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ABSTRACT

Lira-Galeana, C., Firoozabadi, A. and Prausnitz, JM., 1993 Computation of
Compositional Grading in Hydrocarbon Rescrvoirs. Fluid Phase Equilibria, 00: 00-00.

We present a thermodynamic framework to represent compositional changes due to gravity
forces in hydrocarbon reservoirs. We have described the compositional grading problem by
continuous thermodynamics toward cstablishing the effect of gravity on Cqyy
characterization parameters. The method of moments is applied to the single-phase regions
of a reservoir fluid column, providing an analytical and consistent way for describing the
variable characterization naturc of the plus fractions with depth along any reservoir fluid
column. The validity of the proposed method is demonstrated for two reservoir-fluid
systems where measured data are available.

Correspondence to: Carlos Lira-Galeana, Reservoir Engineering Research Institute,
845 Page Mill Road, Palo Alto,CA 94304.

* Presented at the SPE Forum I in North America: Phase Behavior and Physical
Properties. July 11-16, Snowmass Village, Colorado, 1993.



Introdvuctionv

- Considerable variation in composition and PVT properties. with depth has been
observed in various oil and gas-condensate fields around the world (é.f. Metcalfe et
al., 1988; Neveux et al., 1988; Bath et al., 1980; Espach and Fry, 1951). For
instance, bubblepoint pressure may change as much as 0.07-0.11 Mpa/m in an oil
reservoir; while the liquid-to-gas ratio (LGIi)'may in.crcasc from 0.001_~0.002 m3/m3
when the depth increases some 60 m in a gas-condensate reservoir. These .
pronouﬁced compositional changes due to gravity (known as compositional
grading) affect reserves estimation and production-facility design. An extreme
manifestation of compositional grading may also lead to the formation of extremely

viscous oil near the water-o1l contact of a given reservoir (Hirschberg, 1988).

Computational methods for compositional grading have been proposed in the past
few years (Shulte, 1980; Montel and Gouel, 1985). Application of these methods to .
reservoir-fluid columns containing heavy fractions is typically accomplishcd by
considerable tunihg of equations of state (EOS) to match ﬁéld data. Such tuning
includes the use of ij critical properties and acentric factors as regression
vparametcrs in addition to binary interaction coefficients. In some cases, using the
proposed methods may result in a decrease.in the amount of the heaviest
pseudocomponent with depth, which 1s inconsistent with the concept of
compositional segregation. In other words, if one uses an extended chemical
analysis to characterize the C74 fraction of a reservoir fluid, to, say, Cyg; and if
Cs14 properties (T, Pc and w) are assumed to be fixed, then the amount of Cpy,

may decrease with depth (Guehria, 1993), contrary to field data. In addition, our

experience, as well as Schulte's (1980) is that the bubblepoint pressure gradient is

often underestimated by a factor of three to five.



When performing compositional grading calculations for reservoir fluids containing
plus fractions, a source of inconsistency rests on assumptions made within the well-
known "gravo-chemical potential” relation for a multicomponent mixture under the

influence of a gravity field (Debenedetti, 1988). In terms of component fugacities,

this relation is written as (Wheaton, 1991)
fi(m)= £2(R® )exp —ﬂ"—g-(h—h% i=12,.N (1
i i ) RTgC Lt c,

where f°(h°) and f,(k) are the fugacities of the i-th component at the reference
depth and the depth of interest, respectively. When Eq. 1 (i.e. the "isofugacity”
condition) is applied to the C,, fraction (or pseudocomponents) of the reservoir
fluid, it is assumed that the molecular weight, M, of each pseudocomponent (or the
total fraction) is constant along the reservoir-fluid column, contrary to field
evidence (Hirschberg, 1988). For example, Hirschberg (1988) demonstrated that
the molecular weight of the plus fraction of a reservoir fluid column may increase
substantially due to the presence of asphaltic materials; the C74 fraction contains
wax, resins and related heavy organic molecules. Eq. 1 was derived by integrating a
differential equation that is only valid at constant M and T, when M, varies with
depth, Eq. 1 is incorrect. Therefore, Eq. 1 cannot properly be used for a plus
fraction. For a fluid mixture containing a very large number of components, Eq. 1 1s

most efficiently used within the framework of continuous thermodynamics.

~ The gravity field within a hydrocarbon fluid column causes not only the molecular
weight of the Cp, fraction to vary along the fluid column; in addition, the

molecular-weight distribution for that fraction changes from one depth to another.



A proper representation of the properties of the reservoir fluid should include the
variable molecular-weight distribution of the Cy4 fraction (i.e. the Cy, fraction) as

Y
a function of depth. Efforts toward that goal are addressed in this paper.

The following section presents a polydisperse view of plus fractions  for application
to the compositional-grading problem of reservoir fluids. For illustrative purposes,
Raoult's law is used. Equations are deﬁved to account for molecular-weight
variation of the plus fractions with depth; in addition, the effect of polydispersity on
the computed segregation characteristics of a reservoir's fluid column is illustrated.
A subsequent part of this paper shows how to replace Raoult's law by a cubic EOS.

Finally, comparisons are presented between the proposed modeling technique and

field data for two reservoir-fluid columns.
Compositional Grading for an Ideal Solution

Hirschberg (1988) has given an illustration on the role. of the plus fractions in
compbsitional grading using the ideal-solution concept. He studied the segregation
characteristics of an oil column containing asphaltenes. This section extends

Hirschberg's idea of segregation to systems containing polydisperse plus fractions.

To establish a formalism of compositional grading .for polydisperse fluids, it can be
assumed that the reservoir-fluid column experiences segregation of components in
an undersaturated liquid state. The oil composition is characterized by a set of
discrete (i.e. identiﬁablé) light components, and one (or‘morc) heavy-hydrocarbon
ensembles (i.e, C;, fraction). Then, Eq. 1 is used directly for the light components;
for the heavy hydrocarbon ensemble, Eq. 1 is used within the framework of

continuous thermodynamics.



Continuous thermodynamics is an extension of classical (i.e. finite-component)
‘solution thermodynamics to mixtures containing very many components (Cotterman
et al. 1985; Cotterman and Prausnitz, 1985; Du and Mansoori, 1986). To account
for the polydisperse nature of petroleum, continuous thermodynamics replaces
discrete values bf composition by a continuous distribution function F(I), where I is
a continuous characterization variable. A suitable variable may be, for example, the
normal boiling point (Ty,), or the molecular weight (M). Analogous to conventional
phasefbéhavior caléulations, the general problem of continuous thermodynamics is
to relate the distribution function of one thermodynamic state (or phase) of the fluid

to those of all other thermodynamic states (or phases) of the system.

Broadly speaking, there are two classes of continuous-thermodynamic models to
represent the phase behavior of a reservoir fluid. In the first class, the same
mathematical distribution function is used for all phases but the function parameters
are different for each phase. One example for performing calculations is the method
of moments developed by Cdtterman et al. (1985); other related examples have
been proposed in the literature (Lira-Galeana et al. 1991; Luks et al. 1990). The
second class for performing calculations takes advantage of the orthogonal
properties of the distribution functions to obtain a discretized form of the phase-
equilibrium problem. One example of this second class is the Gaussian-quadrature
method developed by Cdtterman and Prausnitz (1985). Details on applications of
continuous thermodynamics can be found elsewhere (Chorn and Mansoori, 1989;
Ying et al., 1989; Lira-Galeana et al. 1992).

In this work, we use the method of moments which gives an analytical

representation for the gradients of molecular-weight distributions with depth for



heavy hydrocarbons. The method of moments has been subjected to much criticism
for equilibrium calculations involving phase separation (Luks et al., 1990, Sandler
and Libby, 1991). These criticisms are not relevant here. Since the method of

moments is here applied to a single-phase reservoir-fluid column, material balance

problems are avoided.

We select the two-parameter gamma distribution function to represent F(I). The

gamma distribution has the form

P Uk _I—v]
F()= () e p[ 5 | (2)

where I' is the gamma function. In Eq. 2, o and § determine the shape of the
distribution. For gas-coﬁdensate fluids, when I=M, acis close to 1; in that event, Eq.
2 is an exponential-type distribution. Parameter y fixes the origin of the distribution.
The first statistical moment-gives the mean, 8. A function of the second statistical

moment gives the variance, 1%:

6=Mean=JlF(I)dI=onB+y | , (3)
4 .

oo

‘tzzt’ar:I(I—G)ZF(l)dI:aBZ O (4)

Y

In Egs. 3 and 4, a is dimensionless while 8 and y have the same units as 1.

- Following an example presented by Cotterman et al. (1985), we assume that in-an

ideal liquid mixture, f{/), the fugacity of a species within the C, fraction, whose

continuous characterization variable is I, is represented by



fO)=aF()PUT.I) ()

where 1] is the mole fraction of the plus fraction in the liquid, that is, the mole
fraction of all components whose characterization variable I falls in the range y to oo
, and P (T,I) is the vapor pressure of a pure species whose characterization

variable is I. For our purposes here, a Poynting-type correction to Eq. 5 is assumed

negligible.

Cotterman et al. used the boiling-point temperature, T}, of paraffinic hydrocarbons
as the continuous distribution variable I in Eq. 5. Here, we preserve the same

general form of Eq. 5, but instead of using the boiling points, our continuous

distribution variable is the molecular weight.

Consider a semicontinuous description for a reservoir fluid containing k discrete
components and one continuous fraction. Eq. 1 applies to each of these k

components. For the continuous fraction, an equivalent expression is necessary.

For the continuous fraction, we replace f, and f,” in Eq. 1 by f(M) and f°(M)
(from Eq. 5), respectively. In this way, we obtain the "isofugacity" rzlation of

compositional grading for a species of molecular weight M within the C5, fraction:

. M
n,F (M)PE (T, M) = nhOFho(M)P:J"(T,M)cxp{——kT—i—(h——ho)] : (6)

[4

Since " (T,M)=P3'(T,M) in the above equation, the P**(T,M) terms in both sides
of Eq. 6 cancel out, and there is no need for an explicit expression for P*'(T,M) in

Eq. 6. In that event, Eq. 6 is



Mg 0 :
"ﬂhFA(M)=Tl,‘oF,,o(M)CXP[—Eg—C(h—h )] (62)
In Eq. 6a, n, # n,,, as a result of the segregation process. The next step is to extend

Eq. 6a to the entire M domain from 1y to o. Because continuous thermodynamics is

for a solution containing an infinite number of components, we have an infinite

number of Eqs. 6a, one for each M.

For one continuous fraction, we use Eq. 6a together with the method of moments

to determine the variation of the moleculir weight distribution and composition
with depth. The r-th moment of F(M), m’, is defined by m’ = rM"F(M)dM.
1

Multiplying both sides of Eq. 6a by M, and integrating over the entire M domain,

we relate the first statistical moment of Eq. 6a at depth 4 to that at h%:

)}W D

- Upon carrying out the integration, this equation becomes

IMF(M)dM— jM (M)expl: RTZ’

0 - oM, 0 0 (—Yh 0
B
a+6p,)"" (n, Jadsp,)™

The choice of Yy is somewhat arbitrary and directed by chemical analysis. There is no

reason to change 7y with depth. Therefore, we set y, =y 40



Eq. 8 contains two unknowns (o.B),, in addition to m,. For the illustrative
purposes of this paper, and to avoid higher-order moments, we set «, =a,,. This
simplifying assumption enables us to relate F,(M) to F,,(M) through the following

expressions derived from Eq. 8,

Bho
= 9
Bs 1+bB,, )
and
My . 1 e '
—+ =exp(—Yb 10
n p(=v )[1+th°] | - 10)
where b = i (h-h°). Eqs. 9 and 10 are the continuous-thermodynamic
. g,

equations analogous to Eq. 4 in Hirschberg's paper (Hirschberg, 1988). However,
contrary to previous formulations, Eqs. 9 and 10 allow a direct calculation of the

molecular-weight distribution and composition for a continuous fraction at any

depth, using only the known n,, and the known molecular weight-distribution at

reference depth.

Next, we illustrate the use of the above equations in the study of the segregation
characteristics of a polydisperse paraffinic plus-fraction. In this example, the plus
fraction has a mean molecular weight © equal to 187.5, and an overall mole fraction
1 equal to 0.30. Since we are interested to emphasize the significance of Eqgs. 9 and

10, we omit the contribution of the remaining (discrete) component.

The distribution-function parameters to represent the composition of the heavy

fraction are o= 1.112, B=111 and y=64. These distribution-function parameters can



be obtained by matching the experimental molar distribution of a real plus fraction.
Details of related procedurés have been reported previously (Whitson, 1983;
Cotterman and Prausnitz, 1985). The temperature along the fluid column is 420 K,
while the pressure at the reference depth is S5 MPa.

Figs. 1 and 2 show the compositional segregation and molecular-weight profiles for
the polydisperse plus fraction, obtained by applying Egs. 9 and 10 over a vertical
distance of -1250 m. The negative sign is used for downward direction. The mean
molecular weight variation with depth can be obtained by using Eq. 9 and a simple

relation between parameter B and the mean molecular weight of a gamma

distribution:
f=—— v (1)

- Fig. 2 shows that the plus-fraction molecular weight varies from 1.87'.5 at the
reference depth to 266 at a distance of -1250.m. The corresponding mole fraction.n
increases from 0.3 ét th.e reference point to (.65 at the bottom. As expected, both
mean molecular-weight and mole-fraciion variations increase exponentially with A.
The molecular weight becomes infinity (i.e, the dénomiﬁator of Eq. 9 goes to zero)
-when h reaches -3211 m. This meaningless result follows from poor

characterization of the plus fraction when the molecular weight becomes very large.
Fig. 3 shows the molecular-weight distribution for the plus fraction at three depths.

Results are based on Eqs.'9 and 10. As expected, the high-molecular-weight

components dominate as the reservoir-fluid depth increases.

10



While the segregated mole fraction of the continuous fraction in the liquid, n,, is
obtained without the need of an explicit form for P**(T,1 = M) (see Eqs. 6a to 10),
the calculation of the saturation-pressure variation along the fluid column, £, (k),
uses an integral which requires knowledge of the dependence of P™'(7,/) on L.

Analogous to a summation of partial pressures in discrete thermodynamics, 2, (k)

can be computed from
P (W=, [ R(OB (T 1) (12)

For example, if P*(T,1) is given by the boiling-point-dependent expression
P*'(T,T,)=0.1013 exp[10.6(1-T,/T)] (Cotterman et al. 1985), then a boiling-point
distribution function £ (7,) is required in Eq. 12. If F(7,) is given by a gamma

\
distribution, the integration of Eq. 12 over the boiling point domain provides an

analytical expression to compute P, (h)

Pt (h)=0.10137, exp[10.6(1-y /T)}/(1+10.6B, /T)™ (13)

where 7 1s the initial boiling point of £(1,) (in units of temperature), and «, and B,

are the distribution-function parameters of F(7,) at A.

The aonc example shows how classical compositional grading theory, when
coupled with a formalism for a pblyd-isperse composition, can provide a qualitative
description of the role of polydispersity in the segregation characteristics of plus
fractions for a given reservoir fluid. For quantitative applications, .howcvcr, it is

necessary to replace Raoult's law by an EOS.

11



The following section describes the continuous-thermodynamic proposed technique

when a cubic EOS replaces Raoult's Law.

Compositional Grading with an EOS

To obtain quantitative.estimates of compositional grading for realistic reservoir-
fluid columns, a suitable, yet simple EOS has to replace the ideal solution equations
presented in the last section. We use the SRK-EOS in the polydisperse form
(Cotterrhan et al. 1985) (PSRK-EQOS). Appendix I gives a detailed description.

Based on the linear dependence of the PSRK-EQS parameters a'? (energy) and
b (co-volume) on hydrocarbon molecular weight, and using ‘conventional mixing

rules for these two parameters, the ratio of fugacity coefficients for each species

within the C, fraction can be expressed as

@,(M)
(DII(M)

=exp(C2+CéM) | (14)

where subscripts 1 and II refer to thermodynamic states. In Eq. 14, C. and C} are

EOS-derived pararﬁcters that are independent of the molecular weight. The

expressions for C; and CZ can be found in Appendix II.

Using the PSRK-EOS in a manner similar to that for the ideal-solution case, the

definition of fugacity for a species within the C7; fraction using the EOS is given by

£(M) = S(MF(M)P | (15)

12



/
where ®(M) is the fugacity coefficient of a species with molecular weight M and

where T is the mole fraction of the continuous fraction. In Eq. 15, P is the

hydrostatic pressure.

Using Eq. 15, the isofugacity condition for a species within the C7, fraction is

given by

ME(M)D,(M)P, =T],,0F,‘0(M)(D,‘0(M)P,,o CXp[— Rﬁ;j,g (h-h° )] (16)

To relate the first statistical moment of the distribution functions at depth 4 to that

at depth h°, we muldply Eq. 16 by M. Upon use of Eq. 14 and algebraic

rearrangement,

oPo jp-
e ]L MF,, (M) exp|C; + C3M exp(~Mb)dM

h® h

[ MF,(m)am =0, ={
T
(17)

Again, v,=v,,. Integrating this expression by assuming tha{tt a, =0, the

following results can be obtained

B, '
= (18)
SRR
and
&=i°exp[c‘ +7(c? ~b)] ! (19)
N,o P, ¢ ¢ 1—ﬁhozctz;—b§ '

Egs. 18 and 19 relate the parameters of the distribution function at any depth to

those at the reference depth by means of an EOS.

13



Computational Algorithm

The calculation method described here requires simultaneous solution of k
isofugacity equations described by Eq. 1 for the discrete components and Eq. 19
which was derived by imposing the method of momehts to the isofugacity condition
for the continuous fraction. It is necessary to solve a total number of k+1
simultaneous nonlinear equations. whose independent variablés are pressure and k
compositions. A multidimensional Newton-Raphson algorithm (outlined in

Appcndix‘III) can be used to solve these equations. Eq. 18 is a constraint.

Once the total algorithm has converged, the mean molecular weight of the Cf,,
fraction at the depth of interest (i.e. ©=af+7y) is used to pseudoize the
composition of the C, fraction. The pseudoization 'process can be performed by
the quz\xdrature method (Cotterman et al. 1986) or by the generalized properties-of-
groups method proposed by Whitson (1983). Thé second stage of the solution

algorithm is the saturation pressure computation, based on results from the

pseudoization process.

The perfonnancé of the EOS to match the.ﬁelq segregation data depends upon the
ability of the EOS to represent the volumetric behavior of the reservoir fluid
cofumn. Eqgs. 18 and ‘19 provide the connection- of volumetric behavior and the
extent of segregation for a given hydrocarbon fraction. These two equations
indicate that both the segregated mole fraction and the distribution-function
parameters of the plus fraction, are strong functions of the "volumetric" parameters
CL and C.. The PSRK-EOS used in this work was developed from vapor-pressure
data of heavy hydrocarbons. We observed that incorporation of a single binary

interaction coefficient between methane and the plus continuous fraction improved

14



the volumetric accuracy of the EOS used in this work. A practical method is to
adjust the binary interaction coefficient between methane and the C;, continuous
fraction to hydrostatic-pressure and composition data at a single depth. While we
have used the binary interaction coefficient, an alternative method may be to

incorporate the volume translation concept (Peneloux et al. 1982), in a way suited

for continuous or semicontinuous systems.

In the second part of the solution algorithm, based on the parameters of the
continuous fraction, the bscudo'xzation process is performed and the EOS 1s used to
compute the variation of saturation pressure. Since the characterization of the
heavy fraction at h is different from that at h°, calculation of the saturation pressure
by the EOS requires methane interaction coefficients with the pseudocomponents
determined” from the pseudoization process. Such interaction coefficients, as

expected, are similar to those obtained from VLE-based correlations.

Comparison to Discrete Multicomponent Formalism

Prior to application to field data, it is useful to consider a comparison of the
proposed method to the discrete multicomponent formalism which uses only Eq. 1.
Consider a hydrocarbon liquid column at 394.4 K. The pressure at the reference
depth is 30 MPa. The liquid is composed of an equimolar mixture of methane and
13 n-alkanes whose molcculglr weights fall between octane and eicosane. The
compositions for the 13 n-alkanes used in this comparison are: a) discrete values
shown in Fig. 4, and b) a gamma distribution function shown in Fig. 5. Details of

the two equivalent characterizations can be found elsewhere (Lira-Galeana et al.

1991).

15



Compositional-grading calculations were performed using the two procedures for a
vertical distance of 500 m. For this particular application, all binary interaction
coefficients between methane and each paraffin were cdmputed as a function of the

paraffin molecular weight, according to (Cotterman, 1985)

. ke -4y =—0.100+0.309 exp(-0.00688M)

The critical properties and acentric factors for all discrete components were taken
from Ref. 27. Table 1 shows the calculated hydrostatic and bubblepoint pressures at
the desired depth for the two methods, as well as the calculated compositional

changes for methane. For the proposed method, the mean molecular weight of the

continuous fraction at the reference level was used to estimate the value of &__ .

Table 1 shows that the calculated hydrostatic pressures are virtually the same for
the two methods. Bubblepoint pressures and corresponding methane segregations

from the two procedu}es are also in very good agreement.
Comparisons to IField Data.

East Painter Reservoir

Creek and Schrader (1985) have reported segregation data for the East Painter field
in the Overthrust Belt. The composition of the reservoir fluid correlates with depth
such that the mole fraction of the Cq, fraction increases from 5.7 to 8.6 % over a

vertical distance of 230 m. The mean molecular weight of this fraction changes

_ substantially.

16



Table 2 shows the measured composition of the reservoir fluid (well 42-7A) at the
reference depth. The measured characterization parameters for the C;, fraction are
molecular weight, 158 and specific gravity, 0.796. The mole percent of the Cq,

fraction and dewpoint pressure of the reservoir fluid at the reference depth (-1297

m subsea), are 8.6% and 30.7 MPa, respectively.

Using the C7, molecular weight and specific gravity, we estimate the parameters of
the molecular-weight distribution function that resembles the measured
characten"zation properties of the Cy, fraction. The estimated mean and variance of
the gamma distribution function are ©=158 and 'cz_ =12138, respectively. The molar
distribution of the plus fraction is shown in Fig. 6. Based on distillation data and the
relatively "light" nature of the C,, fraction, the shape of the distribution is
exponential.

Creek and Schrader (1985) used a regressed Peng-Robinson-EOS (Peng and
Robinson, 1976) to correlate the measured segregation properties of the East
Painter reservoir. To regress the EOS, they used the measured PVT data of the
reservoir fluid. No details were provided on the regression parameters and on
specific data employed in the regression. Using the tuned EQOS, these authors

matched the composition distribution of methane and C;, fraction and the

saturation-pressure variation.

Applying our procedure, we predicted the segregation characteristics of the East
Painter reservoir fluid along a vertical distance of 230 m from the reference point.
Paraffinic correlations (Cotterman et al., 1985) for determining the PSRK-EOS
parameters for the continuous fraction were employed. Table 3 shows the
computed methane and C;, composition distribution obtained from the new

procedure, compared to field measurements. To compute these variations, we used

17



a binary interaction parameter (.15 between methane and the continuous Cq,

fraction.

Table 3 shows that the computed segregation characteristics of the oil column agree

with field data for both methane and the Cy+ fraction.

" The predicted molecular-weight variation for the C, fraction, computed with Eqgs.

11 and 18, agrees very well with the variation reported at field scale. Fig. 7 shows

the variation.

Once the first part of the calculation has been completed, the second part of the
calculation requires the pseudoization for the calculation of the saturation pressure.
For this case, we used a single pseudocomponent representing the entire Cq,
fraction. Table 3 presents the variation of C, characterization from the first part of
the algorithm. This table shows that the critical properties and acentric factor of the

- C7, pseudocomponent change substantially, as a result of molecular-weight

variation.

With the ché;racterization parameters of Table 3, the PSRK-EOS is switched to its
discrete-component form, and the saturation pressure variation with depth is
computed. Fig. 8§ shows the results. A single interaction parameter between
methane and the Cy, fraction (-6.02) suffices to give a good representation of the

-saturation pressure. Fig. 8 implies no gas-oil contact (GOC) for the fluid column.

18



Birba Field

Riemens et al. (1988) have reported saturation pressuré and composition at a
sampling point for an oil column at the Birba Field in Oman. We consider the
composition of well BB-2. Table 4 shows the composition of the reservoir fluid; the
oil has a considerable amount of heavy fractions (C7, mean molecular weight is

equal to 297). Riemens et al. estimate that the GOC is 235 m above the reference

depth.

Using the procedure described in the preceding section, the gamma distribution
parameters are first estimated for this fluid: © = 297 and t*> = 27467. Fig. 9 shows
the form of the distribution function at the sampling point (i.e. reference depth) and

the computed distribution function at 230 m above the reference depth.

By calculating both the hydrostatic pressure and bubblepoint pressure variation with
depth, the position of the GOC can be estimated. We used paraffinic correlations to
compute the PSRK-EQOS parameters al2(M,M) and b(M). Fig. 10 shows the
calculated bubblepoint pressure and hydrostatic pressure. This figure reveals that
the position of the GOC is close to the estimate of Riemens et al. Since the position
of the GOC is close to the critical point of the reservoir fluid at that depth?2, no
computations were carried in the proximity of the critical point. Deficicncies of

EOS near the critical point of a fluid mixture are well known (Firoozabadi et al.

1993).
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Concluding Remarks.

The procedure outlined here takes into account the variable characteristics of the
plus fractions with depth in compositional grading calculations. Application of the
method of rhoments of continuous thermodynamics does not involve the material-
balance error when this method is used in a single-phase state. We have selected the
gamma distribution function to represent the molecular-weight distribution of the
plus fraction of a reservoir fluid. For simplicity, only one of the two parameters of
the distribution function (B) is allowed to vary with depth. Therefore, only one
statistical moment must be satisfied. in view of the results presented in this paper,
there may be no need to vary both o and B with depth. The three reservoir fluid
columns considered in this work represent different classes of segregation

problems. Good agreement between calculated results and field data suggest the

usefulness of the proposed model.

. 2
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Nomenclature

a = EOS (energy) parameter, L-MPa/mol2

b;,b(M) = EOS (covolume) parameter for discrete and continuous components, L/mol
b = gravity modulus, gmol/g. See sentence following Eq. 10.
C1.2 = EOS-derived functions in Appendix II.

F = residual function in Appendix III.

F(M) = distribution function, here taken as a gamma distribution
f; = fugacity of discrete component i, MPa

f(M) = fugacity of continuous component, MPa

g = acceleration of gravity

g¢ = proportionality constant

h,h° = depths of interest and reference, respectively, m -

M = molecular weight, g/gmol

N¢ = total number of components

i = discrete component index
'] = jacobian matrix in Appendix III

k = total number of discrete (i.e. identifiable) components
kc,-m = methane interaction coefficient

P = pressure, MPa

P = critical pressure, MPa

R = gas constant

T = temperature, K

T, = critical temperature, K

Greek Letters

a, B, y = distribution-function parameters

© = first statistical moment of F(M)

®(M) = fugacity coefficient of continuous species

I" = gamma function '

o = acentric factor

1 = overall mole fraction of a continuous fraction

A = finite-difference operator

Z = sum operator

- 0 = coefficient for temperature dependence in Appendix I
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APPENDIX 1
The PSRK-EOS.

The fugacity coefficient of a species within a .C7+ fraction using the PSRK-EOS is given
by‘ 1,12

RTIn (M) = RT In——+ RT 2 “b(f”[ln vib__b ]
v—-b v—-b b v  vib

k 1 I
z{zx,aw,mzn,jw.f‘,(M*)aw,M*)dM*} .
_ J /

- In -RTIhZ
b v

(A-1)

were v and Z are the molar volume and compressibility factor of the mixture, respectively,

and b(M), a(M,j) and a(M,M’) are functions of temperature and molecular weight
according to

b(M):ba+ b,M
a(M,M)"* =a (T)+a(T)M
a(M, j)=a"> (M, M)a"*(j, )0 -k,,)

a(M, M"Yy =a"* (M, M)a"*(M* M*")1-k

M ) N
The temperature dependence for constants a,(T) and &, (T) is given by 11,12,26

a (T)=6,+6,T+06,1°
a,(T)=0,+0,T+6,1°

-

where values of 8,,6,,...0,,b_ and b, parameters are given by Coticrman and Prausnitz
for paraffinic, aromatic and naphthenic-hydrocarbon ensembles.

-The following mixing rules are used for the PSRK-EQS parameters a and b:
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k& ko -
a=3 Y xxa)+2Y, Y xn, | F(Mati,M)am
L]

L

+ 2211,-71,-]: j: F(M)F,(M*)a(M,M")dMdM"
A PR ]

b= ix‘.b‘. + in;j:Fi(M)b(M)dM

With these mixing rules, the PSRK-EOS is finally written for k discrete components and |
continuous fractions as

PV oy MUF (TR, M) = v+ b)

APPENDIX 1
Expressiohs for Evaluating the Paramcters in Eq. 14

Cotterman!! et al. stated that Eqn (A 1) can be cast in the following linear function of
molecular weight

hdM)=C'+C*M

Explicit expressions to compute the paramcters ¢ and C* were not reported by

Cotterman et al.!l, but they were derived in this work The expressions are:

¢ =bo(—f3)~f[§] (1) fd
B e

where fb, fc, fd, fe, and fg are given by
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fd =1In(Z-B)
fe=a(M,M)*a

. \ ‘
fe:z[zxja(M»j)+2ndl‘ r,(M’)a(M,M*)dM’]
i . i

Al . Z+B B B
fb=—]In - +
Bl z  z+Bl z-B

fC=£\-an-+ B

B Z

_ab

(RT)* |

e _ .
LA |
RT

Thus, parameters €, and C7 are simply given by

C.=C,~-C),, and

hO’

Cs = Cr-Cl,

APPENDIX 11

SOLUTION ALGORITHM I'OR COMPOSITION
"AND PRESSURE CALCULATION

It can be shown that Eqs.1 and 19 lead to the following system of k+1 nonlinear equations
in pressure and mole fraction vector: '

JeAX =-F (A-2)

where J is the Jacobian of size (k+1,k+1). Eq. A-2, has the following structure
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(9F R 9K o]

dP  dx, o, ox,

Oh % 9K HBIray [r

oP axl sz aXl AYl 172
: * : = - E

oP ox, ox, ox, | L& | |Fc]

| OP  dx, o, dx, |

- where Fy is the residual of Eq. 1 fori =12, k. and Fe is the residual of Eq. 19.

Eq.(A-2) is solved for pressure and mole fractions using standard procedures.
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Table 1. Comparison of the proposed method to the discrete multicomponent
formalism for the segregation of a multicomponent mixture of methane and 13
n-alkanes at 394.4 K. : '

Table 2. Reservoir Fluid Composition for the East Painter Reservoir at the
Reference Depth (#° =-1297 m)

Table 3. Segregation Characteristics of: a) Methane, b) C7+ Fraction and c)
Variation of Characterization parameters with Depth for the East Painter
Reservoir Fluid.

Tabie 4. Reservoir Fluid Comiposition for the Birba Field af the Reference
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Calculated Property

Calculation Method

Multicomponent

Proposed Method

: Om{ 500m 0 500 m
Hydrostatic Pressure, MPa 30.( 27.56 30.0 27.53%
Bubblepoint Pressure, MPa 18.36 19.22 18.07, 19.25
Methane, mole % 50.00 52.30) 50.00 52.07
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Tabls 2

Reservoir Temperature = 361.1 K

Methane - 0.657
Ethane | 0.112
Propane 0.062
| i-Butane | 0.0162
n-Butane 0.0215
i-Pentane 0.0091
n-Pentane | 0.0083
Hexanes ~0.0108
C7+ - 0.0859
Carbon Dioxide 0.0014
Nitrogen - 0.0145
Dewpoint Pressure = 30.7 MPa
C74+ Mean Mol. Weight = 158
C74 Sp. Gravity =0.796
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€e

Reference Depth =0 m

0Om 77 m 154 m 230 m

C7., | Mol. Weight 158.0 (Exp) | 152.38 145.18 139.51
Te K 638.24 628.78 619.55 610.79

P., MPa 2.3351 2.4051 2.473 2.538

o 0.6556 0.6291 0.6035 0.5796

Mol Fraction, Data 0.0859 0.0765 0.0691 0.0575

Mol Fraction, Calc. 0.0859 0.0787 0.0712 0.0634

C1 [ Mol Fraction, Data 0.6576 0.6750 0.6802 0.6912
Mol Fraction, Calc. 0.6576 0.6684 0.6782 0.6896

S Yyl



Reservoir Temperature= 388.7 K

Nitrogen. 0.0071
Carbon Dioxide - 0.0384
Methane 0.5949
Ethane 0.0555
Propane 0.0406
i-Butane . 0.0113
n-Butane 0.0193
|i-Pentane 0.0049
n-Pentane 0.0109
Hexanes 0.0127
Hyd. Sulfide 0.0117
C74 0.1927

Bubblepoint Pressure = 47.4 MPa

C74+ Mean Molecular Weight = 153.6 |

C74+ Sp. Gravity = 0.832
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Figure Captions:

Fig. 1. Variation of mole fraction of a polydisperse plus fraction for an ideal
solution at 420 K.

Fig. 2. Variation of mean molecular weight of a polydisperse plus fraction for
an ideal solution at 420 K.

Fig. 3. Variation of molecular weight distribution of a polydisperse plus
fraction for an deal solution at 420 K.

Fig. 4. Discrete composition representation for a fraction of 13 n-alkanes.
Fig. 5. Continuous composition representation for a fraction of 13 n-alkanes.

Fig. 6. Molar distributions of the C7, fraction of the East Painter Reservoir
Fluid at two depths.

Fig. 7. Variation of calculated and measured molecular-weight with depth for
the C74 fraction of the East Painter Reservoir Fluid.

Fig. 8. Variation of calculated and observed saturation and hydrostatic
pressures with depth for the East Painter Reservoir Fluid.

Fig. 9. Molecular-weight distributions of the C74. fraction of the Birba Fluid
at two depths.

Fig. 10. Variation of calculated bubblepoint and hydrostatic pressures with
depth for the Birba Field.
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fig. 7
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