in Eq. (10) through Eq. (12) are given
by

.72 × 10−5; a3 = 9.06 × 10−3; a4 = 7.09 × 10−1; a5 = 19.70

.91 × 10−5; b3 = 2.55 × 10−3; b4 = 1.43 × 10−2; b5 = 17.00
60 × 10−7; c3 = −6.46 × 10−5; c4 = −5.23 × 10−3; c5 = 5.05.

The trapping condition (Th + 5, PTh+5) and homogenization con-
ditions (Th, Ph or Ps) of the petroleum inclusion were correlated with
the only unknown parameter, the C1 mole percent. The slope of the
isochore, k(dP/dT), which connects the trapping condition to the
homogenization conditions can be determined by the two points
(Th + 5, PTh+5) and (Th, Ph or Ps) in the P–T phase diagram (Fig. 1b).
The slope is given by

k = PTh+5 − Ph

5
. (13)

The isochore slope, k, is also a function of the C1 mol% according
to Eqs. (5) and (9). We can therefore intuitively calculate an isochore
for a petroleum inclusion and then incorporate other pieces of data
to help constrain Pt and Tt (e.g., the homogenization temperature of
the coexisting aqueous, thermobaric gradient from a basin model).
The trapping pressure, Pt, at any Tt on the isochore is then calculated
as
Pt = Ph + k(Tt − Th) (14)

where Ph is given by Eq. (5) and k is given by Eq. (13).
Eq. (14), which is a function of only one independent vari-

able (C1 mol%), is very attractive because the trapping pressure
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Table  8
Strategies for trapping pressure prediction and prediction comparison.

Strategies Input
parameters

Procedure
parameters

�Th (10 ◦C) �Th (20 ◦C) �Th (30 ◦C) �Th (40 ◦C) �Th (50 ◦C) ARD (Pt) AAD (Pt)

ARD (Pt) AAD (Pt) ARD (Pt) AAD (Pt) ARD (Pt) AAD (Pt) ARD (Pt) AAD (Pt) ARD (Pt) AAD (Pt)

1 C1, Th , 1Tt
4Ph , 5PTh+5 0.83 5.85 1.21 5.92 1.59 6.09 2.47 6.43 2.94 6.73 2.13 6.44

2 C1, Th , Fv , 2Tt
1C7+, 2˛-ˇ,1Ps −6.28 8.49 −5.20 7.23 −4.46 6.53 −3.91 5.82 −3.49 5.51 −4.85 6.92

3  Th , Fv , 1Tt
1C7+, 3C1, 4Ph , 5PTh+5 −1.59 16.18 −0.85 13.86 −0.27 12.33 1.41 10.96 2.07 10.37 0.28 13.07

4  Th , Fv , 2Tt
1C7+, 3C1, 2˛−ˇ, 1Ps −9.27 18.06 −7.84 15.47 −6.98 13.78 −5.30 11.86 −4.71 11.04 −7.17 14.54

�Th , means the difference between the trapping temperature, Tt and the homogenization temperature, Th; ARD, average relative deviation; AAD, average absolute deviation;
Pt means the trapping pressure at the trapping temperature, Tt; PTh+5 means the trapping pressure at the trapping temperature, Th + 5 ◦C; Ph means homogenization pressure
at  the homogenization temperature (Th); 1Ps means the saturation pressure of ˛–  ̌ composition, which is calculated by the method 1 in Table 1; 1C7+ means the mole content
o taine
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f  C7+ fraction is from Eq. (4) in this paper; 2˛–  ̌ means the ˛–  ̌ composition is ob
1 fraction is from the empirical correlation [12]; 4Ph means the Ph is obtained from
btained from the Eq. (14); 2Tt means trapping pressure is obtained from the therm

stimation is usually performed through a series of complex PVT
hermodynamic calculations, which are often assisted by profes-
ional software [3–5]. More importantly, Eq. (14) is independent
f Fv and is therefore immune to the effects of Fv on the compo-
ition modeling. However, we cannot verify the accuracy of the
rapping pressure prediction with data acquired on natural or syn-
hetic inclusions using Eq. (14) because the detailed compositions

f natural or synthetic petroleum inclusions cannot be determined
recisely, especially for the C1 mol%. In addition, we  do not know
he exact trapping pressure of the fluid inclusion even for the syn-
hetic inclusions. To back-check the methods of trapping pressure
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ig. 10. Comparison of the reference trapping pressure (Prt) of the adjusted experime
n  Table 8. The trapping pressures were calculated at various homogenization tempera
h + 20 ◦C, Th + 30 ◦C, Th + 40 ◦C, Th + 50 ◦C), respectively.
d from the simplified ˛–  ̌ modeling in this paper; 3C1 means the mole content of
5); 5PTh+5 means the PTh+5 is obtained from Eq. (9); 1Tt means trapping pressure is
amics calculation by EOS based on the determined ˛–  ̌ composition.

predictions in this paper, we use the tuned EOS with the volume cor-
rection to iteratively calculate several P–T points (Prt–Trt) at equal
density along an isochore for a given fluid of known composition,
and observe how well the empirical correlation to C1 mol% (Eq.
(14)) is matched. We  compare the Prt with the calculated values
using the empirical correlation of Eq. (14) and the simplified ther-
modynamic method (Eq. (4)). As stated previously, Eq. (4) is not

sufficient to determine the ˛–  ̌ parameters unambiguously, and
the mole content of C1 has therefore been used to determine the
approximate petroleum inclusion composition. Both the calculated
C1 mole content (obtained from the C7+ mole percent [12]) and the
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4 se Equ

t
˛
t
t
t
l
s
�
t

o
t
1
a
p
t
a
i
r
s
f
u
t
2
t
p
i
t
l
c
i
c
[
t
4

4

a
o
i
s
(
t
t

p
m
o
n
b
b
T
c

m
t
(
p
a
(
p
u
c

2 H. Ping et al. / Fluid Pha

rue C1 mole content have been used to constrain Eq. (14) and the
–  ̌ composition once the ˇ(˛) curve is obtained using Eq. (4) and

he ˛–  ̌ model. There are therefore four strategies for predicting
he trapping pressure, using the methods of Eqs. (4) and (14) and
he two constraining conditions (true C1 mol  content and calcu-
ated value based on the Ping et al. correlation [12]), which are
hown in Table 8 along with the comparison results at different
Th (10–50 ◦C) values. The predictions of the four strategies for

he trapping pressure are given in Fig. 10.
As shown in Table 8, both methods provide a better prediction

f Pt under various trapping conditions (�Th: 10–50 ◦C) when the
rue C1 mole content of the petroleum inclusion is known (strategy

 and strategy 2); however, strategies 3 and 4 have errors twice
s large as strategies 1 and 2 because the C1 mole content of the
etroleum inclusion is not the true value but that calculated using
he correlation of Ping et al. [12]. Fig. 10 clearly indicates that the
ccuracy of the trapping pressure prediction is improved greatly
f the mole content of C1 has been determined accurately. These
esults are also in accordance with the statement that the best con-
training parameter for the pressure modeling is the methane mole
raction [12]. The choice of strategy depends on the objective of the
sers and available data. Strategy 1 is the best method to obtain the
rapping pressure if the mole content of C1 is available, and strategy

 is the best method to obtain the ˛–  ̌ composition if the mole con-
ent of C1 is available. Note that the input Fv and saturation pressure
rediction in strategy 2 can increase the uncertainty for determin-

ng the ˛–  ̌ composition and trapping condition, which depend on
he accuracy of the measured Fv in the laboratory and the corre-
ations used to estimate the saturation pressure. When the mole
ontent of C1 is not available, the Fv and Th values of the petroleum
nclusion are used to calculate the C7+ mole content, and the mole
ontent of C1 can be calculated from the correlation of Ping et al.
12]. In this case, we cannot obtain a significantly more accurate
rapping pressure prediction than that obtained using strategy 3 or
.

. Conclusions

In this paper, a method has been proposed to improve the
ccuracy of the volume and saturation pressure determinations
f petroleum fluids to predict the trapping pressure in petroleum
nclusions. Using a compilation of 160 measured composition and
aturation pressure data and 909 relative volume data (N = 397
CME), N = 71 (DV), N = 441 (SWT)) from the literature, we show that
he method in this paper is able to predict the volume characteris-
ics and Fv of the petroleum inclusion.

The Fv parameter is important in addition to the saturation
ressure because of its effect on the composition modeling and esti-
ation of the petroleum trapping pressure. As Fv is a good indicator

f the C7+ fraction (Fig. 10), it is possible to simplify the thermody-
amical modeling of the petroleum in an ˛–  ̌ composition model
y tuning the mole content of C7+ to match the calculated value
ased only on its microthermometric signature (Th, Fv) (Eq. (4)).
he simplified method overcomes the deviation caused by the cal-
ulation of Fv from the EOS and is easier to use.

This study also provides evidence of the influence of the bulk
ethane content on the homogenization pressure, Ph, as illus-

rated in Fig. 8 and Eq. (5).  Furthermore, the trapping pressure PTh+5
Tt = Th + 5) is also correlated with the bulk methane content of the
etroleum inclusion (Eq. (9)). Thus far, the trapping pressure, Pt, at

 given trapping temperature, Tt, can only be calculated using Eq.

14), which is a function of the bulk methane content and Th of the
etroleum inclusion. The bulk methane content can be measured
sing FT-IR spectroscopy [63] or three-dimensional multi modal
oherent anti-Stokes Raman scattering (CARS) microscopy [64]. We
ilibria 346 (2013) 33– 44

have evaluated the effects of varying the bulk methane content on
the estimation of the trapping pressure for both the new compo-
sition modeling method (Eq. (4))  and the correlation given by Eq.
(14). We  conclude that the methane mole fraction plays an impor-
tant role in the trapping pressure prediction, and future research
efforts should focus on this observation.

List of symbols

T temperature (◦C)
P pressure (MPa)
Th homogenization temperature (◦C)
Ph homogenization pressure (MPa)
Fv bubble filling fraction (%)
Tv measurement temperature of Fv (◦C)
Pv pressure at Tv (MPa)
Pt trapping pressure (MPa)
PTh+5 trapping pressure at (Th + 5) ◦C (MPa)
Prt reference trapping pressure (MPa)
Ps saturation pressure (MPa)
Tt trapping temperature (◦C)
k isochore slope
˛,  ̌ parameters of the ˛–  ̌ model
n number of carbon atoms
C1 methane
xi mole fraction of component (or pseudo-component) i
MW molar weight (g/mol)
SG specific gravity
ARD average relative deviation (%)
AAD average absolute deviation (%)
�x absolute deviation between the experimental and tuned

compositions
exp experimental
tun tuned
calc calculated
N number of data points
Tc critical temperature (K)
Pc critical pressure (bar)
ω acentric factor
Tb boiling temperature (K)
kij binary interaction parameter
Min. minimum
Ave. average
Max. maximum
Temp. temperature
CME constant mass expansion
DV isothermal differential vaporization
SWT  isothermal swelling test
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Appendix A. A method for matching the saturation

pressures of petroleum fluids

The following rationale was followed to match the saturation
pressure by adjusting the MW and density of the heptane plus
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raction. First, the apparent MW of the petroleum fluid is calculated
ith the following equation:

a =
n∑

i=1

ZiMWi (A.1)

Then, the weight fraction of each component in the fluid is deter-
ined using the reported mole fractions.

i = ZiMWi

Ma
(A.2)

During adjusting, the weight fractions are maintained constant,
nd the molar composition is recalculated with each change in the
W of the heptane plus fraction. It is more convenient to modify

he apparent MW of the fluid because this has the same effect as
odifying the MW of the plus fraction [21].
After adjustment of the apparent MW of the fluid, the new molar

omposition of all components except the heptane plus fraction is
alculated as follows:

i = WiMa

MWi
(A.3)

hen the mole fraction of the heptane plus fraction is calculated.

plus = 1 −
n−1∑

i=1

Zi (A.4)

he MW of the plus fraction is recalculated as follows:

Wplus = Ma −
∑n−1

t=1 ZiMWi

Zplus
(A.5)

nd the density of the plus fraction is then calculated.

plus =
ZplusMWplus�

∗
plus

Z∗
plus

MW∗
plus

(A.6)

here Z∗
plus

MW∗
plus

and �∗
plus

are reported mole fraction, MW and
ensity of the plus fraction. Zplus MWplus and �plus are adjusted mole
raction, MW and density of the plus fraction.

ppendix B. A method for volume calibration of petroleum
uids

Several volumetric experiments are typically used to verify the
quation of state (EOS), for example, the isothermal constant mas-
expansion (CME), isothermal differential vaporization (DV) and
sothermal swelling test (SWT). The constant massexpansion exper-
ment is usually conducted to determine the bubble point pressure
t a selected temperature. The principle of the experiment has been
escribed in detail by Pedersen et al. [33]. The constant massexpan-
ion experiment provides information on the relative volumetric
mounts of gas and liquid at a specified temperature at various
ressures. The relative volume is defined as:

rel
t = VP

t

Vps
t

(B.1)

here VP
t is the total volume at pressure P and temperature t, Vp

t
s the total volume at bubble point pressure Ps and temperature t
nd Vrel

t is the relative volume at pressure P and temperature t. Vp
t

s given by:

P = VP + VP (B.2)
t G L

here VP
G is the volume of the gas phase at pressure P and tempera-

ure t and VP
L is the volume of the liquid phase at the same pressure

nd temperature as VP
G .
ilibria 346 (2013) 33– 44 43

Combining Eqs. (B.2) and (B.1) gives

Vrel
t = VP

t

Vps
t

= VP
G + VP

L

Vps
t

(B.3)

The Fv value at pressure P and temperature t is defined as:

Fv = VP
G

VP
G + VP

L

(B.4)

Substituting Eqs. (B.2) and (B.4) into (B.1) gives

Vrel
t = VP

t

Vps
t

= (VP
G + VP

L )

Vps
t

= VP
L

(1 − FV )Vps
t

(B.5)

Eq. (B.5) can be rearranged to allow direct calculation of the Fv as
follows:

Fv = 1 − VP
L

Vrel
t Vps

t

= 1 − Vrel′
t

Vrel
t

(B.6)

where Vrel′
t is the relative volume of the liquid phase, given by:

Vrel′
t = VP

L

Vps
t

(B.7)

Eq. (B.6) shows that Fv is function of Vrel
t and Vrel′

t . Clearly,
improvement upon the calculation of Fv can be achieved indirectly
by making an accurate prediction of both Vrel

t and Vrel′
t . The SWT

experiment is usually used to evaluate the volume effect of the
swelling of the oil when gas is injected into a reservoir contain-
ing an under saturated oil. After a predetermined amount of gas is
introduced into the under saturated oil, a CME experiment is per-
formed to determine the saturation pressure and relative volume
(Vrel

t ) of the new mixture, where the relative volume is defined to
be the same as Vrel

t in the CME  experiment. The relative volume in
the DV experiment is defined as Vliq/Vsat, similar to the definition of
Vrel′

t in Eq. (B.7), where Vliq is the liquid phase volume at pressure P
and Vsat is the liquid volume at the bubble pressure. Therefore, both
the SWT  and CME experiments can provide the Vrel

t information for
the oils, and the IDV experiment can provide the Vrel′

t information.
The relative volume (Vrel

t and Vrel′
t ) data have been matched

using volume translation [65]. Péneloux et al. [65] demonstrated
that the introduction of a volume shift parameter in cubic equa-
tions of state, such as the PR-EOS,  does not affect the vapor–liquid
equilibrium calculations and therefore does not affect the original
gas–liquid equilibrium capacity of the equation of state. The vol-
ume  translation parameters are correction terms that are applied
to molar volume calculated from the PR-EOS:

VL = VEOS
L −

m∑

i=1

xici (B.8)

VG = VEOS
G −

m∑

i=1

yici (B.9)

where VEOS
L and VEOS

G are the liquid and gas molar volumes calcu-
lated from the EOS, and ci is the molar volume translation parameter
for component i.

Jhaveri and Youngren [51] defined a dimensionless shift param-
eter by dividing the volume translation parameter, c, by the second
PR-EOS parameter, b. These two parameters have the same units of

molar volume. A dimensionless parameter is therefore defined as
follows:

Si = ci

bi
(B.10)
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here bi is the equation of state constant, given by:

i = 0.0778
RTci

Pci
(B.11)

For pure compositions, the volume shift parameters can be
ound in Jhaveri and Youngren [51], and the volume shift param-
ters for pseudocomponents Cn1 and Cn2 were calculated using a
imple correlation:

 = 1 − d

MWe
(B.12)

The values of coefficients d and e are used as regression variables
o match the CME, DV,  and SWT  data (Vrel

t and Vrel′
t ).
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