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This paper presents a genertilzed equation of state (EOS)

that represents several widely used cubic EOS’S. The gen-

eralized form is obtained by manipulation of Martin’s

EOS 1 and is applied in this study.

A component pseudoization procedure that preserves

densities and viscosities of the pseudocomponents and, the

original mixture as functions of pressure snd temperature

is described. This procedure is applied with material bal-

ance requirements in generation of two-component, black-

oil properties for gaa condenastes. Agreement between

resulting black-oil and fully compositional simulations of

gas condensate reservoir depletion is demonstrated for a

very rich, near-critical condensate. Also, agreement be-

tween EOS compositional results and laboratory expan-

sion data is shown.

The fufly compositional simulation neccasary for below-

dewpoint cycling is perfomned for the near-critical con-

densate with a wide range of component pseudoizations.

Results show the welI-known necessity of splitting the

C7+ fraction and indicate a minimaf set of about six to-

tal components necessary for acceptable accuracy.

introduction

Gas condensate reservoirs are simtiated frequently with

fully compositional models. This paper presents a pseu-

doization procedure that reduces the multicomponent con-

densate fluid to a pseudo two-component mixture of

surface gas and oil. This allows the use of a simpler, less

expensive, mndified black-oil model that accounts for boti

gas dissolved in oil and oil vapor in the gas.

A major question in the use of the black-oil model is

whether tie two-component description can represent ade-

quately the compositional phenomena active during the

depletion or the cycling of gas condensate reservoirs. This

question is especially pertinent to nw-mitical or very rich

gas condensates. Thk paper, therefore, includes a com-

parison of black-oil and compositional simulations for

depletinn and below-dewpoint cycfing of a naturally oc-

curring, rich condensate only 15°F [8.3 “C] above its crk-

ical temperature.

Like a number of unreported cases for leaner conden-

sates, the two models give very similar results for deple-

tion. In addition, the two models give identical rcsuks for

cycling above dewpoint provided that certain condhions

are satistied. However, the black-oil model is not applica-

ble to cycling below dewpoint, so results of the composi-

tional mndel are compared for different multi- coinponent

.Now vim Schwic a01rwa,e4”wcomp.
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descriptions to estimate the minimal number and identity

of components necessarj for acceptable accuracy.

The compositional calculations reported here use vmi-

anta of the Redlich-Kwong2-5 and Peng-Rob1nson6

EOS’S. This paper discusses a general cubic EOS form

bsaed on work by Martin 1 that encompasses all these

EOS’S. A general-component pseudoization procedure is

presented, followed by ita application to gas condensates,

The black-oil PVT properties obtained and the agreement

between laborato~ teat data and EOS calculated results

arc given for the rich condensate. Black-oil and composi-

tional simulation results are then compared for depletion

and belowdewpoint cycling of the condensate. Finally,

the compositional-model cycling results we compared for

dfferent degrees of pseudoization (lumping) of com-

ponents.

A General Form for Cubic EOS’s

Use of an EOS in compositional simulation of reservoir

performance and laboratory tests requirca two basic equa-

tions that give the. compressibility factor z and the fngac-

ity of each component for a homogeneous mixture (phase).

The two equationa,

z=z(p, T, x) . . . . . . . . . . . . . . . . . . . . . . . . . . ..(la)

and

.f; =fi(P, T,@, i=l,2...% . . . . . . . . . . . . . ..(lb)

give tkse quantities as functions of pressure, tempera-

ture, and phase composition x= {z;}.

A number of EOS’s have been developed and are in

wide use. These are the Redlich and Kwong 2 (RR*),

modifications by Zudkevitch and Joffee 3 and Joffee et

al. 4 (ZJRK) and by Soave5 (SRK), and the Peng and

Robinson6 (PR) EOS.

Msrtin ] shows tbst sI1 cubic EOS’s can be represented

by a single generaf form. Use of Martin’s work and bas-

ic thermodynamic relationships yields generalized forms

for Eqs. la and lb as follows:

23 +[(rn~ +m~ –l)B– I]Z2 +[A+mlrn@2

–(ml +/n2)B(B+l)]z-[AB+ rn,rn@2(B+l)]=0,

. . . . . ..’..... . . . . . . (2a)

‘I”lti,ls wM” Lmmtheses 6..01. the various EOS..
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and

In ~,=lnfi=_ln(z_B)

px;

.

A

(

2-jj’4jxj

j., ..
+—

(rn[-mJB A’

and

PRQ~I =Q~and Qai=Q:[l+(0.37464

+1.54226ui –0.26992co~)(l –T~5 )]2.

The Q~ and~~ values follow:

)
z+m2B B;

–~ ln— -+#z–1), . . . . . . . .
z+ml B

where

n.

A= ~ ‘~ xjxkAk ,,,

j= 1 k=l

n

B=~.xjBj, ,...; . . . . . . . . . . . . . . . . . . . . .

j=,

(2b)

. . ..(3a)

(3b)

Ajk=(l–5jk)(Aj’4 k)Q5, . . . . . . . . . . . . . . . . . ..(3C)

tlj=~@rj/Trj, . . . . . . . . . . . . . . . . . . . . . . . . ..(3d)

and

Aj=fl=jp,j/T~. . . . . . . . . . . . . . . . . . . . . . . . . ..(3e)

The Ojk are binary interaction coefficients, symmetric in

j mrd k with ~i =0. For the RK, SRK, and Z.JRK equa-

tions, m, =0 and mz = 1. For the PR equation,

ml=l+&andm2=l–ti.

Eqs. 2a and 2b stem from the manipulation of Martin’s

results. Their general form is useful in minimizing the

volume of code necessary (in compositional modeIs or

PVT programs) to represent different EOS’S. Further de-

tails of the derivation of Eqs. 2a and 2b are given in Ap-

pendix A.

As discussed by the authors of the various equations,

the 0. and fib appearing in Eqs. 2a through 3e arc the-

oretically universal constants, fl $ and Q!, determined

when tb~ EOS is forced to satisfy ~he van d“e”r Waals con-

ditions: (dp/dv) ~ and (d2p/dv2) ~=0 at the critical point.

In practice, however, the o. and flb values are treated

generally as component-dependent functions of tempera-

ture, flai(T) and Q&i(T), as follows:

RK: flbi = fl$ and f20L=C3:/Tri05,

SRK: fl~t = fl~ and !lai =Q:[l +(0.48+ 1.574LOi

–0.1760~)(l –T~~ )]2,

Z.JRK: flbl = Qbi(T) and fl.i=i2a,(Z’),
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Q; flg

RK, SRK, and ZJiW2 0.4274802 0.08664035

PR 0.457235529 0.077796074

The ZJ.RK equation determines Qai (T) and Q ~j(T) for

a given component, i, at a given temperature, T, below

critical so that component vapor pressure and saturated

liquid density at T are matched exactly. 3,4

Eqs. 2a and 2b are used in conjunction with the Newton-

Raphson techniques described by Fussell and Ymrosik7

in the PVT and compositional models (described below)

to perform saturation pressure and flash calculations.

Pseudoization

The term pseudoization denotes tbe reduction in the num-

ber of components used in EOS calculations for reser-

voir fluids. Pseudoization is impoztant in reservoir

calculations because of the large number of real compo-

nents (e. g., in C7+ fzaction) in reservoir fluids. Com-

positional model computing times can increase

significantly with the number of components used.

We can think of pseudoization in terms of either lump-

ing components or combining streams. Consider a

homogeneous mixture of n components of composition

{z,}, denoted simply as mixture z. Mixture z can be

divided into m (m <n) mixtures or streams x 1, X2 .xm

so that z=zct~~f-i.e.,

.

Zi=~QtX!, . . . . . . . . . . . . . . . . . . . . . . . . . ...(4)

e= 1

where

,$ X!=I.O, . . . . . . . . . . . . . . . . . . . . . . . . . . ...(5)

and

,5 Cc,=l.o. . . . . . . . . . . . . . . . . . . . . . . . ...(6)

The mixtures Xe are pseudocomponents, normalized by

Eq. 5, and Wt is the mol fraction of Pseudocomponent

.xp in Mixture z. The Mixture z might be flashed at a low

pressure and temperature with liquid and gas separator

products resulting. Therefore, the two components,

x t = sepazator @ and X2 = separator liquid, represent two

pseudocomponenta satisfying Eq. 4, obtained by a com-

bination of streams Whh some oversimplification, thk

is the basis of the black-oil treatment that has been used
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Fig. I—Examples of gas condensate separation yielding two

components-oil and gas.

for decades. Each of these two pseudocomponents in-

cludes some of each of the n components present in the

original mixture.

In lumping components, each psendocomponent con-

sists of a subset of the original n components, and none

of the members of this subset are pr~ent in my of the

other pseudocomponents. For example, a Mkture z of

n=8compiments, C02, Cl, C2, C3, C4, C5, C6, and

CT+, might be pseudoized to m=5 pseudocomponents,

X1=C1, {X2=C02, c*}, {X3=C3, c~}, {XJ=C5,

C6}, and XS=C7+.

This pseudoization procedure does not demonstrate how

the pseudocomponents are defined or obtained, nor does

it relate in any way to the two-phase behavior of the Mix-

ture z or any of the pseudocoqxments. Tbe procedure

assumes that m pseudocomponent definitions or compo-

sitions, x!, we given and me obtained from some otigi-

nal n-component Mixture z. The procedure determines

pseudocomponent properties (e.g., p<, Tc, fla, and fib)

and pseudocomponent binary interaction coefficients so

that two condhions are satisfied for all pressures and tem-

peratures.

1. EOS calculations will yield identical density (z-

factor) and viscosity for each pseudocomponent whether

perfomned in a single-component. mode or in at n-

component mode.

2. For W mixtures of them pseudocompcments (includ-

ing the origimd mixture, z), the EOS calculations wifl yield

identical mixture density and viscosity whether performed

in an m-pseudocomponent mode or in an n-component

mode.

Appendix B gives the equations defining pseudocom-

ponent criticaf properties, Q=, ‘d ~, and pseudobinary in-

teraction coefficients that satisfy these condhions.

The usetldness of this pseudoization procedure is shown

in two cases. Fust, in CO ~ or solvent flooding calcula-

tions where direct contact rniscibllity is assumed, the in-

jected CO ~ mixture or soIvent and the original reservoir

oil composition can be pseudoized to pseudocomponents

1 and 2. The compositional model cm be run then in a

two-component mode with the EOS (and viscosity corre-

lation), giving density and viscosity variation vs. pres-

sure and composition identical to that obtained in a fuff
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n-component calculation. A power law can be substituted

for viscosity, and dispersion control or extension, sini-

lar to the work of Koval, s can be introduced. Equiva-

lence of this two-component and fdf n-component

simulations requires that originaf reservoir oil composi-

tion be uniform and tlmt injected solvent composition be

constant for all time.

A second case is cycling above dewpoint or depletion

of a gas condensate reservoir. This case is described in

dekul in the following sections.

Pseudoization of a Gas Condensate Fluid

A gas condensate reservoir originally above dewpoint

pressure is discussed and procedural steps are outlined

briefly. The calculations are described in detail in Ap-

pend~ C and are illustrated in connection with real fluids

in sections below. First a stnnd-afone, EOS PVT pro=wam

is used to match laboratory PVT data, usually including

dewpoint pressure, expnnsion tests at reservoir tempera-

ture, and surface separation data. The EOS is then used

to tlash the original reservoir fluid through desired single-

or multistage surkdce separation (Fig. 1). The gas and liq-

uid n-component Compositions Gs and Ls nre selected

as pseudocomponents 1 and 2—gas and fiquid or oif. ‘His

EOS flash gives n-component compositions, moleculm’

weights, and densities at final-stage separator condh’ions

of the two pseudocomponents, gas and oil, which are used

in the modified black-oil model. Thus the black+il model

production expressed as stock-tank barrels of oil and stan-

dard cubic feet of gas can be converted to mols or mass

of each of then components in the origimd reservoir fluid.

The two pseudocomponent properties arc calculated as

described in Appendix B.

Appendix C shows that the PVT program performs a

constant-composition or comtant-volume expansion to c&

culate a two-component or black-oil PVT table of B., R,,

#,,, CO, and r, as single-valued functions of pressure at

reservoir temperature, The table omits B8 and Pr be-

cause they are obtained from the EOS in pseudo two-

component mode in the bIack-oil simulator. The reason

for omission is that B8 and ~g are not singfe-valued func-

tions of pressure in cycling calculations; rather, they de-

pend on composition and pressure. Pseudo two-component

properties required by the EOS and viscosity-correlation

calculations in the black-oil simulator are generated by

the PVT program and are read as input data to the

simulator.

This procedure (Appendix C) differs in several respects

from a cafcufation of black-oif mcmerties for volatile oils. .
or condensates given recentfy by Whhson and Torp. 9 We

have not calculated differences in black-oil PVT curves

yielded by the two approaches nor determined the effect

of any such differences on black~oil model results.

For cycling above dewpoint, the black-oil simufator re-

produces gas density and viscosity variation with pres-

sure and composition identical to that obtained in an

n-component compositional model simulation, subject to

two condhions. The reservoir originally must contain an

undersaturated (above dewpoint) gas condensate of uni-

form composition, and injected (or cycfing lean) gas must

be the surface separation gas, defined as pseudocompo-

nent 1. If injected-gas composition does not equal that of

the surface-separation .w, res.uks of the blnck-oil and fuU-

compositional models wifl differ.
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For depletion bslow dewpoint pressure, we have found

close agreement between gas deliverability and instamnne-

ous oillgas producing ratios calculated by the two-

component black-oil and n-component compositional

simulations. This has occurred for a number of conden-

sates rnrtging from very lenn to nesr-critical and extremely

rich. Essentially, this agreement reflects the fact, noted

by Jacoby and Yarborough ‘o and Fussell, 11 that com-

position bas a negligible effect on K values for depletion

of gas condensates. Jacoby and Yarborough used labora-

tory test data, while Fttssell used laboratory data in tield-

scnle, single-well, compositional simulation of depletion.

For cycling below dewpoint, the two-component simu-

lation gives results (e.g., CS+ recoveu vs. time) that cm

bequite inaccurate, especinfly for rich condensates as il-

lustrated below. The inapplicabilky of two-component cal-

culations to below-dewpoint cycling reflects the tindlngs

of Cook et al. 12 They showed that accuracy of cnlculat-

sd vaporization during gas cycling of volatile oils requires

that the C,+ fraction be split into a number of fractions.

In addition, Fussell and Yarborough 13 showed that cy-

cling results in a significant composition dependence of

K values and that composition dependence cannot be ob-

tained from volumetric (expnnsion) test data alone.

Description of Models

Thk PVT program is a general-purpose, stand-ulone pro-

gram coded to use any of the RK, SRK, ZJRK, or PR

EOS’S. However, we will describe only those features

pertinent to its use in this paper. The program includes

a nonlinear regression calculation that per fcmns an auto-

matic adjustment of EOS parameters to match a vsriety

of lttboratory PVT measurements. The regression varia-

bles are specified by the user and may be any subset of

the EOS parameters. These parameters are flgj andfl~i

for each of the n components and the n(n – 1)/2 binary

interaction coefficients. We will denote the regression

variable set selected in a given case by {vi }, i= 1,2...1.

The data to be matched in a single regression may in-

clude any number of sample compositions at the snme or

different specificd temperatures. Forcach sample, data

entersd may include(l) saturation pressure, C?) densities

ofequifibrium gasand oil at saturation pressure, (3)K

vafuesat thatpressure, (4) constant composition, constard

volume, and/or differential expansion data, including

volume percent liquid, gasandoil densities, and fCvaIues

atcachexpansion pressure, and(5) multistage separation

data, including GOR, gas and oil densities, and K values

for each stage. The set of alf nonzcro data entered is denot-

edby{dj), j=l,2. ..J.

The regression is a nonlinear programming calculation

that places default or user-specified upper and lower hits

on each regression variable vi. Subject to these fimits,

theregression determines values ofv~ that minimize the

objective fnnction F.

F= ~ W, I dj-djc I +d ,3 (7)
j=,

wheredf anddj are cnIculatcd and observed values of

obsewation j. The term Wj is a weight factor, internally

set or specified by the user. Default values are 1.0 for

most data but are 40 for saturation pressure and 20 for
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primmy-phase (oil fornn oil sample, gas foraconden-

sate) density at saturation pressure.

The program regresses on condensate data, determines

two pseudocomponents from specified surface separation

condhions, and calculates pseudocomponent EOS param-

eters and the two-component black-oil PVT tnble (Appen-

dix C). The results arc stored in a data tile in a format

acceptable to the black-oil simulator.

The program allows a splitting of a sample plus frac-

tion (e.g., C7+) into a number of extended fractions.

This cnfculation is a slight modification of a probabilistic

model presentsdby Whhson.14 Redemonstrates excel-

lent agreement between data and hk model’s calculation

of the extended analysis given by Hoffmann et al.15

Whhlna single execution, theprogram can perform,

in sequence, splitting OfthepIus fmctiOw, regression with

the resulting n-component representation; user-specified

psendoization-grouping orhtmping-tonl components

(nl<n); repcatofregression withnl components; pseu-

doization to nz ( < n, ) components; repeat of regression,

etc. Cafcukitions of expansions or other tests, with print-

ed comparisons ofca.lculated vs. observed data, can be

interspersed in this sequence along with storage in a data

file of EOS parameters in a format acceptable to the com-

positional simulator.

Extended fraction (C7 through C40) properties (PC,

T., M, TB, etc.) are stored internally, as shown by Whk-

son. 14 Whitson’s vnlues are modified somewhat from

values given by Kntz and FiroozabadL16

The black-oil model used here is a fully implicit, three-

dimensional, three-phase model described previously J7

that accounts both for oil in the gas phase and for gas dis-

solved in the oil phase as functions of pressure, thereby

aIIowing gascondensate or oil reservoir simulation. In

the condensate case, the model calculates B$ and Pg from

an EOS to aIlow dependence on composition and pres-

sure in cycling calculations.

The compositiomf model nsed in this work is. m altered

version ofanimplicit model described previously. ]s That

model has been extended to use any of the four EOS’s

mentioned in this work and an IMPES formulation.

Condensate Reservoir Depletion Applications

Rich-Gas Condensate A. Table 1 lists data for the natu-

ally occurring rich-gas CondenaMc A with bottomhole nnd

recombined sample dewpoints of 3,025 and 3,115 psia

[20 857 and 21477 kpa] at the 325”F [163”C] reservoir

temperntnre. Single-stage separation dam at 624.7 psia

[4307 kpa] and IOO”F [38”C] give a liquid content of 586

bbl/MMscf [3.29x 10’3 m3/std m3]. This fluid is close

to critical because the critical temperature was 31O”F

[154”C]. Liquid yield for the three-stage separation of

Table 1 is 347.4 STB/MMscf [46.2 dm3/kmol] at 14.7

psia [101.4 kpa] and 60°F [15.6”C].

Completc definition of a set of Condensate A composi-

tional results require-t a description of the EOS used, the

regression data set, the regression variable set, informa-

tion on whether the bottomhole or recombined snmple

composition was used, and the number and definitions of

components used. The resufts (Figs. 2 through 5) were

obtained from the ZJRK EOS for the bottomhole sam-

ple. The regression data set information is included in Ta-

ble 2.
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TABLE I—RICH-GAS CONDENSATE A DATA AT 325°F
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G 0.0759

c. 0,0638

c; 0.0431

C6 0,0592

c 7+ 0.1066

Recombined

Sample

3,115

0.0201

0.0562

0.4679

0,1265

0,0587

0.0604

0.0392

0,0478

0.1232

C,+ Properties

Specific gravity =0.8044

Molecular weight = 148

Three-Stage Separation (Recombined Sample)

T GOR Gas Liquid Liquid Liquid

Stage (p~a) (°F) (scf/bbl) Gravity Gravity Molecular Weight Shrinkage

624.7 = 1706.9 0,762 – 80.62

: 94.7 60 297.8 0.997 — .

3

0.8920

14.7 75 260.6 1,76 0.73s — 0.8447

Constant Composition Expansions at 325°F

(Bottomhole Sample)

(Psa)

9,255

8,oOO

7,000

6,000

5,000

4,000

3,025’

3,015

3,005

Relative

Volume

0.6990

0.7190

0.7419

0.7718

0.8132

0.6771

1.0000

1.0028

1.0060

Liquid

Volume

(%)

0.0

29.95

Gas

z Factor

1.6695

1.4351

1.3407

1.1956

1.0497

0.9058

0.7810

1 ;490 1.9703 15.77

1,165 2.6179

Recombined Sample

Point

i

2
3

4

10

11

12

13

14

15

16

17

Is

19

20

(p~ia)

9,255

8,OOO

7,000

6,000

5,000

4,422

3,115’

3,100

3,075

3,060

3;030

3>017

2,992

2,905

2,775

2,660

2,555

2,365

1,960

1,792

Relative

Volume

0,6943

0.7169

0.7411

0,7725

0.S163

0.3523

1.0000

1.0036

1.0092

1.0132

1.0213

1.0253

1.0334

1.0575

i .0976

1.1361

1.1784

1.2592

1.5017

1.8576

Gas gca.ilies relative m ,1,=, .0,

Liquid

Volume

(%)

0.0

10.0
21.7

25.4

28.8

29.9

30.8

32,0

31,6

30.2

26.9

26,6

21.2

18.6

L,quld gravi,,es ,,,,,!.. ,0 water. 1.0.

Gas sandwd volumes a! ! 4,7 PsI., 60-F,

,DwPoT”!,

Gas

z Factor

1.6625

1,4724

1,3319

1.1900

1.0479

1.9676

0.7998
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The four regression variables were Q: and Q; of

methane and C,+. Seven components were used—C 1

through C6 and C7+ –with N2 lumped with methane and

C02 lumped with C *. This seven-component regression

is referred to as Regression 1. Whh no regression, the

Z.JRK EOS predicted bubblepoint pressures of 2,934 and

2,915 psia [20 229 and 20098 kPa] for the original nine

and lumped seven components, respectively.

Fig. 2 compares calculated and observed expansion

data. The poor agreement of volume percent liquid values

in the 1,600- to 2,600-psia [11 032- to 17 927-kPa] pres-

sure range reflects, ii part, omission of data in this range

from the regression &&a set. (Fig. 9, discussed later, in-

dicates the better agreement obtained when more points

of the expansion test are included in the regression.)

Fig. 3 shows the “black-oil PVT properties calculated

by the material balance method described in Appendix C.

The properties are virtually independent of whether they

are calculated from the constint-composition expansion

or from a constant-volume expansion. Tlie peculiar curve

shapes, including the increase of 58 With pressure near

dewpoint, are not a consequence of the pmicular EOS

used. The PR and SRK equations, subjected to the same

regression, give curves virtually identical to those shown

in Fig. 3.

The Bg behavior near, dewpoint is a simple conse-

quence of the mass conservation principle. The same be-

havior is noted regardless of whether Bg is calculated

from n-component or from pseudo two-component EOS

or material-balance (Appendix C) calculations.

Table 3 gives data for a single-well, one-dimensional

[ lD) radial, depletion simulation. Formation thickness,

permeability, and porosi~ are 200 ft [60.96 m], 5 md,

and 0.25, respectively. Initial reservoir pressure is 4,016

psia [27 689 M%.] with water and ,gas saturations of 0.2

and 0.8, respectively. Water remams immobile through-

out the depletion. The well is flowed on deliverability

against a constant bottomhole flowing, pressure (BHFP)

of 1,250 psia [8618 kPa]. E]ght radkd gridblock were

used. Results were insensitive to use of more blocks

r ,.

moo -

,,00 -

,2.0

e;,

~

Km 1
400

0 -

.400 .
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TABLE 2—REGRESSION DATA SET

Detipbint prassure, psia

Gas z-factor at dewpoint

V/V$ at 1,490 psia

VIVS at 7,0,00 psia

Volume fraction of liquid

at 2,970 psia

Singk.staga GOR,

(scflbbl)

Single-stage gas gravity

Calculated

Data After Regression

3,025 3,025

0:7810 0.7810

1.9703 1,9365

0.7419 0.7419

0.3349 0.3349

1,706,9 1,706.9

0.762 0.786

m.. ..s CONDENSATE A,

BOTTOMHOLE sN4FLE, 325 ‘F

CCU$TANT COMPOSITION EXPANSION

— mm

a.. CALCULATED FROM ZJRK EOS

9 COMPONENTS

327=====
,8,,

Mm -

2000

P:A

,,00 -

,,00 -

m.

/

o

.

.

.
SOo

o 10 m

VOLUME %2&D

t
2.*

t

Fig. 2—Volume percent liquid and relative volume vs.

pressure.

. 700 - ,
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Fig. 3—Calculated black-oil PVT propenies.

- 3

- 2

,

1875



TABLE 3—RESEtlVOIR AND FLUID DATA FOR RADIAL

SINGLE-WELL SIMULATIONS”

cw, psi-’ 4X10-6

c,, psi-’ 3.5 XI0-6

Surface gas gravity, air = 1.0 0.7856

Surface oil density, Ibm/cu ft 38.91

p,, psia 4,016

~, psia 3,025

n,.
s

Sy

%+

s
IV/

SW

s

k;

k m..
km

km

h, ft

0.;

o

0,8

0.22

0.3

0.3

0

1.6
0.3 [s /(1 - sw)~’

[(.s, -Swc -s.,,)/(l -3.. -s.,,)l !
where SL=SW+SO=l-S

205

k, id 5

+ 0,25

r., ft 0,25

Gridblock center radii, ft 4, 8:01, 16.03, 32,1,

64.3, 123.7, 257.7, and 515,9

re$ft 7447?

Well productivity index, RB-cp/D-psi 2,55

BHFP, psia 1,250

, Sich.gas Cmdm,e!e A ,, 325-F.

and/or a smalier first-block radius. The exterior radbm

corresponds to a 40-acre [16. 19-lta] well spacing.

Fig. 4 shoivs calculated surface ,gas production rate

(deliverability) and instantaneous producing GOR vs.

titrie. Fig. 5 shows wilculaied fractional recoveries of gas

and oil vs. time. The black-oil (fixed) n-component, sur-

face gas, and oil compositions were read is input data

snd used to calculate Cs + recoveries from the volumet-

ric surface oil and gas production. Fig. 5 compares the

calculated C ~ + recovery vs. time with results hy the

compositional simulation.

q%
MMSCF/D
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Figs. 4 and 5 indicate very clme agreement between

black-oil. and composition$.1 simulation of rich Conden-

sate A. However, some differences not reflected in those

figures are as follows. The surface gas and Iiquid gravi-

ties of the cumulative black-oil production are constant

at 0.7856 (air= 1.0) and 0.6235, respectively. The cor-

responding propmties of cumulative gas and oil produc-

tion in the compositional simulation ranged from 0.7856

add 0.6235, inhiilly, to 0.8072 and 0.6043, respecti\e-

Iy, after 8 years. Whiie the C.S+ recoveries of tie two

simulations agree well, the distributions within that cut

do not. The fractional recoveries of C5, C6, and C7+

at 8 years were 0.3328,0.3153, and O.3031 and 0.4245,

0.3872, and 0.2386 for the blick-oil and compositioital

simulations, respectively.

The d~ffeience in component distribution is caused

primarily hy a sietilcant contribution of mobile liquid

flow to total production. Oil-phase relative permeability

is zero for oil saturation below 0.3. Calculated oil satu-

ration in the first (new-wellbore) gridblock reached a max-

imum of 0.423 at 195 days and subsequently declined to

0.36, 0.34, and 0.317 at 700, 1,160, and 2,920 days,

respectively. Calculated pressure in the first gridblock was

1,355 psia [9342 W%] at 2,920 days.

Calculated pressure and liquid saturation profiles vs.

time are not shown but are almost identical for the two

simulations. The loss in deliverability ciused by. liquid

dropout can be characterized roughly by examination of

gas relative permeability. At a near-well oil satamtion qf

0.32 (SW =0.204), the gas relative permeab~lity is abcmt

0.108, compared to a value of 0.3 at zero liquid satura-

tion. Thus, on tbii simple basis, a deliverability factor

is O. 108/0.3 (of 0.36), which translates to a reduction in

deliverability of 64’%.

These rich-gas Condensate A results are presented as

the most severe test (of the black-oil approximation) that

wehaveencotmtered to date. Inanumber ofsimulatimt

comparisons for leaner condensates, we hive noted simik

m better agreement in regard to gas rate and GOR for

single-well depletion. However, we dld not calculate the

CS+ orindividual component recoveries inthose cases.

5 RICH GAS CONDENSATE fi.525° F - ,50
,- D, RAD, AL $, N, LC-W&LLDCWST,ON

— COMPOSITIONAL *I WJI. A710N

4
. a BLACK ,,, ,,. ”,.,,0.

- 550

3 - - 450

.

2 - - 350

I - 250

OIL/CfiS RATIO,

OSLS/MMSCF

Fig. 4—Comparison of black-oil and compositional simulation results.



TABLE 4—CALCULATED RESULTS FOR CONSTANT-CO”MPOSITION

EXPANSION

Rich-Gas Coridensate A, 325°F

(Recombined Sample)

(p~ia)

9,255

6,000

3,115

3,100

3,017

2,992

2,905

2,660

2,385

(1) (2)

‘L SL

0,0

9.1000

0,2990

0.3080

0.3200

0.3020

0.2660

0.1860

0.0

0.1671

0.2994

0.3080

0.3190

0,3065

0.2739

0.1863

(3)

St

0.0,

0.1671

0.2999

0.30s5

0.3197

0.3074

0.2749

0,1876

(4)

&

0.6339

0.7337

1.014S

1.0183

1.0393

1.0461

1.0719

1.1606

1.2935

1.7621

ia
B

A

0.6339

0.7337

1.0146

1.0196

i .0455

1.0522

1,0605

i ;1 745

1.3119

1.7871

(6)

P,

2.7306’

2.7328

2.7396

2.7412

2.7459

2.7570

2.7682

2.7912

m
‘rL

0.63?3’

0.6306

0.62S6

0.6282

0.626S

0.6240

0.6214

0.6171

(1) Volume fraction Nq.id data.

[2) calculated from PR EOS wi!h nine mmonents.

(3) Calculated from black.d PVT table, US:W w. C.SWOOCOIWO.W B, value, from PB EOS.

(4) RB wst @9Msct we! gas, calculated fr.m PR .50S with nine ccmpmen!s.

(5) RB @ W!M$C! WI W, calculated from PR EOS with w. P,,.d..ompon,n,s.

(6) Densicj d gas from flash ,epamtim 01 call gas [Km designated pressure) et 624,7 psi?., i OO°F,

Ibm!c. ft, mlculatedfmm PREOS.i!h .inec.mw. ens.

(7I SPedflc gravi!y of swamtOr Kwid at 624.7 ?.s!% : OOaF.

.These am fixed densities .{ (surface) gas and oil used in the b[eck-oil simulator

RICH GAS CONDENSATE A,325° F

1-O, RADIAL 31 NGLE-WELL DEPLETION

—COMPOSITIONAL SIMULATION

o c -BLACK OIL SIMULATION

F= RECOVERY /O RI GINAL-l N- PLACE

,6 -

,5 -

,4

F

,3 -

,2 -

1 –

00123456 1

TIME, YEARS

r

.30 -

,25 -

.20 -

F

.15 -

.10 -

.05 -

/

0012 3,4567

TIME, YEARS

Fig. 5—Comparison of recoveries from black-oil and compositional simulation.

1877



TABLE 5—WELLSTiEAM COMPOSITIONS CALCULATE FROM PR EOS

ANo BLACK-OIL PVT TABLE.

Component

co,

N2

c,

c,

C3

c,

C5

c:+

c 5.

Original

Reservoir

Fluid

0.0201

0,0562

0,4679

0.1265

0.0587

0,0604

0.0392

0.0478

0.1232 0,0014 0.3306

. Rich-gas Condensate A at 325°F, ,ecombimd ,?.,w.IQ,

R!CH GM COndenSate A, 325 OF, BOTTOM HOLE SAMPLE

ONE-DIMENSIONAL SIMULATIONS

“E

1 YEAR

‘–~tiM>6~l~16izi~ fi?16~t- ‘----- - ‘; :–-:- ‘:--

A
12 YEARS

I

1.

“L-J ‘ J.— A_––
0 ,123.4,5,6 ,7 .8,9 1,0

X/L

~g. 6—Calculated oil saturation profiles after 7 I years of

cycling.

We intend, therefore, “o generalization of the Conden-

sate A simulation results related to C ~ + or component

recoveries.

The black-oii PVT representation is based on fixed den-

sities of surface gas and oil. However, the n-component

compositional, calculations for an expansion yield vary-

ing reservoir gas ,compositions that, on flashing at fixed

surface separation coriditions, yield varying compositions

and densities of surface gas and liquid. We might expect

two-component black-oil ,and n-component composition-

al simulation results for depletion to differ in some prcIpor.

tion to tfds variation in surface compositions and densities.

Tables 4 and 5 indicate the differences in reservoir liquid

dropout and surface densities and compositions resulting

from black-oil vs. compositionid depletion calculations.

Of course, no flow effects are included in these

differences.

The nine-component EOS results listed in Tables 4 and

5 were obtained from the PR equation with the original

nine components (C, + was not split into fractions).

Regression was performed on the recombined sample ex-

pansion data. Table 4 shows that the black-oil gas densi-

ty and the specific gravity of the oil are 2.73 lbm/cu ft

[43.73 kg/m3] and 0.6313 (water= 1,0), respectively.

The nine-component compositional surface flashing of cell

gas from the declining expansion presswes gave gas den-

1878

Wellstream at 1,792 psia

Black-O!l Nine-Component EOS

0,0219 0.0217

0,0668 0.0645

0,5528 0.541s

0.1286 0.1315

0,0514 0.0574

0,0451 0.0544

0.0265 0.0324

0,0306 0.0356

0.0763 0.0608

0.1334 0.1288

sity and liquid gravity varying from the latter values at

the 3,1 15-psia [21 ,477-kPa] dewpoint pressure to 2.7912

lbm/cu ft [44..71 kg/m3] and 0.6171, respectively, at

1,792 psia [12 355 kpa]. In addition, Table. 4 shows the

effect of the ,use of the two-pseudocomponent BE on cal-

culate~ liquid dropout. The nine-component and two-

pseudocomponent EOS values of Bg ze compared dkct-

Iy also.

Table 4 gives black-oil (fwed) surface gas and oil com-

positions calculated by the PR equation with nine com-

ponents. These compositions result from flashing the

origimd reservoir fluid at 624.7 psia [4307 !&a] and 100 “F

[38°C]. Assuming wellstream composition equal to reser-

voir gas composition allows calculation of the black-oil

wellstream composition at any pressure from values of

r$ (STB/sc~, from surface oil density and molecular

weight, and from surface gas and oil (fixed) compositions,

Table 5 compares this calculated black-oil wellstream

composition at 1,792 psia [12 355 kPa] with the nine-

component, PR EOS calculated gas composition at the

88me expansion pressure.

Cycling Calculations

This cycling calculation uses the reservoir and ,fluid prop.

ertiea given in Tables 1 and 3. The original reservoir fluid

is rich-gas Condensate A (bottomhole sample) described

with seven components, c 1 + N2, C2 +C02, Cs through

C6, and C,+. The horizontal reservoir ,length, width,

and thickness are 933.4, 233.35, and 200 ft [2!34.5, 71.1,

and 60.96 m], respectively. The calculations ,are lD and

use 20 gridblock with gas injection into Wldblock 1. Pro-

duction is from Gridblock 20 on deliverability, against

a bottomhole pressure (BHP) of 1,250 psia [8618.4 kPa]

with a well productivity index of 0.37 RBcp/D-psi

[8.53 X 10-6 res m3 .Pa.s/d.~a].

Initial pressure is 3044.2 psia [20 9g9 kPa] compared

to the dewpoint pressure of 3,025 psia [20 857 kpa]. The

reservoir is produced for 1 year with no injection. From

Years 1 through 12, gas is injected at a constant rate of

400 Mscf/D [11 327 std m3 /d]. This gas is the primary

separator (624.7 psia [4307 kpa], IOO”F [38 “C]) gas of

composition (0.7567, 0.1561, 0.0528, 0.0229, 0.0071,

0.00-41, and 0.0003), as calculated from the ZJRK EOS

after Regression 1 (ptiially displayed in Fig, 2).

The black-oil simulation was performed with the PVT

properties shown in Fig. 3. The compositional model

JOURNAL OF PETROLEUM TECHNOLOGY



TABLE 6—COMPONENT DEFINITIONS’

‘Rich-gas Condensate A, recombined saowle.

. ‘C.mp%!tion of injected cycflng gas is aiven in parentheses

simulation was derived with the ZJRK EOS with puam-

eters determined in Regression 1. The two models gave

calculated oil saturations of about 0.26, average reser-

voir pressure of about 2,400 psia [16 547 kpa], and a pres-

sure difference (Blocks 1 through 20) of 270 psi [1862

!@a] at the end of 1 year. At the end of 12 yews, the black-

oil and compositional models showed average reservoir

pressures of 1,709 and l,636psia [l1783andl1280

kPa], respectively, fractional oil recoveries of 0.7194 and

0.6246, respectively, and fractional C7+ recoveries of

0.7214 and 0.3942, respectively. Fig. 6 compares caJcu-

latcdoil saturation profiles at Years land 12.

These results clearly indicate the inapplicability of the

black-oil model tocycling below dewpoint, at least (or

especially) for condensates approachkgt hetichness of

Condensate A. In addition, the complete vaporization

region calculated by the compositional model casts doubt

about theaccuracy oftlntsimulation. Cooketal.12 dem-

onstrated the erroneous vaporization of compositional cy -

cling calculations with lumped C7+ fractions. Engineers

and researchers have recognized thk error for many yesrs.

The remaining calculations described here relate to

compositional cycling calculations with different numbers

and groupings of components for the recombined sample

of Condensate A. F]xedsets ofregression data andregres-

sion variables were used in all cases. Table 6 defines Cases

13, 11,9,7,6, 9L, 5L, and 4L. The case number reflects

thenumber ofcomponents used, and “L” denotes that

C,+ wasretained asalumped, simgle component. Case

13split.s C7+ into five fractions, whle Cases 11 through

6splitthe C,+ fraction intothree component.$. Pseudoi-

zation or lumping of components (defined in Table 6) was

performed in accordance with the pseudoization proce-

dure presented in thk paper. Fractions F7, F8, and F9

aredefined identically for Casesll, 9,7, and6anddhTer

from the Case 13 Fractions F7, F8, and F9.

The PR EOS was used in nll following calculations with

the binary interaction coefficients of Katz and

Fkoozabadl’6 except for COZ –HC =0. 1 and where

changed by regression. The regression dam for all cases

consisted of(1) dewpoint pressure, (2) ~% density at dew-

point, (3) constant composition expansion datta (see Ta-

OCTOBER 19S5

m“ GM CCN3CNSATE A,

RECOMBINED s..,,S, 325 .F

CONSTANT COMPOSITION EXPANSION

_ O ATA

0.0 CALCULATEDFROMP. EOS 13 COMFOtJENTS
CASE 13

. . . WDJLATED FROM PR EOS 4 COMPONENTS

CASE 4L

●’””~

D
.~.

,,00

*m.

..00

P514 ,400

Z*N

*oCa

,,.30

,,.0
0 ,. *O 30

VOWW % LWUID

‘F--

\

,. -“

,5

, ,.

~.,

,.,

:

,,,

,.,

,,,,-

e ?s14

Fig. 7—Volume percent Iiquld and relative volume vs.

pressure.

ble 1) for points 13, 14, 15, 17, and 20: V/VS and volume

fraction liquid, and (4) GOR and gas gravity for single-

stage separation at 624.7 psia [4307 kPa], 100°F [38”C].

The regression variable set for all cases was Q ~ and

Q: of CT+, tbe methane-C7+ binary interaction coeffi-

cient, and Q ~ of methane. In cases where CT+ was split,

the first three variables were values for all split

fractions—e.g., for Case 13 Q; and O: of components

9 through 13 and bbmy of C, vs. Components 9 through

13. (After these calculations were perfomwd, we found

better results for thk and anotier condensate with Katz
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RICH G43 CONDENSATE A, RECOMBINED SAMPLE

ONE-DIMENS1 ONAL, COMPOSITIONAL (PR EOS) SIMULATION

CASE C7 + FRACTIONS

13 5

0006 3
--—- 9L 1

I .- -i

.10 -

so 0

.05 -

00

0
0 .1 .? .3 .4 .5 .6 T .8 .9 1.0

X/L

Fig. S—Calculated oil saturation after 11 years of cycling.

TABLE 7—CALCULATED RESERVOIR GAS AND

PRIMARY SEPARATOR GAS DENSITIES AND

VISCOSITIES FOR CASE 13 AT 325°F

Density Viscosity

(Ibmlcu ft) (Cp)

Reservoir Separator R9servoir Separator

(p~ia) Gas Gas Gas Gas

6,000 T— 16.1 0.066 0.033

3,115 20.8 9.2 0.040 0.022

2,555 14,4 7.5 0.027 0.020

1,792 9.2 5.2 0.020 0.018

1880

TAB[

Time

(years)

1

3

5

s

10

12

:
5

8

10

12

and F1roozs.badl’s 16 binaries for W C ~ – HC except the

regressed C, – F 11 [last fraction] binary.)

The agreement between laboratory data and the PR EOS

calculations for Case 13 is shown in Fig. 7. The objec-

tive function v61ues (see Eq. 7) attained for all cases are

listed in Table 6. Calculated results for all cases, except

6 and 4L, plot on Fig. 7 within a fraction less than 1 of

symbol size. Case 4L results are shown for points where

symbols do not intersect (llg. 7).

The ID, horizontal cycling calculations do not reflect

gravitational forces or the effects of adverse mobility m-

tio on con fonmnce. These might be important in above-

dewpoint cycling. Calculated reservoir gas and prima-y

separator gas densities and viscosities ‘for Ca;e 13 &

325°F [163 “Cl are shown in Table 7.

Thes~ values-indicate that gravity override and adverse-

mobllily conformance eflkcts might be considerable in

above-dewpoint cycling. The values below dewpoint are

only of academic interest because of phase equilibration

accompanying vaporization during below-dewpoint

cycling.

The lD cycling simulation was performed with tie com-

positional model for all Cases 13 through 4L. The injected

gas composition used includes no C5+ (Table 6). Tables

8 and 9 show calculated C5+ and C7+ recoveries vs.

time for all cases through 12 years, which corresponds

to an injection of 1.9 HCPV’s of lean gas.

All simulations resulted in nearly identical oil saturs.-

tions and average reservoir pressures of about 26% and

2,540 psia [17 513 kpa], respectively, after 1 year of

depletion. At the end of 12 years, sll cases resulted in

average reservoir pressure and a pressure difference of

about 1,600 psia [11 032 kPa] and 210 psi [1448 kpa],,

respectively (Blocks 1 through 20).

Fig. 8 compares calculated oil saturation profdes at 12

years for Cases 13,6, and 9L. The profiles for Cases 11,

9, and 7 resemble that shown for “Case 6. The profiles

for Cases 5L and 4L closely resemble that shown for

Case $&

The’ ‘double pIateau” character of Case 6 is accompa-

nied by corresponding regions of essentially uniform equi-

librium gss and oil compositions. For exsmple, calculated

.E 8–CALCULATED C5+ AND C,+ CYCLING RECOVERIES.

C ~, Recovery

Case (Number of Components)

13 11 9 7 6 9L 5L 4L
—— —_ __

0.120 0.121 0.121 0.121 0.120 0.124 0.123 0.123

0.317 0.317 0.317 0

0,502 0.502 0,502 0

0,731 0.730

1.318 0.314 0.325 0.321 0,318

1.503 0.495 0.515 0.507 0.501

0.731 0,731 0,719 0.744 0.734 0.722

0.830 0,831 0,830 0.816 0.836 0.826 0.8130.S28

0,S72 0,884 0.885 0.883 0,S72 0,897 0.868 0.891

0,109

0,274

0,424

0.612

0,715

0.7s3

0.109

0.273

0.423

0.610

0.719

0.603

C., Recovew

Case (Nun%er of C6~ponents)

0.109 0.109 0.108 0.112 0.111

0.273 0.273 0,267 0.260 0.274

0,423 0,423 0.412 0.433 0.423

0,611 0.607 0.590 0,621 0.606

0.720 0,716 0,693 0,725 0.707

0.803 0.799 0.781 0.823 0.800

0,110

0.270

0.415

0.5s9

0.685

0.774

‘Rdwas C.nde.$me A 8.! 325°F, re.ombi.ed sample. 1 D, Compose! innal simulation.

JOURNAL OF PETROLEUM TECHNOLOGY



TABLE 9—CALCULATED K VALUES AT 1,792 psia FROM

CYCLING SIMULATION–CASE 13“

Position, x/L 0.2 0.5 0.7 0,9

Time (years) 8 7 6 5

HCPV Injected 1.1 0.92 0.74 0.57

so 0,017 0.094 0.196 0.246

COnstant-

Composition

Component

c,
c,
C3
c,
C5
C6
F.

—
3.683

1.335

0,865

0.539

0.0070

0.00066

3,31

1,31

0,S72

0.561

0.4

0,262

0.185

0.077

0.033

OJ31O

0.0023

2.57

1.276

0.916

0,639

0.465

0.340

0.268

0.133

0.066

0.027

0.005s

Case 6 compositions at 12 years, expressed approximately

without normalization, are. found in Table 10.

Table 8 and Fig. 8 indicate that pseudoization from 13

to 6 components, retaining a splitting of the C 7 + frac-

tion, results in a moderate to small loss in accuracy of

calculated C5+ and C,+ recoveries vs. time. The tabu-

lar results (for Cases 9L, 5L, and 4L) may seem to indl-

cate that use of the single C7 + fraction snd pseudoization

to five or even four components yields larger but accept-

able errors in the recoveries. Fig. 8, however, shows that

these ca6es will yield strongly erroneous vaporization and

correspondkg saturation profdes and will predict errone-

ously 100 % Cs + and C,+ recoveries at longer simula-

tion time.

The calculated K values for Cases 13 through 4L ex-

hibit a surprising insensitivity to psettdoization or lump-

iitg. Pseudocomponent Cl +N2, C5 +C6, and C7+ K

vafues for Cases 13, 9L, and 4L were calculated as

Zyi/ Xxi from the PR EOS constant composition exp6n-

sion calculations (after regression). The summation for

each case is over afl components included in the pseu-

docomponent. For example, Kc,+ for Case 13 is

Zyt/ xxi with summation over Fractions F7 through

FI 1. Fig. 9 shows that these pseudocomponent K values

are nearly identical over the entire pressure. range (3, 115

to 1,792 psia [21 477 to 12355 kPa] ) in spite of pseu-

doization from 13 components with five split C,+ frac-

tions to only four components. Fig. 9 also illustrates the

near-criticality of Condensate A.

The expansion calculations show almost no dependence

of K values upon composition (that is, calculated equllb-

rium phase composition at a given pressure are nearly

the same whether obtained by a constant composition or

by ccntstant-volume expansion).

However, the compositiomd simulation results show a

pronounced dependence of K values on composition. Ta-

ble 9 lists Kvalues at 1,792 psia [12 355 kPa] calculated

from the simulation for Case 13. The K values of pro-

pane and all heavier components decrease with increased

contact by injected gas. Calculated K values for the heav-

iest components, Fractions F1O andF11, decrease by fac-

tors of 6 and 14, respectively.

oCTOBER 1985

2.31

1.258

0.931

0.675

0.50s

0.383

0.313

0.168

0.092

0,041

0.0074

Expansion

2.304

1.256

0,934

0.677

0.511

0,385

0.315

0.169

0.092

0.041

CONDENSATE A RECOMBINED

SAMPLE 325 O{. PR EOS USED

3.0 , I

2.0

: \:

CI+N2

1::

,8

.7

: ~:

C5+C6

K
.6

,5

0
,4

C7+

.3

,2

— CASE 9L

0 Q CASE 13

A A CASE 4L

[000 2000 30004000

~ PSIA

Fig. 9—Lumped fraction K values calculated from contiant

composition expansion.

The pseudoization procedure given in thk paper does

not relate to or presewe any two-phase or saturated mix-

ture propetlies. It is of some interest, then, to examine

the effect of pseudoization alone-with no regression–

on EOS-predicted values of saturation pressure and as-

sociated properties for Cases 13, 11, 9, 7, 6, 5*, and 4*.

Cases 5* and 4* are the same as Case 6 (C?+ split into
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TABLE IO–CALCULATED COMPOSITIONS FOR

CASE 6 AT 12 YEARS

0,2<X,L <0.45

oil Gas

0,2 0.78

0.21 0.22

00

00

0

0,59 :,0012

0,6<,Y/L<0,85

Oi Gas

0,2 0.77

0,207 0,22

0 0

0 o“

0,44 0.011

0,15 0.0003

Fractions F7, F8, and F9) except that Fractions F8 and

F9 Me lumped together in Case 5*, and Fractions F7, F8,

and F9 are lumped together in Case 4*, Table 11 shows

a surprisingly mild variation of saturation properties over

this rather pronounced range of pseudoization.

Conclusions

A single form for several widely used cubic EOS’s is

presented as density (z-factor) arid component fugacity

equations. This general form stems from manipulation of

results given by Martin. 1

A proposed pseudoization procedure preserves single-

phase pscudocomponent and mixture densities and vis-

cosities as fmrctions of pressure and temperature as the

number of components describing a mixture is reduced.

This pseudoization procedure mrd material balance con-

siderations are used to generate two-component, black-

oil representations of gas condensates. Black-oil simula-

tions of reservoir depletion for a number of condensates

have shown close agreement with results obtained by full

compositional modeling. Qualify@ tfrk agreement is the

fact that we have compared the calculated Cs + depletion

recoveries only for the near-critical Condensate A dis-

cussed in this paper.

Good agreement, in turn, between compositional (EOS)

results and experimental laboratory expansion data is

shown for Condensate A, provided regression is used.

Full compositional modeling is necessary for accuracy

in cycling of condensates below dewpoint. Composition-

al cycling simulations were performed for the nes.r-criticsd

Condensate A with the number of components ranging

from 13 to 4. As noted by other authors, accuracy of cal-

culated vaporization requires a splitting of the C,+ into
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a number of frsctions. For this condensate, acceptable ac-

curacy of cycling calculations required a minimal set of

about six components, includlng methane and three to four

CT+ fractions, with intermediates pseudoized to two or

three components.

Nomenclature

b~ = UBX

b. = l/B.

Bc = gas formation volume factor, RBlscf

[res m3/std m3]

B“ = oil formation volume factor, RBISTB

[res m3/stock-tank m3]

c = compressibility, volumelvolume-pressure

dj = regression observation (data) j

f = fugacity, units of pressure

F = objective function value used in regression

k = reservoir thickness, ft [m]

I = totafnumber of regression variables

J = total number of observed data values

matched by regressions

k = absolute permeability

k, = relative permeability

k row, = relative permeability to oil at connate water

and zero gas saturations

K = K value, y/x

L = reservoir length

M = molecular weight

n = number of components in a mixture

Ni = number of mols of component i in a

mixture

Nm = total mols of a mixture

p = pressure

Pc = capillaty pressure

q = flow rate

i-, = oil vapor in gas, STB/scf [stock-tank

m3/std m3]

R = universal gas constant

R. = solution gas, scf/STB

[std m3/stock-tank m3 ]

S = saturation, fraction

Sjw = irreducible water saturation

TABLE 1 l—EFFECT OF PSEUDOIZATION ON PREDICTED SATURATION PRESSURE AND ASSOCIATED

PROPERTIES

Rich-Gas Condensate A, Recombined Sample, 325°F PR EOS Used, No Regression, All p, Are

Bubblepoint

1 Oox

Case’ (P% Kc, +,, &+c, Kc,+ 29 Me ?’ @s! ~L

13 3,325 1.065 0.909 0.301 0.312 40.8 0.356 3.8
11

4.4
3,37s 1,063 0.913 0,807 0.812 41

9
0.362 3.9 4.5

3,357 1.058 0.923 0.326
7

0,30s 41.4 0.361 4.0 4.5
3,338 i .054 0.927 o.a34

6
0,805 41.8 0.360 4.0 4.4

3,276 1.039 0.947 0.878 0,795 42.5 0.357 4.0
~..

4.4

3,220 1.050 0.932 0.844 0.792 41.9 0.353 3.9 4.3

,$? 3,018 1.062 0.916 0,806 0.775 47.5 0.342 3.7 4.2

.Case number. number of mmPo”m,s.

., Sane., Case B ex<eP, FE and F9 are l“mPed together,

‘Same ,s C,,, 6 ex.qt W, F8, and w are lumped ,oge,h,r.
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So,g = residual oil saturation for gas dkpkacement

sonv= residual oil saturation for water

dkplacement

s w. = connate water saturation

t = Martin’s 1 volume traiddtion for Eq. A-3

T = temperature, “R unless otherwise stated

v = specific volume, volumelmol

vi = regression van”able i

V = total volume

V/VS = Iaboratofy cell volumelofiginal cell volume

at saturation pressure

W] = weight factor on regression observation j

x = m~l fra~tiOn ~~ linear dl$~n~e

Y = mO1 fmction in a gas phase

z = gas compressibility factor

zi = mol fraction of component i in Mixture z

~ = specificgravity (air= 1.0 fOr gas,

water= 1.0 for liquids)

8! = binary interaction coefficient between

Components i snd h

SU = binary interaction coefficient between

Pseudocornponmls i and j

p = viscosity, cp [Pa.s]

~* = viscosity parameter in the Lohremz t? al. 21

cOrreIatiOn

p = density, masslvolume

V = fugacity coefficient

u = a~entri~ factOr

f3a,i2b = EOS constants

Subscripts

B = normal boiling point

C = CritiCal

g = gas

i = coniponent i

j = component j

L = liquid

o = Oil

r = reduced (e.g., pr=p/p C)

~ = ~~~~

Superscripts

f = Pseudocomponent t
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APPENDIX A

Derivation of a Genersf Form For Cubic EOS}s

The well known thermodynamic equations detining

fugacity 19 are

+z–1–lnz, . . . . . . . . . . . . . . . . . . . . . . . . . ..(A-l)

for a pure component, and

-lnz, . . . . . . . . . . . . . . . . . . . . . . . . . . ..(A-2)

for a component in a mixture, where Ni is tbe mols of

component i in the mols of tGtaf mixture, NM. The term

Vi is the fugacity coefficient, v .is specific volume

(volume/mol), V is total volume, and xi is the mol frfic-

tion of component i, NiiNM. The compressibility factor

z is, by definition, pv/RT.

Martin 1 gives the generalized cubic EOS,

RT a

‘==– (v–t+~)(v-t+y)

(A-3)
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Cursory dimensional analysis shows that t, (3 and y must

have units of specific volume and that a must have units

of (specific volume) 2 times pressure. Abbott 20 invokes

the principle of corresponding states in selecting RTc/p,

as the unit of specific volume. Thus we can express the

EOS paraineters as

t = Q, RTc/pc,

arid

a = QaR2TC21pc, . . . . . . . . . . . . . . . . . ..(A-4)

and anticipate that the various dimensionless Q values are

universal constants independent of component identity and

temperature. In practice, the 0 values in publ ished EOS’s

are treated generally as functions of temperature and com-

ponent identity,

Difficulties in proceeding through detailed derivation-

al stem from Em. A-1 through A-4 to Eas. 2a and 2b

are n&ation and icngthy mcch% ical manip~latimrs. The

“volume translation” r used by Martin in Eq. A-3 is cus-

tomarily derioted “b” by other authors, while Martin’s

a is usually denoted “a. ” Because of the notational con-

fusion, length of the manipulations, and lack of any sig-

nificairt navelt y of the result, we will skip the. derivational

ditqiis and simply mention some items that maybe help-

ful to a student or engineer beginning work in thk area.

The integration in Eq. A-2 is simplified considerably

if the order of differentiation and integraticm is reversed.

Fm a continuous function p (x,y)

!
ap(x,y)
—dy=+fp(x,~)dy, . . . . . . . . . . .

ax
(A-5)

so Eq. A-2 can be written

When the EOS A-3 is substituted into Eq. A-6, integrat-

ed, and then differentiated with respect to N[, the term

on the right side (In V at V= m) cancels out.

Eq. 2a is ohr~ined by dividing Eq. A-3 by p and re-

arranging it as fOllDws:

1=~–
A

Z–7 (Z–T+B)(Z–7+C)

, . . . . . . . . . . ..(A-7)

where

~s@’w=Qrp,/Tr . . . . . . . . . . . . . . . (A-8a)

B= L?p/RT=~opr/T,, (A-8b)
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C=YPIRT=Q,IT,, . . . . . . . ..(A43c)

and

A= CXp/R2T2=flUP#T:. . . . . . . . . . . . . . (A-8d)

Rearrangement of Eq. A-7 to a cubic (in z) form, defi-

nitioir af ml and m2 by B=(I +ml)~, C=(I +mz)~, and

relabeling T as B (not B of Eq. A-&$ gives Eq. 2a.

Mixing rules are required in the integration and

differentiatiim stem of Ea. A-6. The most widely used

rules are the foll~wing f&nis:

or

,,
B=~xjBj,

j>,

for r, 6, and ~ and a quadratic form

or

..,.. (A-9)

; (A-IO)

for a, where dip is ustially expressed aS (1 - ~jp)(aja P) 05

with the binary interaction cDefticient Sjp being symmet-

ric in j and f and C3jj =0.

The manipulations involved in Eq. A-6, theri, use

(A-11)

a(N;fa) n
—=2N~~XjCYti,

aN; j=,

(A-12)

Because xi =N;/N~.. Also, simplifications are possible

at various stages of Eq. A-6 manipulations if the EOS it-

self (Eq. A-7) is used. The result of manipulations on Ecj.

A-6 is Eq. 2b. The first step in Eq. A-6 is, of course,

insertion ofp from the EOS A-3, written iir terms of to-

tal mols:

N~RT aN&
p=

V–Nh~t – (V–N,@+N,@(V-NMt+NMy)

. . . . . . . . . . . . . . . . . . . . . . . . .. (A-13)
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APPENDIX B

Calculation of Pseudocomponent Properties

The fist of the two pseudoization condhions stated in the

paper is satisfied by defining pseudocomponent proper-

ties as

A~=i2atP(Tct)2/T2pCg

and

n

where

“

PcP=Xxj PPcj, .
j=!

n

Tcf=~xj Td,
j=!

n

“c’=,~xj’vcj, . . . . . . . . .

n

h?ft=~xj%fj,

j=,

and

. .

(B-la)

(B-lb)

(B-2a)

(B-2b)

(B-2c)

(B-2d)

j=, --- j=,

where use of the Lohrenz et al. 2] viscosity correlation

is presumed.

The f2a f and flb e given by Eqs. B-la and B-lb are in-

dependent of pressure. They are respectively dependent

on temperature if and only if any of the $2 .i and Q 61 are

dependent on temperature. Eqs. B-la through B-?e en-

sure that the EOS will giye identical pseydocomponent

density VS. temperature and pressure, whether calculat-

ed in one-ccmipoitent or n-component mode. Eqs. B-la

and B-lb are obtained direct] y from Eqs. 2a through 3e.

Eqs. B-2a through”B-2e are obtuined by the use of the

equations of the Lohrenz et ql. 2’1 viscosity correlation—

that is, if one-component density and n-component den-

sity of the pseudocomponetzt are identical and one-

component properties are defined by Eqs. B-2a through

B-2e, then that viscosity correlation will give identical vis-

cosities whether calcuI@d in one- or n-component modes.

The second condition ofpseudoization is satisfied by

Eqs. B-la through B-2e, and by the additional require-
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ment th~t for each pair of pseudocomponents, the pseu-

dobhary interaction coefficient is given by

,: ,$ ~iaj(l-Wx.4i.4j)05

= ~ 5 XiXj(l-6ij)(AlAj) 0’. (B-3)
i=, j=,

The pair of pseudocomponents are arbitrarily labelled

Components 1 and 2 on the left side of Eq. B-3. {xi } is

the n-component composition of an arbitrary mixture of

the two pseudocomponents—i .e.,

Xi=a, x; +CY2X?, . . . . . . . . . .. . . . . . . . . . . . ..(s4)

where CY1+a2=l.0 and O<aj<l forj=l, 2. The

values of ~, and a ~ are arbitrary because they cattcel

out when the left side of Eq. B-3 is expanded, when Eq.

B-! is substituted into the right side of Eq. B-3, and when

Eq. B-la is used. - “

The only unknown in Eq. B-3, after use of Eq. B-la,

is 812 —i.e., the pseudobinary interaction coefficient be-

tween Pseudocomwmems 1 and 2. This coefficient 812

is independent of ~emperdture regardless of temperature

dependence of Qoi and/or flbi, provided, of course, that

the 8 y are independent of temperature.

APPENDIX C

Calculation of Black-Oil PVT Properties

for Gas Condensates

This Appendix describes a cahlaticmal procedure for gas

condensates that determines a black-oil (two-component,

surface gas and oil) PVT table of B,,, l?,, Po, cO, Bg,

r,,, a“d I,Lg vs. pressure, which will reproduce, approxi-

mately, constant-volume or constant-composition Labora-

tory expansion data.

The EOS PVT program is used first with regression

to match dewpoint pressure, available e.xpmsion data, and

surface separation data. The “calibrated” EOS is USed

then to perform a specified single- or multistage surface

separation. The final-stage products, as indkated in Fig.

1, are referred to hereafter $imply as gas and oil, with

fixed gas gravity (M$) and gas and oil densities at final-

stage pressure and temperature.

The EOS flash of 1 mol of original reservoir wet gas

through the speci lied separation gives the mols of gas and

oil obmined together with their n-component coinposi-

tions, gas molecular weight, density, and oil density. STB

used here denotes barrels of find-stage oil, and scf denotes

cubic feet of gm at 14.7 psia [101.4 !&h] and 60°F

[15.6”C], The value of r, STB/scf at dewpoint pressure

is easily calculated from these results.

The EOS calculations start with 1 mol of original wet

gas at reservoir temperature Ttmd dewpoint pressure and

proceed stepw,ise to expand the gas through a specified

sequence of decreasing pressures. Each expansion step

is constant-composition, fcdlou,ed by gas withdrawal be-

fore the next pressure decrement if the overall expansion

is constmt-volume.
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For any expansion step from pressure p, to lower pres-

sure p ~, mass coriaervation of gas and oil requires that

V2(68S8 +60R,SO)Z = VI (bgSg +boRsSo) ]

. . . . . . . . . . . . . . . . . . . . . . . . .. (C-la)

and

V2(b8r$Sg +6.S0)2 =V, (bgr$~ +bo.$.)1.

. . . . . . . . . . . . . . . . . . . . . . . . ..(C-lb)

An additional constraint gives the density of the reser-

voir oil or liquid at p2, T as

~oj=boz(pos,+c,~,,z), . . . . . . . . . . . . . . . . ..(c-Z)

where

C, = 14.7 Mg/(10.73 x520x5.6146),

Mg = molecular weight of tina[ stage gas, and

P o,t = final stage oil density, lbm/cu ft.

Rearranging Eq. C-2 gives

(boR,)2=-@bo2+~ =ubo2+~. .(C-3)

c1 c,

Substimting (boR,)2 from Eq. C-3 into Eq. C-1a and

rearranging terms yields

Sgb8+Soab0 =#b&+b.R.,S,@06

(C-4aj

and

Szr,b8+Sobo =$(bgr$Sg+boSo)[, .(C4b)

where, for clarity, subscript 2 has been dropped on Sg,

.S., 6E, i-$, and 6..

The EOS is used to perform this expansion and yields

values of S8, SO, V, and r, at pressure PZ. The value

of r. is obtained bj flmhlng the equilibrium gas at p ~

through the specified surface separation condhions. Eqs.

C4a and C-4b are solved for the two unknowns bgz and

bo2, and R,2 isthencalculated from Eq. C-3.

Whitson and T0rp9 calculate R. and b. by flashing the

“reservoir” liquid from each expansion pressure at sur-

face reparation conditions. The R,andbO calculated here

lack that physical meting; rather, tliey we simply values

that satisfy a mass balance and yield correct reservoir oil

density.

Repetition of this calculation for each step of the ex-

pansion yields the bhack-oil PVT table desired. Reservoir

oilcompressibilhyco iaeasily calculated from the EOS,

and che EOS and viscosity correlational give reservoir

oil and gas viscosities vs. pressure.

At thk point, the bkack-oil PVT table can be character-

ized as follows. Consider two calculated expansions at

reservoir temperature, Z’, each being the constant-

composition or constunt-volume pressure sequence used

inthe above calculations. The fiist calculated expansion

usea the EOS in full n-component compositional mode,

while the second uses the black-oil PVT table. The two

calculations will yield identical SO (liquid diopout) and

reservoir fiquid and gas densities and viscosities vs. pres-

sure. In addliiori, if the expansion is constant-Volume, the

two circulations will yield identical values of mass of gas

removed at each step.

Thebg ~dpg values intheblack-oil table could be

retained assingle-valued functions of preisureas calcu-

Iated above. However, cycling operations canrestiltin

undersatumted gas with depe?denceofbg and fig UNIJ

composition inaddition to pressure, Therefore, one

final approximation is made. We pseudoize the (surface)

gaa n-component composition to one pseudocomponent

and the (surface) oil to a second witbtbe pseudoizatibn

procedure decribed in thk paper. The black-oil model then

ignores the PVT table b~ and VS values and calculates

them fromthe EOSandviscosity correlation2] inpseu-

do two-component mode.

“Wehave noted a generally small dlfferencebetwe:n

these two-component”bg andygvalnes andtbe@bleor

n-component EOS values below dewpoint pressure.

Abo~e dewpoint pressure, the two-component and n-

component bg and pg values are identical fanctions of

pressure andcomposhion (i-$) as aconsequence of the

pseudoization method.

In Eqs. C-2 and C-3, we use PO, values calculated

from the EOS rather than experimental values. Assun-

ingadlfference, greater accuracy of thoblack-ni~simu-

Iation should result from use of experimental values.

However, when compositional and black-oil model results

are compared, the EOS oil densities should be used.

S1 Metric Conversion Factors

bbl X 1.589873 E-01 = m3

Cp x 1.0* E-03 = Pas

~ X 3.048* E-01 = m

“F (“F–32VI.S =. c
lbm/tuft X’1.601-846 E+O1 = kg/m3

lbmmol x 4.535924 E-01 = kmol

psi x 6.894757 E+OO = kPa

scf X 2.831685 E-02 = std m3

.Con.ersion facto, i, ,,,.,, JPT

Oflgind manuscript received i. the SOciew of Pelr.aleum Engimep OHice Mach 2,

79S2. PaPe, ameP!ed 10, PubWtiOn Feb. 3, 19S3. Revised mm”$c,iPi received July

,5, ,986, P,Pe, (SPE ,0512] flfs, Presented at ah, ?982 SPE Resemir Shn”l.itio”

Symposium hem:. New Orleans Jan, 3,.Feb, 3.
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TABLE 6

CALCULATED C5+ CYCLING RECOVERIES

RICH GAS CONDENSATE A, 325°F

RECOMBINED SAMPLE

ONE-DIMENSIONAL, COMPOSITIONAL SIMULATION

Case (Number of Components)

TIME ,
YEARS 13 11 9 7 6 9L 5L 4L

1 .120 .121 .121 .121 .120 .124 .123 .123

3 .317 .317 .317 .318 .314 .325 .321 .318

5 .502 .502 .502 .503 .495 .515 .507 .501

8 .’731 .730 .731 .731 .719 .744 .734 .722

10 .828 .830 .831 .830 .816 .836 .826 .813

12 .872 .884 .885 .883 .872 .897 .868 .891

TABLE 7

CALCULATED C7+ CYCLING RECOVERIES

RICH GAS CONDENSATE A, 325°F

RECOMBINED SAlvii+LE

ONE-DIMENSIONAL, COMPOSITIONAL SIMULATIC)N

TIME ,
YEARS

1

3

5

8

10

12

Case (Number of Components)

13 11 9 7 6 9L 5L 4L

.109 .109 .109 .109 .108 .112 .111 .110

.274 .273 .273 . .273 .267 .280 .274 .270

.424 .423 .423 .423 .412 .433 ..423 .415

.612 .610 .611 .607 .590 .621 .606 ..589

●715 .719 .720 .716 .693 .725 .707 .685

.?83 .803. .803 ●799 .781 .823 .800 .774
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TABLE 8

CALCULATED K-VALUES AT 1792PSIAFROM CYCLING SIMULATION

RICH GAS CONDENSATE A, RECOMBINED SAMPLE(, 325*F

POSITION, x/L .2

TIME, YEARS 8

HCPV INJECTED 1.1

so

COMPONENT

cl

C2

C3

C4

C5

C6

F?

F8

F9

F1O

Fll

.017

CASE 13

.5

7

.92

● 094

.7

6

● 74

.196

.9

5

.57

.248

3.683

1.335

.865

● 539

.0070

.00068

3.31

1.31

.872

.561

.4

.262

.185

.077

.033

.010

.0023

2.57

1.276

.916

.639

.465

.340

.268

.133

.066

.027

.0058

2.31

1.256

.931

.675

.508

.383

.313

.168

.092

.041

● 0074
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CONSTANT

COMPOSITION

EXPANSION

2.304

1.256

.934

.677

.511

.385

.315

.169

.092

● 041

.0098



CASE*

13

11

9

7

6

5**

4***

TABLE 9

EFFECT OF PSEUDOIZATION ON PREDICI’ED
SATURATION PRESSURE AND ASSOCIATED PROPERTIES

RICH GAS CONDENSATE A, RECOMBINED SAMPLE

325°F PR EOS USED, NO REGRESSION

ALL PSAT ARE BUBBLE POINTS

./

336

100 x

‘SAT ‘C1+N2 ‘C5+C6 %7+ ‘g
M

g
YL

‘g ‘L

3325 1.065 .909 .801 .812 40.8 .356 3.8 4.4

3378 1.063 .913 .807 .812 41 ‘ .362 3.9 4.5

3357 1.056 .923 .826 .808 41.4 .361 4.0 4.5

3338 1.054 .927 .834 .805 41.6 .360 4.0 4.4

3276 1.039 .947 .S78 .7$5 42.5 .357 4.0 4.4

3220 1.050 .932 .844 .792 41.9 .353 3.9 4.3

3018 1.062 .916 .808 .775 41.5 .342 3.7 4.2

*Case Number = Number of Components

**Same as Case 6 Except F8 and F9 Lumped Together

***Same as Case 6 Except F7, F8 and F9 Lumped Together
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RICH GAS CONDENSATE A, 325 ‘F, BOTTOM HOLE SAMPLE
ONE-DIMENSIONAL SIMULATIONS
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FIGURE 8

OIL SATURATION PROFILES
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RICH GAS CONDENSATE A,

RECOMBINED SAMPLE, 325°F

CONSTANT COMPOSITION EXPANSION
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FIGURE 9
VOLUME ‘h LIQUID AND RELAT!VE VOLUME VS PRESSURE
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RICHGAS CONDENSATEA, RECOMBINEDSAMPLE

ONE-DIMENSIONAL,COMPOSITIONAL(PR EOS) SIMULATION

CASE C7 + FRACTIONS
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FIGURE 10
CALCULATED OIL SATURATION AFTER I I YEARS OF CYCLING
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