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ABSTRACT

Microthermometry and volumetric analysis are now widely used techniques in petroleum geology, which allow

the reconstitution of the composition and P-T trapping conditions of petroleum inclusions. However, these meth-

ods require efficient thermodynamic modeling tools of the PVT properties, coupled with compositional models for

petroleum. Two methods presently available are reviewed here. The first one, called the a–b method, uses a com-

positional model describing the full spectrum (C1–C500) of natural hydrocarbons with two adjustable parameters a

and b. The second technique is based on a so-called fluid model, i.e., a priori knowledge of the composition and

the physical properties of the C7+ cut of the trapped petroleum. Up to now, no critical appraisal has been under-

taken for these two methods. From an extensive compilation of literature data (201 points), we here show that

both techniques are able to describe the composition of crude oils and to predict satisfactorily their saturation

pressures. However, the predictive capabilities of fluid models are highly dependent on the correlations used for

describing heavy cuts, and we indicate those which give the best results. Finally, we emphasize the key control of

the bulk methane mole fraction (x1) on the saturation pressure: this result allows us to build simplified versions of

a–b and fluid models, applicable to the majority of crude oils, and whose formulation depends advantageously

on x1 only.
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INTRODUCTION

There is an increasing interest for the study of petroleum

inclusions, in particular, for the reconstruction of the com-

position and the P-T path evolution of migrating petro-

leum in sedimentary basins (Munz 2001). However, the

procedure for interpreting the analytical data is not simple

and must follow a schematic flow (steps 1–3), as illustrated

in Fig. 1A. The first step relies on simple analytical tech-

niques, such as (i) microthermometry (Roedder 1984;

Goldstein & Reynolds 1994) to measure the homogeniza-

tion temperatures Th and (ii) volumetric determinations

(Pironon et al. 1998) of the degrees of bubble filling (Fv)

at various temperatures. These data provide some con-

straints about the bulk composition of petroleum fluid

inclusions. The second step aims to estimate the in situ

homogenization pressure Ph by appropriate thermody-

namic modeling. This part is the most sensitive, as the

composition of the trapped petroleum cannot be con-

strained fully by microthermometry and volumetric analy-

sis. Thus, some assumptions about the petroleum

composition have to be stated, and for this reason, it is

necessary to use a so-called compositional model (De

Hemptinne & Béhar 2006) for natural hydrocarbon mix-

tures (Aplin et al. 1999; Thiéry et al. 2002). By this

method, the problem of composition indetermination by

an iterative process can be alleviated, where the hypothe-

sized oil composition is tuned to a perfect matching of

modeled Th and Fv with their observed counterparts. The

third and last step is the calculation of the trapping Pt ) Tt
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conditions (see Munz et al. 1999; Chen et al. 2003 for

application examples of this analysis technique for petro-

leum inclusions). Figure 1B illustrates a typical P-T phase

diagram of an example petroleum, giving the basics for the

interpretation of microthermometric and volumetric data.

Two different approaches can be identified for composi-

tional models used for analyzing petroleum inclusions. The

first one, called here the a–b model, involves two adjust-

able parameters, a and b, to approximate the full composi-

tional spectrum (C1–C500) of natural oils (Montel 1993;

Thiéry et al. 2002), whereas the second one (the so-called

fluid model) uses postulated compositional data (Macleod

et al. 1996; VTFlinc 1997; Aplin et al. 1999; Munz et al.

1999), mainly, in the form of mole percentages for C1,

C2, C3, C4, C5, C6, and C7+ and physical properties,

MW7+ and SG7+, respectively, the molar weight and spe-

cific gravity of the C7+ cut. Next, the compositional model

must be coupled with a thermodynamic model to predict

the physico-chemical properties of petroleum. This ther-

modynamic modeling includes the use of (i) correlations

for describing the physical parameters of the different

petroleum cuts and (ii) an equation of state for PVT and

phase equilibria calculations. As it will be shown in this

study, the integrated use of compositional and thermody-

namic models requires a calibration (or at least, testing and

validation) against experimental data.

The determination of trapping conditions (step 3 in

Fig. 1) is directly dependent on the accuracy of the

homogenization pressure Ph calculated previously, and

this is the main point addressed by this article: how to

be confident about the precision of thermodynamic ⁄ com-

positional models used for predicting the saturation pres-

sure of crude oils? Indeed, to our knowledge, nothing

has been yet reported in the literature about the predic-

tion of such thermodynamic modeling for petroleum

inclusions, mainly because of the lack of published data

(Thiéry et al. 2002). However, in the last decade, numer-

ous PVT studies have been made publicly available [e.g.,

see (Elsharkawy 2003) and references therein], which

may shed a new light on this problem. The article is

structured thus:

(1) The first part revisits the a–b model, and from the data

compilation cited earlier, we have obtained a collection

of a–b points representative of petroleum. After an

error analysis of this compositional model, we show

that the a–b model is able to represent the large diver-

sity of petroleum composition and homogenization

pressure Ph by means of two parameters (a and b)

only;

(2) Subsequently, however, we show that microthermo-

metric and volumetric measurements are not sufficient

by themselves to determine unambiguously the a and

b parameters of trapped petroleum in fluid inclusions.

As a consequence, we propose a simplification of the

a–b model toward a compositional model depending

only upon one parameter (the b model);

(3) The validity of this model simplification is next dis-

cussed, and we demonstrate that one important point

to address in the future, to get more precise Ph pres-

sures, is to quantify the bulk methane content;

(4) Finally, we go back to fluid models and test several

correlations for calculating the thermodynamic proper-

ties of the C7+ cut to obtain accurate saturation pres-

sures.

The a–b model

Basics

During and after their migration into reservoirs, petroleum

can be modified by numerous processes, such as boiling,

condensation, mixing, biodegradation, oxidation, gas

leaching, water washing, or secondary cracking. Despite

all of these processes, the composition of oils can be

represented, to a first approximation, by the following

recurrent relation (Montel 1993):

α β 

(A) (B)

Fig. 1. (A) Schematic view of the different steps

for interpreting microthermometric data. (B)

Typical P-T phase diagram of a petroleum,

illustrating the different elements required for

the analysis of microthermometric and volumetric

data. The liquid–gas immiscibility loop is delim-

ited by the bubble point L (G) curve and the

dew point G(L) curve, joining at the critical point

(CP). The P-T path of the inclusion is described

by an isochore, whose three points are of inter-

est: the (Pt, Tt) trapping point, the (Ph, Th)

homogenization point, and the (Pv, Tv) point, at

which the degree of bubble filling, Fv, is mea-

sured. The dashed–dotted curve is one isocurve

of constant Fv.
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xnþ1 ¼ � � 1� �

n þ 1

� �
� xn; ð1Þ

where xn and xn + 1 are the mole fractions of cuts with n

and n + 1 atoms of carbon. In Eq. 1, a and b are two

adjustable parameters, which are obtained by regression on

compositional data. The a parameter describes the geomet-

ric distribution of nonvolatile, heavy hydrocarbons (with

n > 10) as a function of n, as this has been well evidenced

for n-alkanes in petroleum crudes (Kissin 1987; Munz

et al. 1999) with typical a values ranging between 0.60

and 0.91. The b parameter is most influential for the abun-

dance of volatiles hydrocarbons (C1–C6). A positive value

of b indicates the enrichment of the volatile part, whereas

negative b values signify a strong depletion of the petro-

leum in its volatile fraction. Thus, in practice, b values

range between )0.2 and 1. This study uses a more elabo-

rate version of Eq. 1 (Montel, private communication; Thi-

éry et al. 2002), which provides a more realistic

representation of petroleum compositions. This modified

alpha–beta model is the same as that used in numerous

publications (Teinturier et al. 2002; Thiéry et al. 2002;

González-Partida et al. 2003; Guillaume et al. 2003; Bour-

det et al. 2008, 2010), illustrating the applicability of the

alpha–beta model to fluid inclusion studies. While the

detailed equations have not been published, free calcula-

tion software is available (see Acknowledgements section),

which allows the recalculation of theoretical composition

spectra and phase diagrams from specified alpha and beta

values. Figure 2 shows the (a–b) space, where the different

petroleum categories, as defined by (McCain Jr. WD

1994), have been mapped. This diagram is also useful to

plot the different a–b values satisfying a given set of Th

and Fv, which can be measured individually on one petro-

leum inclusion (Thiéry et al. 2002). Indeed, because of the

problem of composition indetermination, there is no

unique solution, and the full set of solutions is represented

by an a–b curve (Thiéry et al. 2000, 2002; Pironon 2004);

for example, for an inclusion featured by Th = 54.41�C
and Fv = 3% measured at 20�C, the a–b solutions are given

by the dotted curve with vertical bar [b(a)] drawn in Fig-

ure 2. For the sake of illustration, we have chosen three

representative points, whose calculated characteristics are

given in Table 1. Corresponding a–b points are plotted in

Figure 2.

As it can be noted, these three compositions calculated

by the a–b model yield discrepant saturation pressures.

This example illustrates the difficulty in making barometric

estimations in petroleum inclusions on the basis of only

microthermometric and volumetric measurements. Addi-

tional information on the oil composition is thus invaluable

(Thiéry et al. 2002). This can be obtained by gas chroma-

tography of fluid aliquots released by sample crushing

(Munz et al. 1999; George et al. 2007). However, the

applicability of this technique can be limited by sample

pollution or mixing of several fluid generations. Fourier-

transform infrared microspectroscopy (FT-IR) can also pro-

vide an useful indication of the bulk methane content

(Pironon et al. 2001), as this constrains the position of the

a–b point in the a–b space (Figure 2 and Table 1). How-

ever, the technique is not applicable for inclusions smaller

than 10 lm.

Model testing

To test the adequacy of the a–b model to describe the

composition and saturation pressure of crude oils, we have

used mainly the data compilation provided by Elsharkawy

2003 (126 points) plus 75 points from other recent studies.

The data sources are given in Table 2 and comprise 201

bubble point pressures data. Figure 3 illustrates the depen-

dence of the saturation pressure Ph as a function of the C1

mole percent. Saturation pressure ranges between 20 and

475 bar. The saturation temperatures Th are between 20

and 160�C, thus covering the typical range of homogeniza-

tion temperatures of petroleum inclusions.

Fig. 2. The a–b space. The full lines delimit the fields of different petroleum

types defined by the classification of McCain Jr. WD (1994). The numbered

and long dashed curves are isocurves of C1 mole percent. The dotted line

with vertical bar is an example of an a(b) curve calculated for a petroleum

inclusion (see text for details). The three numbers 1, 2, and 3 refer to a–b

fluid detailed in Table 1.

Table 1 Characteristics of three possible a–b solutions for a petroleum

inclusion featuring a Th = 54.4�C and a Fv = 3% at 20�C.

Solution a b Ph (bar) x1 (mole %) x7+ (mole %)

1 0.894 0.200 55 18.6 55.5

2 0.920 0.398 89 27.1 48.3

3 0.950 0.613 186 41.7 38.1
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Our intention is to find the best-fitting a and b values

to represent the composition and homogenization pressure

Ph for each fluid of the data bank. For this purpose, the

following objective functions, F1 and F2, have been mini-

mized simultaneously by using a standard optimization

algorithm:

F1ð�; �Þ ¼ ðx1;calc � x1;expÞ2 þ ðx2;calc � x2;expÞ2

þ ðx3;calc � x3;expÞ2 þ ðx4;calc � x4;expÞ2

þ ðx5;calc � x5;expÞ2 þ ðx6;calc � x6;expÞ2

þ ðx7;calc � x7;expÞ2

ð2Þ

and

F2ð�; �Þ ¼ ðPh;calc � Ph; expÞ2 ð3Þ

The resulting a–b points are given in the a–b space in

Fig. 4: a values were found to lie between 0.78 and 0.97,

whereas b parameters range between )0.26 and 0.76. The

a–b points form a rather dispersed set of points with no

obvious trend.

To check the accuracy of the model, we compare experi-

mental and calculated values of pressure and composition.

To measure the composition discrepancies, we consider the

absolute deviation, Dx, and the relative mean square error,

dx, of the mole fractions xi of different cuts (C1, C2, C3,

C4, C5, C6, C7+), defined, respectively, by:

Dx ¼
X7þ
i¼1

xi;calc � xi;exp

xi;exp

����
���� ð4Þ

�x ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

7

X7þ
i¼1

ðxi;calc � xi;expÞ2
vuut ð5Þ

Next, deviations between experimental and calculated

values are quantified by means of classical statistical param-

eters:

ARD (P), the average relative deviation, defined by:

ARDðPÞ ¼ 1

N

XN
i¼1

Pcalc � Pexp

Pexp
ð6Þ

AAD (P), the average absolute deviation, defined by:

AADðPÞ ¼ 1

N

XN
i¼1

Pcalc � Pexp

Pexp

����
���� ð7Þ

or RMS (P), the relative mean square error, defined by:

RMSðPÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

ðPcalc � Pexp

Pexp
Þ2

vuut ð8Þ

where N is the number of data points and P is either the

methane mole fraction x1 or the pressure P.

Table 2 References of experimental data from the literature (P-T composi-

tion conditions of petroleum saturations).

References Number of points

Agarwal et al. (1990) 1

Ahmed (1989) 2

Al-Meshari (2004) 21

Avaullée et al. (1997) 4

Coats & Smart (1986) 7

Danesh et al. (1992) 8

Drohm et al. (1988) 1

Elsharkawy (2003) 58

Hoffman et al. (1953) 2

Hong (1982) 2

Jacopy & Berry (1958) 1

Jaubert et al. (1995) 10

Jaubert et al. (2002) 11

Jhaveri & Youngren (1988) 2

Li et al. (1985) 1

McCain Jr. WD (1990) 1

Moharam (1995) 7

Neau et al. (1993) 14

Pedersen et al. (1988a,b) 9

Riemens et al. (1988) 1

Rosenegger & Wu (1999) 22

Vogel & Yarborough (1980) 1

Wang & Gmehling (1999) 10

Williams et al. (1980) 1

Yang et al. (1997) 4

Fig. 3. Experimental bubble point pressures as a function of the C1 mole

percent. The solid line is a polynomial curve, which has been calculated by

linear regression of the experimental data.
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A summary of comparison results is given in Table 3. A

close agreement between the model and data is obtained.

The AAD (P) on the saturation pressure is only 0.8%. The

mean of absolute deviations, Dx, for the composition of

different cuts are above 23%. This large value is because of

the rather high variability of C2, …, C6 mole percents in

petroleum, but this does not impair the quality of the

model, as the AAD (x1) for methane composition is below

10%. Thus, the a–b model is highly appropriate for repre-

senting the composition spectrum and the saturation pres-

sure of crude oils under the P-T conditions of reservoirs.

Model simplification

While an inspection of Fig. 4 shows no evident correlation

between a and b, a strong correlation between these two

parameters was revealed by our fitting program (with a

correlation coefficient above 0.98). Thus, the fit is ill-con-

ditioned and it is worth reducing the number of fitting

parameters. However, the variation range of a (around

0.2) is smaller than the variation interval of b (about 1.1).

Thus, we choose to retain a mean value of 0.92 for alpha

and perform a new fit by using only one adjustable param-

eter, i.e., b. For this reason, this model will be called the b
model.

Resulting a–b points are plotted in Fig. 4 and are

aligned vertically in this a–b space. Mathematically, this

operation corresponds to the projection of a–b points, pre-

viously calculated using the a–b model, onto the line

a = 0.92 by following the isocurves of constant C1 mole

percent (Fig. 4).

The accuracy of the model can be checked as above in

Table 3. There is a slight degradation of the model in rep-

resenting the composition, but the simplified model

remains acceptable. Moreover, the b model is found to be

slightly more accurate for the saturation pressure [AAD (P)

of 0.23% instead of 0.8%]. Thus, from this point of view,

the b model can be considered as good as the a–b model.

Application to petroleum inclusions

As the b model describes satisfactorily the composition and

saturation pressures of crude oils, it is tempting to use it

instead of the more general a–b model. There are at least

two motivations for this choice:

(1) the narrower a–b domain defined by 0.85 £ a £ 0.95

and 0.35 £ b£ 0.7 is the field that is relevant (Thiéry

et al. 2002) to the majority of crude oils. This is also

the region, where the b model approximates at best

the a–b model.

(2) this approach reduces the number of independent

parameters to only one (i.e., b).

Moreover, it has been found that b can be easily corre-

lated as a function of experimental mole fraction (x1) of

methane. This correlation is illustrated in Fig. 5 and is

given by:

� ¼ 0:77474� 0:97186 expð � 3:8104x1Þ ð9Þ

As stated earlier, the methane composition can be mea-

sured by FT-IR spectroscopy (Pironon et al. 2001). Thus,

this technique, coupled with this thermodynamic model,

permits the unambiguous estimation of the in situ homog-

enization pressure Ph of oil-bearing fluid inclusions. Fol-

lowing a suggestion by Bourdet et al. (2008), this could

permit the deciphering of the natural relations that seem

to exist between observed Th, Fv, or x1 of petroleum inclu-

sions.

The accuracy of the beta model coupled with Eq. 9 has

been tested below. Calculated pressures are compared with

experimental values, and a close agreement is obtained

(Table 4, Fig. 6). This b model has also been compared

with the relationship, given in Elsharkawy (2003) and

Table 3 Summary of fitting results of a–b models with respect to experi-

mental data.

Parameters Unit a–b model b model

Mean (Dx) % 23.8 30.1

Mean (rx) mole % 1.8 3.1

ARD (x1) % 9.8 7.1

AAD (x1) % 9.3 9.9

RMS (x1) mole % 3.6 4.9

ARD (P) % )0.4 0.02

AAD (P) % 0.8 0.23

Mean (Dx), mean absolute deviation between experimental and calculated
composition; Mean (rx), mean relative mean square error between experi-
mental and calculated composition; ARD, average relative deviation; RMS,
relative mean square error; AAD, average absolute deviation.

Fig. 4. Fitted a–b points from literature data (composition and saturation

pressure) for crude oils. The filled circles have been calculated from data

regression with the initial a–b model, whereas the empty diamonds are

obtained using the simplified b model. The solid lines are isocurves of con-

stant C1 composition (the percentages refer to the bulk mole percents of

methane).
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which has been obtained by multilinear regression on

petroleum composition. Figure 7 shows that the b model

is as good as this empirical relation, but it is worth noting

that the former uses only one independent parameter x1

instead of the thirteen input variables used in Elsharkawy

(2003). Thus, the b model appears to embody much of

the physics of crude oils.

Discussion

One question remains, what are the implications of this

parameter reduction for the thermodynamic modeling of

petroleum inclusions and, in particular, how well is the

degree of bubble filling, Fv, calculated by the model? In

this model simplification, we assume a ‘standard’ composi-

tion for the nonvolatile part (i.e., an a value fixed at 0.92)

for all crude oils: is this standardized model able to repro-

duce the volumetric properties of unmixed liquid–gas at

the temperature Tv as well as the complete a–b model?

A definite answer to this question would require experi-

mental data, but it can be noted that both a–b and b mod-

els predict Fv values, which can be quite discrepant

(Fig. 8), although they predict consistent saturation pres-

sure and oil composition. Thus, there is some uncertainty

about the validity of predicted Fv values, and a better

approach would have been to regress a and b values by

simultaneous minimizations of the F3 objective function,

defined by:

F3ð�;�Þ¼ ðFv;calc � Fv;expÞ2 ð10Þ

with other ones, i.e., F1 (Eq. 2) and F2 (Eq. 3).

Furthermore, this would have resolved the problem of

Fig. 5. Regression curve of b parameters (obtained from the b model) as a

function of experimental C1 mole %.

Table 4 Prediction comparison between the beta model (based on Eq. 9)

and the correlation of Elsharkawy (2003).

Parameters Unit b model

Empirical model

(Elsharkawy 2003)

AAD (P) % 10.8 10.3

ARD (P) % )0.3 )1.4

ARD (x) % 11.6 –

AAD (x) % 29.9 –

Mean (rx) mole % 2.7 –

Mean (rx), mean relative mean square error between experimental and cal-
culated composition; ARD, average relative deviation; AAD, average abso-
lute deviation.

Fig. 6. Comparison of experimental saturation pressures with values calcu-

lated by the b model coupled with Eq. 9.

A
A

D
 (

P
) 

[%
]

Fig. 7. Average absolute pressure deviation of models with respect to

experimental data [full line: the b model of this work; dotted curve: the

empirical model of Elsharkawy (2003)].
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unconstrained fitting of a and b parameters, as signaled in

section Model simplification and to delineate more closely

the a–b correlation depicted by petroleum. However, such

a work requires many experimental data, including both

saturation and flash points measurements, which are still

lacking in the literature.

In the previous section, we show that a good repre-

sentation of saturation pressures can be obtained with a

one-parameter model (i.e., the b model) explicit in x1.

Conversely, we have noticed that the degree of bubble

filling, Fv, is a complex function of the physico-chemical

parameters of the petroleum. Nevertheless, we have

found that Fv values (in %) can be correlated linearly as

a function of a s parameter defined by:

� ¼ 1� x7þ
x7þ

ð Th

273
� 1Þ ð11Þ

where Th is expressed in Kelvin. As shown in Fig. 9, the fit

is quite good (note also that these are not measured Fv val-

ues, but calculated values by the a–b model). A mathemat-

ical justification of this relation is given in Appendix, but

the important point about this equation is that it is explicit

in x7+ and not x1. As a consequence, a complete composi-

tional model for petroleum inclusions should probably

involve two independent parameters (as is the case for the

a–b model).

Having said that, the b model does not alleviate the

major drawback of a–b model, i.e., the nonuniqueness of

solutions found for a given petroleum inclusion character-

ized only by its Th and Fv values (Thiéry et al. 2000,

2002). This was illustrated in Table 1, where the homoge-

nization pressure cannot be assessed with a precision lower

than 100 bar (see Table 1 for an illustration of the rather

high amplitudes of Ph estimations for inclusions featured

by the same Th and Fv). Regardless, it is recalled that any

barometric estimation should involve a critical appraisal of

input variables Th and Fv and their error intervals. The

most critical parameter is certainly Fv (Bourdet et al.

2008). To illustrate this, we have redone the calculations

of Table 1, but with the b model and by taking into

account uncertainties on Fv. Adopting typical values found

in Bourdet et al. (2008), we choose 2% and 4% as the min-

imal and maximal Fv. Table 5 summarizes the results. This

shows that the imprecision on Fv leads here to a strong

deterioration of the pressure estimation. Interestingly, the

b model provides homogenization pressures Ph with an

estimation of the associated errors, which are quite consis-

tent with the a–b model. Thus, from a practical point of

view, because of the indeterminations on oil compositions

and Fv measurements, the a–b model cannot yield more

precise estimations than the b model. Thus, the b model

provides a simplified theoretical basis, easier to use, but

which should be sufficiently armed to analyze microther-

mometric and volumetric data of petroleum inclusions.

FLUID MODELS

An alternative to the a–b models is to consider an a priori

fluid composition, defined by the mole percents of the dif-

ferent cuts (C1, C2, C3, C4, C5, C6, and C7+) and also by

Fig. 8. Comparison of bubble filling degrees Fv calculated by the a–b and b

models at 20�C.

Fig. 9. Linear regression of bubble filling degrees Fv (calculated at 20�C)

with the a–b model as a function of the s parameter.

Table 5 Estimation of the saturation pressure with the b model for a petro-

leum inclusion featuring a Th = 54.4�C and a Fv = 3% (±1%) at 20�C.

Solution Fv (%) b Ph (bar) x1 (mole %) x7+ (mole %)

1 2 0.054 26 9.3 72.4

2 3 0.0398 89 27.1 48.3

3 4 0.0508 136 37.4 37.3
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the characteristics MW7+ and SG7+ of the C7+ fraction.

From these data, it is possible, by thermodynamic model-

ing, to calculate the saturation pressure Ph at the homoge-

nization temperature Th and the bubble filling degree Fv at

temperature Tv. Thus, fluid models require more input

data than the a–b model. As a result, these models are

more versatile and allow the paraffin ⁄ naphthene ⁄ aromatic

(PNA) nature of the trapped petroleum to be taken into

account (if such data are available by gas chromatography

(Munz et al. 1999; George et al. 2007). Paraffinic cuts are

characterized by rather high molecular weights (MW) and

low densities (SG) (Avaullée et al. 2001), whereas aromatic

fractions are featured by lower molecular weights and

higher densities (naphthene cuts have intermediate values).

Calculations, by means of fluid models, are common in

petroleum engineering (Ahmed 1989; Pedersen et al.

1989).

The method

The basic calculation scheme for fluid models involves sev-

eral steps detailed below:

(1) splitting of the C7+ fraction into a number of

pseudocomponents defined by their mole fractions,

molecular weights, and specific gravities.

(2) estimation of the physico-chemical properties (criti-

cal temperature Tc, critical pressure Pc, critical molar

volume Vc, acentric factor x, and normal boiling

temperature Tb) of these pseudocomponents by

using appropriate correlations.

(3) lumping of these pseudocomponents into a smaller

set of pseudocomponents. The properties of these

new pseudocomponents must be assessed from older

ones by means of mixing rules.

(4) and finally, use of an equation of state [e.g., Peng &

Robinson (1976)] to perform PVT and phase equi-

libria calculations.

From this general calculation scheme, the number of

variants is very large and we have chosen, quite arbitrarily,

the following options:

(1) the C7+ cut is split into a series of pseudocompo-

nents ranging from C7 to C44, plus a C45+ last term,

using the algorithm given in (Ahmed et al. 1985).

The limiting C45+ pseudocomponent was chosen

because some correlations [e.g., (Katz & Firoozaba-

di 1978)] do not define parameters for compounds

with higher carbon numbers.

(2) preliminary calculations have shown that calculation

results are sensitive to the choice of the correlation

used for calculating pseudocomponent parameters

(Tc, Pc, Tb, x). Thus, in this study, we have tested

several of them. Several combinations are possible,

and this leads us to consider 12 different calculation

methods, which are listed in Table 6. Some correla-

tions express the critical properties as a function of

boiling temperature Tb and specific gravity SG

instead of (MW, SG) laboratory data. In this case,

an additional equation is required to link MW, Tb,

and SG parameters. Two relations are available in

the literature (Whitson 1984; Pedersen et al. 1985)

and have been tried (Table 6).

(3) pseudocomponents have been lumped into six

pseudocomponents, C7, C8, C9, C10, and the last

two, called Cn1 and Cn2. Cn1 groups compounds

with carbon atom numbers n between 11 and 25,

whereas Cn2 includes components with n equal or

higher than 26. This lumping scheme is the same

than the one used in the a–b model (Thiéry et al.

2002). Kay’s mixing rules (Ahmed 1989; Pedersen

et al. 1989) have been applied for calculating the

parameters (Tc, Pc, x).

(4) in the testing procedure, we have used only the x1

and x7+ mole fractions given in the data bank. The

mole fractions x2, x3, x4, x5, and x6 were recalculated

Table 6 List of tested correlations.
Method Tc, Pc

a MWb xc

1 Riazi & Daubert (1987) – Edminster (1958)

2 Magoulas & Tassios (1990);

Stamataki & Magoulas (2001)

– Stamataki & Magoulas (2001)

3 Kesler & Lee (1976) – Kesler & Lee (1976)

4 Winn (1957) – Edminster (1958)

5 Twu (1984) Pedersen et al. (1985) Edminster (1958)

6 Zhang et al. (1998) Pedersen et al. (1985) Zhang et al. (1998)

7 Cavett (1962) Pedersen et al. (1985) Edminster (1958)

8 Twu (1984) Whitson (1984) Edminster (1958)

9 Zhang et al. (1998) Whitson (1984) Zhang et al. (1998)

10 Cavett (1962) Whitson (1984) Edminster (1958)

11 Pedersen et al. (1988b) – Pedersen et al. (1988b)

12 Zhang et al. (1998) – Zhang et al. (1998)

(a) references of correlations for calculating the critical temperature, Tc, and the critical pressure, Pc; (b)

references for correlations for calculating the molar weight MW from the normal boiling temperature
Tb; (c) references of correlations for calculating the acentric factor x.
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by interpolation between x1 and x7+ with the help of

Eq. 1 (a and b parameters are calculated from x1

and x7+ values).

(5) PVT calculations are made using the Peng–Robinson

equation of state (Peng & Robinson 1976).

(6) binary interaction parameters kij between hydrocar-

bons were left to zero.

An important remark should be added with respect to

the estimation of molar weights MWi and specific gravities

SGi of pseudocomponents in the split fluid. In the original

version of Ahmed (1989), these parameters are calculated

by using the correlations of Katz & Firoozabadi (1978).

Then, the parameters for the last-cutting pseudocompo-

nent C45+ are calculated from these two equations:

Xn¼44

n¼7

xnMWn þ x45þMW 45þ ¼ x7þMW7þ ð12Þ

and

Xn¼44

n¼7

xnMWn

SGn
þ x45þMW45þ

SG45þ
¼ x7þMW7þ

SG7þ
ð13Þ

However, Eqs 12 and 13 were found to yield unrealistic

values for MW45+ and SG45+ (like negative specific gravi-

ties) for some sets of MW7+ and SG7+. Thus, we preferred

to use normalization factors fM and fS defined by:

fM ¼
x7þMW7þPn¼45
n¼7 xnMW�

n

ð14Þ

fS ¼
x7þMW7þ=SG7þPn¼45
n¼7 xnMW�

n=SG�n
ð15Þ

where MW�
n and SG�n are the values calculated by the

correlations proposed by (Katz & Firoozabadi 1978).

Then, MW�
n and SG�n are calculated by:

MWn ¼ fMMW�
n

SGn ¼ fSSG�n
ð16Þ

for n between 7 and 45. Note that MW45+ and SG45+

are assimilated to MW45 and SG45 values in these summa-

tions.

Correlation comparisons

Table 7 gives the comparison results of the different calcu-

lation methods listed in Table 6. The best results are

obtained with methods (2), (7), and (11). For the rest of

this analysis, we have retained the method (11).

Model simplification

As for the a–b model, we attempt to build a simplified

fluid model that is able to predict the saturation pressures

of crude oils, but with a minimal number of input vari-

ables. As correlations used in fluid models at least require

the characterization of the C7+ fraction, we regress experi-

mental x7+, MW7+, and SG7+ as a function of x1. The stan-

dard deviation of the residuals between fitted and

experimental values is, respectively, of 0.55 for the C7+

fraction, 0.03 for SG7+, and 33 g mol)1 for MW7+. This

yields:

x7þ ¼ �0:14053þ 0:92164 expð�1:6511x1Þ
SG7þ ¼ 0:90411� 0:13025x1

MW7þ ¼ 265:51� 102:03x1

ð17Þ

Thus, as for the b model, we can develop a fluid model,

which is a function of only one independent variable (x1).

The prediction of this fluid model has been tested, and

results are given in Table 8 and Figs 10 and 11. These

show that this fluid model can be as predictive as the a–b
and the b models. Because it is explicit in x1, this method

appears to be as useful as the b model. Thus, a petroleum

inclusion featured by its Th, Fv, and its hypothesized com-

positional distribution (C1, C2, C3, C4, C5, C6, C7+) can

be fully characterized (Ph and bulk density) by simple tun-

ing of its methane mole fraction x1. While the simplified

fluid model’s application is quite attractive, it shares the

same limitations as the b model (see Discussion) for the

estimation of Fv.

Table 7 Comparison of the different methods for calculating the saturation

pressure of crude oils.

Method ARD (P) AAD (P) Validated

1 )46.4 46.4

2 1.6 10.9 �
3 )17.7 20.5

4 )16.5 16.0

5 )11.7 15.2

6 )10.2 14.1

7 5.2 9.6 �
8 )16.2 19.3

9 )10.1 14.1

10 )7.3 15.1

11 )2.7 11.0 �
12 )7.5 12.1

ARD, average relative deviation; AAD, average absolute deviation.

Table 8 Accuracy of the fluid model of this work.

Method ARD (P) (%) AAD (P) (%)

Equations 17 )1.5 8.7

ARD, average relative deviation; AAD, average absolute deviation.
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CONCLUSION

Two types of compositional and thermodynamic modeling

(a–b and fluid models) have been tested here for their

accuracy to predict the saturation pressure of crude oils

under typical reservoir P-T conditions. From a literature

compilation of 201 data points, including measured com-

position and bubble point pressures, we show that both

approaches are able to satisfactorily predict the saturation

pressure with <10% AAD of the pressure. For about half of

them, the pressure deviation can fall below 5%.

This study also uses evidence of the major control of the

bulk methane content onto the homogenization pressure

Ph. Thus, it is possible to develop simplified versions of

a–b and fluid models, which allow the prediction of the

homogenization pressure Ph from Th and x1 only. Unfor-

tunately, the volumetric variations of the bubble in the

fluid inclusion are not directly linked to x1, but rather to

x7+. For this reason, it is not possible to unambiguously

characterize a petroleum inclusion from only its microther-

mometric signature (Th, Fv). Nevertheless, we introduce

here simplified models, which are easier to use and can

provide useful estimates of Ph, x1, and x7+ with their prob-

able error intervals. As a result, this opens the perspective

to develop graphical correlations between (Th, Ph, Fv, x1,

and x7+) for petroleum inclusions, as suggested by Bourdet

et al. (2008) and which will be easier to use by fluid inclu-

sionists.

The degree of bubble of filling, Fv, (more precisely, the

slope of Fv in a Fv–Th diagram) is a good indicator of the

C7+ fraction (Fig. 4 in Bourdet et al. 2008). Thus, it can

reasonably indicate the nature of the petroleum type: heavy

black oil, black oil, volatile oil, and gas condensate. This is

illustrated by Fig. 9 and Eq. 11. However, the Fv parame-

ter does not carry sufficient information to constrain the

in situ pressure of the fluids inside the inclusion. In other

words, it is a poor barometer, as illustrated by the pressure

amplitude in Tables 1 and 5, whichever model is used

(alpha–beta or beta models).

The best constraining parameter for pressure modeling is

the methane mole fraction. However, this parameter is not

easy to measure (i.e., even using FT-IR spectroscopy), and

future research efforts should focus on this. Aplin et al.

(1999) suggested further work on group of fluids that ‘are

genetically related’, in order to alleviate this problem of

compositional uncertainty. We agree with this conclusion,

as stretching and preferential leakage can be evidenced rela-

tively easily (Bourdet et al. 2008). For practical applica-

tions, a model such as the beta model could be sufficient.

Nevertheless, pressure estimations should be accompanied

by an evaluation of the error intervals, which can be large

if there is little information on the methane content.
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Fig. 10. Comparison of experimental saturation pressures with values calcu-

lated by the simplified fluid model of this work.
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Fig. 11. Average absolute pressure deviation of models with respect to

experimental data (full line: the simplified fluid model of this work; dotted

curve: the regression equation given in Elsharkawy (2003).
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NOMENCLATURE

T, Temperature (K)

P, Pressure (bar)

V, Molar volume (m3 mol)1)

Th, Homogenization temperature (K)

Ph, Homogenization pressure (bar)

Fv, Bubble filling degree (%)

Tv, Measurement temperature of Fv (K)

Pv, Pressure at Tv (bar)

Pt, Trapping pressure (bar)

Tt, Trapping temperature (K)

R, Gas constant (J mol)1 K)1)

a,b, Parameters of the a–b model

n, Number of carbon atoms

xi, Mole fraction of component (or pseudocompo-

nent) i

MW7+, Molar weight of the C7+ fraction (g mol)1)

SG7+, Specific gravity of the C7+ fraction

fM,fS, Renormalization parameters

Nv, Number of moles in the bubble

Nl, Number of moles in the liquid

F1, F2, F3, Objective functions

ARD, Average relative deviation (%)

AAD, Average absolute deviation (%)

RMS, Relative mean square error (%)

Dx, Absolute deviation between experimental and

calculated composition

rx,, Relative mean square error between experimen-

tal and calculated composition

exp, Experimental

calc, Calculated

N, Number of data points

Tc, Critical temperature (K)

Pc, Critical pressure (bar)

Vc, Critical molar volume (cm3 mol)1)

x, Acentric factor

Tb, Boiling temperature (K)

kij, Binary interaction parameter

s, Empirical parameter.
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APPENDIX

An empirical relationship between Fv and x7+

Section Discussion presents a linear correlation between

bubble filling degree Fv and a parameter s (Eq. 11). This

empirical relation can be justified as follows. First, we start

from the definition of the bubble filling degree Fv

Fv ¼
NgVg

NgVg þNlVl
ð18Þ

where Ng and Nl are the number of moles in the gas and

liquid and Vg and Vl are the respective molar volumes. For

petroleum inclusions homogenizing to liquid, Fv is below

50%, and crude oils have typically Fv below 20% (Bourdet

et al. 2008). Thus, we assume NgVg is negligible against

Nl Vl:

Fv �
NgVg

NlVl
ð19Þ

the major component in the bubble is methane. However,

the amount of exsolved methane is limited by its solution

in the liquid, which acts as a ‘sponge’. Thus, we assume

that Ng is given by:

Ng / x1 � ð1� x7þÞ ð20Þ

the liquid is predominantly composed of the C7+ fractions.

Thus,

Nl / x7þ ð21Þ

the gas can be considered as a perfect gas. Therefore,

Vg ¼
RTv

Pv
/ 1

Pv
ð22Þ

moreover, the in situ pressure Pv at temperature Tv is well

correlated with the homogenization pressure Ph: the higher

the Ph, the greater the Pv. To a first approximation, we can

assume:

Pv / Ph ð23Þ

from Fig. 3, we can approximate Ph as a linear function of

x1:

Ph / x1 ð24Þ

thus, from Eqs 22–24, we get:

Vg /
1

x1
ð25Þ

and finally, the liquid molar volume Vl is given by:

Vl ¼
MW7þ
SG7þ

ð26Þ

but will be treated as a constant.

Integration of these assumptions into Eq. 18 yields:

Fv /
x1 � ð1�x7þÞ

x1

1

x7þ
ð27Þ

Thus, after elimination of x1, one obtains:

Fv /
1� x7þ

x7þ
ð28Þ

This latter equation is valid for inclusions homogenizing

at the same Th. To take into account the influence of dif-

ferent Th (the higher the Th, the greater is Fv), we add an

additional factor as follows:

Fv /
1� x7þ

x7þ

Th

273
� 1

� �
ð29Þ

340 H. PING et al.

� 2011 Blackwell Publishing Ltd, Geofluids, 11, 328–340



Copyright of Geofluids is the property of Wiley-Blackwell and its content may not be copied or emailed to

multiple sites or posted to a listserv without the copyright holder's express written permission. However, users

may print, download, or email articles for individual use.


