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Summsry. An equation:of-state (EOS)-baseA PVT program was applied to match laboratory PVT data for

thrae published and nine additional reservoir fluid samples. This paper includes laboratory test data for the nine

samples snd describes PVT program features, especially regression, mat we find cOnducive tO rapid

determination of EOS parameter values needed to match data. With regression, both the Peng-Robmon (PR)

and Zrrdkevitcb-Joffe-Redlich-Kwong (ZJRK) EOS give comparable and generally. good agreement with labora-

tory data. Without regression or significant adjustment of EOS parameters, neither EOS adequately predicts ob-

served reservoir fluid PVT behavior.

OIU EOS tuning uses a SDWIU degree of c7+, fraction sphtting. The agreement of these EOS results wifi I@”

compmes favorably with that obtained in previously published studies that used extensive C7 + splitting.

Introduction

A recent trend k“ compositional simulation is the use of

an EOS, as opposed to independent correlations, to cal-

culate K-values snd equllbrium-phase properties. An im-

portant prerequisite in meaningful use of the EOS-based

compositional model is satisfacto~ agreement between

EOS results and laboratory PVT test data relevant to the

reservoir fluid and recoveg process.

A number of studies 1“9 report comparison of cubic

EOS and laboratory PVT results for a wide variety of

rexm-mir fluids and conditions. Most of these studies em-

phasize the C7+ characterization as the key element in

attaining agreement between EOS hrd laboratory results.

Some studies use more than 40 components that result

from splitting the C7+ fraction, Some authors imply a

predictive EOS capability provided one EOS parameter

is adjusted to match the Vservoir fluid saturation pressure.

The work reported here reflects our experience that the

EOS is generally not predictive and extensive splitting of

the C7+ fraction to matchlaboratow dsta is generdy un-

necessary. We indicate that more of the available labora-

tory data than were frequently used (or repotted) in past

studies should be used in evaluating and tuning an EOS.

The reservoir fluid studies presented illustrate the capa-

bility and efficiency of muhivariable, nonlinear regres-

sion in seeking agreement between EOS ~d observed

PVT risults.

We do not disinks “proper” C7+ characterization as

a necessary element in tuning an EOS. Rather, we sup-

port a philosophy of minimal splitting followed by adjust-

ment, using regression, of the heaviest (plus) fraction’s

two EOS parameters, generally denoted by Q: and Q ~”.

We describe regression-based PVT program fea.tares

that we feel contribute to time-efficient tuning of an EOS,

which is necessary before its use in field-scale simula-

tion. Laboratory data given for six oil and three retro-

grade gas condensate samples include reservoir
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temperature expansions, surface separations, N ~ reser-

voir fluid behavior, and one set of multiple-contact data.

Reaufts are presented for three additional fluids with data

reported in the literature.. GeneraHzations rega.dkg the

regression procedure and results, based on these 12 fluid

system$and a larger number of unreported fluid studies,

are stated where possible or warranted.

Description of ths PVT Program

The PVT progmrn is a geneml-purpose progmm tlrat uses

a generalized cubk EOS 10 to perform phase-equilibri~

arid properly calculations. The generalized EOS reduces

to xny of the Redlich-Kwong fRK), 11 Soave-Redlich-KwOng(sw),12ZJRK,13.14md PR15 EOS. The prO-

gram”may be used to calculate fluid behavior solely on

tie basis of the predictive capabilkies of Wy of these equa-

tions. More impo-t, however, is the capability to use

a nonlinear regression calculation that performs an autO-

matic adjustment of EOS parameters to match a variety ‘

of laboratory PVT measurements. The resulting tuned

EOS is then used in a compositional reservoir simulator.

The firsfi step in use of the PVT program is to define

the components that comprise the fluid system. The pro-

gram contains an intcmol table of .pmperties for C02,

N2, H2S, CO, 1-12, S02, 02, and pure hydrocarbon

components from C I through C 20. Internally stored bi-

nary interaction ccdficien~ closely resemble values given

by Yarborough3 for the RX EOS and by, Katz et aL 1 for

the PR EOS. properties for user components not contained

in this internal table are either entered by he user or deter-

mined by interpolation on the basis of molecular weight.

TM program also provides the option to splittbe plus

fraction of a sample into a number of extended fractions.

The internally stored properties of extended fractions snd

the method of splitting are those presented by Wbitson. 6

In addition to his preservation of moleculx weight aad

mole fraction of the original plus fraction, we added a

regression 10 preserve specific gravity of the plus frac-
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TABLE 1–FLUID COMPOSITIONS AND PROPERTIES AT RESERVOIR CONDITIONS “““

Gas 2“ Gas 2’ “ Gas 4 G*5 “’-6”(1 oil 2 oil 3 oil 4 “m 6 oil 7
—. -— -— —- -

co, 0.0069 0.0061 0.0350 0.0217 0.0044 , 0.0090 0.6031 0.0235

N, 0.0042 .0.0114

EKmi”

0.0034 0.0045 0.0030 0.0093 0.0011 0.0055 0.0164

H2S .0.0004 0.0004 0.1819

c, 0.5832 0.5749 0.5762 0.7064 0.3505 0.5347 0,0705 0.3521 0.3647 0.2840,

0.1355 0.1345 0.0739 0.1076 0.0464

::

0,1146 0,0157 0.0672 0.0933 0.0716

0,0761 0.0752 0.0302 0.0494 0,0246 o.o@79 0,0306 0.0624 0.0865

C4

0.1048

0.0403 0,0415 0.0231 0.0302 0.0166 0.0456 0.0331 0.0507 0.0600 0.0340

C5 0.0241 0,0233 0.0129 0.0135 0.0160 0.0209 0.026S 0.0523 0.0378 0,0382

0.0190 0.0179 0.0554* 0.0090 0.0546 0,0151 0.0258

2,

0.0410 0.0356 0.0405

0.1145i 0.1220t 0.0586t 0.4824+ 0.1692t 0.0216

C8
.,

o.3497t 0.3043? o.3597t

0.0226

c,”’” ‘“’” 0.0210

%0 o.l199t

M+ 193 193. 117 153 226 173 229 213 200 252

?+ 0.6135 0.8115 0.7743 0.8100 0.9000. 0.3364 0.8570 0,8405 0,8366 0.8429

P, 4,450 4,415 3,360 ~3& 2>520 4,460 2,597 2,547 2,746 1,694

p 26.85 29.54 47.96 33.01 44,17 40.34 38.01 44.48

190 190 240 267 180 176 179 250 234 131

WWF..?.! awe.
,; Bubblepoint HI@..

Plus hadhl.

tion. The molsr distribution of the single-carbon-number

groups in the plus fzaction thzough C40 is first deter-

mined. A grouping of tlese single-cazbon-nuuzber groups

iuto fewer mukiplerarbon-nmnber groups then completes

the splitting procedure.

fo the predictive mode, the progrsm can psrform 8 num-

ber of calmdations on the basis of the current fluid-system

&tinirion as detczmined by the EOS parameters. For ex-

ample, thcae calculations may be performed before and

after a regression to compare the EOS-predicted perform-

ance with the tuned EOS performance. In addition, fol-

lowing a regression to match dau for one or more

samplea, a prediction of results for one or more different

samples may be performed. The calculations available in

the PVT program include (1) saturation pressure and

equ~lbrium-phase properties for a given composition and

tcmperatur% (2) density and viscosi~ calculation for spe-

cified pressure, temperature, and composition; (3)

constant-composition, constant-volume, and differential

expsmions for specified sets of pressure Ievel$ (4) single-

or m-uftistage flash separation tests; (5) phase-envelope

calculations for swellhg tests; and (6) pseudoization

(lnmping) to fewer components. The program uses the

LOhzmz et al. viscosity correlation 16’ with automatic ton-

ing to match expmimentnl viscosity data.

The data to be matched ia the noulinear regression con-

sist of laborato~ measnrcments for one or more fluid sam-

pIes that may be at the sazue or different temperatures.

Ffnid aamplca from a swelliig test that correspond to

different mixtuzes of reservoir fluid s.ud injected gas may,

ako IX included. For each sample, tie folfowing data may

be entered (1) saturation pressurq (2) densities of oil

(gas) and associated gas (liquid) at saturation pressur$

(3) K-v61uea at saturation pressure; (4) constant-

composition expansion dsta includhg relative volume,

jolnrne fraction liquid, and gaa snd Liquid gravities; (5)

constant-volume expauaion data inclndmg volume frac-

tion liquid, cnmnfstive gas removed, gas z factor, and oil

and gas gravities; (6) differential expansion data includ-

iug oil FVF, solution gas R,, z factor, and oil and gas

gravities; (7) K-values for any or all of the pressures in

any of the expansions; (g) multistage separation data in-
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cludmg GOR, oil aud gas densities, aad K-values for each

stsg.q aud (9) sweiling-teat saturation pressure and volu-

metric data.

In some cases, as showo by Hoffman e? al., 17 the

available laborato~ data for an oil sample include expaw

sion data for the associated gas phaae. The program al-

lows these gas-expaosion data to be entered in the

oil-sample regression data. In addition, the capabiMy to

calcnlate an exact match of the density of a pure compo-

nent at. a specified pressure and temperataze is provided.

For example, if injection of pure C02 or N2 or methane.

were anticipated in the reservoir, the deoaity of that iu-

jected gas could be preserved witiln the context of a si-

nmdtsmeous match of alf laboratory data for the fluid

system. The set of SU observed data for the regression’

calculation is denoted by {dj }, j= 1,2, nJ.

The regression variables are user-specified and may be

auy subset of be EOS parameters. These parameters are

!2:: and Qji for each of the n components and the

~(n – 1)/2 binary interaction coefficients. In addhion, the

program allows the definition of a single regression vari-

able to represent the average of a r~ge of EOS parame-

ters. This featore is useful when matching &ta for a fluid

system that has an extended analysis. Instead of includ-

ing a regression variabie for each Q;i of the extended

fraction components, a variable can be delined that rep-

resents the ilji of a group of the heavy components. .This

results in fewer regression variables but still allows each

hesvy component to contribute to the pazameter adjust-

ment process.

The regression is 6. nonlinem progmguning calculation

that places globsf upper and lower limits on each. regres-

sion variable v;. The user may overrcsd the program

defauft limits to ensure that the.variables are allowed to

take on ofly those values that he considers to be physi-

cally reasonable. Subject to these limits, the regression

determines values of {vi} hat minimize tie objective

function F defined as

j=* I ‘ “ ‘1’ ““’’””’””’’””’””(’)
F= ~ W, (d. –d.c)ld.
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TABLE 2— EXPANSION AND SEPARATlON DATA FOR GAS Z

CCE at 190°F

for Dewpoint Sample

CCE at 190°F

for Bubblepoint Sample

D f.

(p$gj,

5,5s0’

5,400

5,200

5,000

4,s00

4.600

4;500

4,415.’

‘4,41 O

4,400

4,360

4,355

4,320

4,287

4,137

3,997

3;887

3,700

3,495

3,012

2,521

2,o6O

907

~
0.9549

0.9607

0.9673

0.9744

0.9819

0.9906

0,9954

1.0000

1.0002

1.0009

1.0022

1.0040

1.0064

1.0088,

1.0214

1.0344

1.0450

1.0681

(k)

100.00

74.34

65.72

63.23

60,00

59.13

5s.48

57.26

56.40

55.29

53.71

1.0960 52,14

1,1s7s 47.21

1.3412 40.40

i .5879 32.52

3,6456 12.04

(pslg)

x

5,400

5,000

4,600

4,600

4,500

4,450.,

4,440

4,420

4,368

4,339

4,300

4,180

3,993

3,760

3,490

2,98S

2,505

2,000

t ,485

1,058

*
0.9525

0.9539

0.9737

0.8819

0.8918

0.9972

1.0000

1,0005

1,0068

1.0093

1.01s1

1,0372

1.0605

1.1032

1.2053

1,3722

1.6663

2.2378

3.1s13

0.00

4.35

47.38

50.62

51 .S4

51.94

51.95

51.32

50.07

47.66

42.96

36.75

26.S8

20.20

13.06

Separator Test for Dewpoint Sample

Stock-Tank SL&ific

Separator StO;k-&ank

(p’sg) (.&

Gravity G“;avity of

GOR (: API at 60°F) Separator Gas
—— — .—

188 70 : 3245 165 49.9 o.t’77

Constant-Volume Expansion at 190° F for Dewpoint Sample

Reservoir Pressure

~700 (pSi9)

1900
—.

0,0073 0.0075

0.7201 0.7341

0.1359 0.1389

Compment

C02+H2S

c.

c;

C3

c.

6580. 4450.. %00

m’”= - 0.0073

0.5832 0,5632 0,687S

0.1355 0.1355 0.1345

0.0761 0,0761 0.0695

0.0404 0.0404 0.0342

0.0644 0.0333

0.0292 0.0272

c; 0.0241 0.0241 0.0162 0.0140 0,0117 0.0113 0,0156

ce 0.0190 0.0190 0.0131 0.0079 0.0062 0.0049 0.0068

c,+ 0.1145 0.1145 0.0377 0.0212 0.0111 0.0076 0.0081

fvf+ 193 193 142 128 121 118 119

, 1 lRma mn%?q 0.840? l17!266 0.Fi40 0.8603 0.9103 1.0000. ..- . . ..- . ..-. . . .
(iP o 0 0.09589 0.22551 0,39165 0,58225 0.72743 0.87957

‘L 00 0,5231 0.4940 0.4533 0.4051 0.3662 0.3037

.Origi.a[ resmwir pressure.
. . s.turatio” pre,,um.

. .
.

where djc and dj are cnlcukited and obsemd v~ues Of

observation j, respdveIy. The terms Wj are weight fac-

tors with internally set de fardt or user-ovemead values.

The defauh factors are 1.0 with the exceptions of values

of 40 and 20 for saturation pressure and density, respec-

tively, at reservoir temperature If several samples me

in a data set, each with saturation pressure and deusity,

then 40 aod 20 are used for the first sample and weight

factors of 12 and 2 are used for subsequent samples.

The theoretical vslues of $2=”, ilb 0 for the PR and RK

EOS are roughly 0.4572, 0.0778 and” 0.4275; 0.0866,

m@vely. The default lower and upper regression ~fits

are (0.1, 1.3) for il:~ nnd (0.02, 0.25) for ‘i&. The

default lids on binary interaction boefflcients are (-1.0,

0.9). These extremely wide limits are rarely approached
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in applications and the interpretation of nny such approact

is dkmxsed in the Appendix. The Appendix ako discuxsex

the pmticular EOS pxmmeters we nonmlly select as

regression vsriables and the jusdtication of their selection.

The noulinear prograrnmi ng technique is basically an

extension of the lew-squams, lima programming (LSLF)

metiod. 18 At each iteration of the regression, a locnl

subregion of the global parameter space is defined by

{(1 *0.03)vi } where vi 6re last-iterate EOS parameter

vafues. Lhsmity betwsem {djc}, and, {Vi} vnlues is

assumed in this small cubic subreg!on snd the LSLP cal-

culation is performed to cslculate new iterste vi values

in tbk region. If eny of the new iterate wdue< Iie on a

boundmy of tie subregion, then a new subregion

(l fO.03)vi is defined using the new iterste vi values and



TABLE 3-EXPANSION AND, SEPARATION DATA FOR GAS 4

CCE of Reservoir CCE” of 4.89% N*” CCE of 10.47% Nz

Gas at 240°F kfix at 24ooF hfiX at 2400F

(p%) !/Iv. {k) (p.:) wv$ (k) (p~ig) ,W (k)

5,500 0.7600 5,500- 0.7910 - 5,500 0.8230

5,000 0.7901 5,000 0,8271 5,000 0.8811

4,500 0.8328 4,500 0.8737 4,500 Q.9128

4,000 0.8897 4,000 0.9355 4,200 0.9518

3,900 0.9031 3,900 0,9503 4,100 0.9669

3,800 0.9130 3,800 0,9667 4,000 0.9822

3,700 0.9339 3,700 0,9840 3,895. 1.0000

3,600 0.9508 3,608’ 1.0000 3,700 1.0366 0,58

3,500 0.9670 3,400 1.0445 0.39 3,500 1.0807 1.10

3,360- 1.0000 3,000 1.1577 1.23 3,000 1,2314 2,30

3,200 0.20 2,500 1.3772 3.92 2,500 1,4725 3.43

3.000 1.0936 0.63

2:500 1.2943 4.61

CCE of ZO:49% N2 CCE of 30.8% N* Partial Phase Oiagram

tvfik at 240°F Mix at 240°F of Reservoir Gas

gig)
5,500

5,000

4,600

4,700

4,600

4,528’

4,200

4.000

W/,

0.6930

0.9414

0.9641

0.9768

0.9698

1.0000

1.0501

‘1 .0865

0,50

0,78

(psi)

5,500

5,400

5,250’

4;828

4,500

4,000

3,500

2,795

V/v,

0.9727

0.9833

i .0000

1.0525

1.1025

1.1996

1.3338

1.6193

0.40

0.71

1.18

1.68

2.32

-(&)
73

108

179

193

207

220

237

262

3;500 i .2021 1.48

3,000 1.3700 2.22

2,500 1.6237 2.93

Resewoir Gas Separator Test

Specific

Separator Separator Gravity of

(p:ig) (.78 GOR”” Liquid Gravityt Separator Gas

148 7,465188 — - ““-”-” 0.6442 0.812

.DewPoint pressure,
- .3cf Sawator gasJbbl ser)aralor kq”ld at 1200 wig, 148°F

t Liquid gratify at 1,200 wig, 148aF.

(p%)-,
2,505,

2,773

3,175

3,220

3,283

3,343

3,360

3,323

the LSLP method is applied aguin. This sequence of iter-

ations converges when all of the new iterat6 walnes lie

within the latest subregion. Several fm61 iterations are then

performe@ using 1 ?cO.015, 1 fO.0075, etc., to reduce the

final subregion. This, reduction enhances vsliiity of the

above-mentioned linemity assumption. The LSLP method

obtained djC 6s fiiear functions of {vi} using a least-

squares fit of calctdated observations from a number of

history-match runs. Here we obtain {djc} as liiea func-

tions of {vi} by numeric61 partial differentiation using

the EOS.

We do not. consider the effects of component pseudo-

ization on EOS calculations in thk work. The opdmal

number and definition of components should be dlctsted

by what process will be carried out in the reservoir. 10

In addition to single-contact (e.g., expmsion) laboratory

tests, mukiple-contzct tests tidlor reservoir condition flow

tests may be necessag to confirm v81i@y of the PVT

description.

Definition of Terms

For convenience and brevi~ in presenting results, sever-

al terms are de@ed here. An average deviation, e, is de-

fmcd as P/nJ, where P is the tinzl or converged value

230

‘{

of F. This deviation is.not eqwd to the tme average devi-

ation because not all weight factors are unity.

The term’ ‘predicted” is applied to EOS results calcu-

lated with no alteration of any EOS parameters. The term

“adjusted” is applied to EOS results, calculated after one

binary (e.g., c, –CT+ xbti) is adjusted to match exact-

ly the sample bubblepoint or dewpoint pressure. The,term

“regressed” is applied to EOS results c61culatqd afier a

number of EOS psmrneters have been determined by

regression upon a set of laboratory PVT data.

Except where stated otherwise, the regressions de-

scribed use the five v~iables of methane Qa 0, Q ~ 0, plus

fraction Q=”, !2b”, und the methane-plus fraction binary

interaction coefficient. Rationalization of thk selection

apart from expaience is dkcussed in the Appendix. We

refer to the methane-plus-fraction binmy simply as the -

binary, denoted by b orb,+. Its v61ue, determined by

EOS adjustment, is referred to as the adjustment binary,

denoted by 6. The term “plus fraction” denotes the heav-

iest component used in ‘the EOS calculations. For ex6m-

ple, if the original plus fraction, (27+, of a fluid is split

into three fractions, F7, F 8, and F~, then F ~ becomes

th6 new plus fraction.

3PE Re.serv.ir Engineering, May 1936



TABLE 4~&PANsIoN” AND “SEPAtiATION DATA FO”R’-GAS”5

CCE

CVE at 267°F
at 267°F

.

., Reservoir Pressure (psig) beviatioi

D Factor

Component

CO*

N2’
c,

C*

C3 ,
C4

C6
C6.

c 7+

4842’

0,0277

0.0034

0.7064

0.1076

0.0464

0.0302

0.0135

0.0090

0.0588

M+

z..

Gp

f’

153

0.985

0
0.

3900

0.0217 --”

0.0036

0.7205

0.1076

0.0490

0.0293

0.0125

0.0080

0,0476

140

0.911

0.12612

0.0610

3000

=

0.0038

0.7365

0.1067

0.0485

0.0283

0.0118

0.0072

0.0332

131

0.881

0.29341

0.0910

2100

“’=

0.0038

0.7457

0,1099

0.0485

0.0279

0.0115

0.0088

0.0236

125

0.882

0.49110

0.1040

1200

0..0228

0,0036

0.7442

0.1113

0.0487

0.0292

0.0121

0,0071

0.0200

123

700

0,0233

0.0034

0.7338

0.1134

0,0518

0.0313

0.0135

0.0081

0.0214

i 24

0.916 0.942

0,68907 0.61220

0.0990 0.0910

700” ‘

0.0062

0.0002

0,1284

0.0505

0,0441

0.0467

0.0351

0.0385

0,6523

171.

(psig)

5

6,500

6,000

5,500

5,300

5.100

5;000

4,900

4,642

4,600

.4,700

4,500

4,200

3.900

isoo

3.000

. .... ......

.... . ... ..
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~
0.8506

0.67JA

0,9035

0.9381

0.9553

0,9732.

0.9633

i .0000

1.0046

1.0161

1.0429

1,0906

1.1.468

1.244’4

1.4147

~
1,210

1.155’

1.102

1.049

i .030.

1.010

1.000

0.990

0.985

2,600 1.6129

2,100 1.9651

Separator Test

1,670 2,2376

1,675 2.5062

Stock Tank Specific” 1,453

Separator

2.9132

Gravity Gravity of 1,282

(11 ,.

3.3338

(P:9) GOR (oAPI at 60”FI Separator Gas 1,143 .3.7547

,425 96 6,933 @“.7””” 0.725. “1:040 4.1757

‘Dw,Poin! Pre$,ure.
.- %wdual liquid comp%tion. ,

,. . .

TA;LE 5—VAPORIZATION ANiE~PANSION TEST DATA “FO#OIL 1

‘Vipofizition Tes””at %20 p8ig arid 180°F
-.

Incremental, Iiirementil Moli’of
‘Refative cCE of Reservoir

c.mp.sitio. of injected gas Mo!, of Gas Liquid Phase
oil at 180°F

!njeGi.on W? of
Liquid

Component Mol Fraction Number Gas Injected Produced Remaining Vcd.me ~ W/
4 :..

.,_
— ~..

o “0.0000 0.0000 1.0000” - 1.0000

/ 1 0.6318 0.6454 0.9864 0.9811

c;, 0.0086 0.8628 0.8877 0,9615.2
0.9616 5,OOO 0.9782

0,0118 3 0,8067 0.8466 0.9216 0.9424 4,ooO 0;g862

c: 0.8S98 4 0.8471 “0.8728 0.8959 0.9246 3,000 0,9951

C* 0.0704 5 0,7613 0.7912 0.8660 0.9075 2,900 0.9961

C3 0,0163 6 0.9017 0,9242 0.8635 0,6889 2,800 0.9971

c. 0.0024 7 1.0147. 0,0407 0.8375 0.8688 2,700 0.9932

C5 0.0004 8 1.0353, 1.0600 0.8126 0.6502 2,600 0.9992

c, 0.0002 9 0.4800 0,4963 0.7965 0.8409 2,520’ 1.0000

C7+ 0.0001 10 0.9413 0.9715 0.7663 0.8261

11 0.9705 0.9938 0.7379 0,8110

Hydrocarbon Analyses (mol fraction) of Gases Produced ~.

outing Vaporization Test at 2520 psig and 180”F
,,. . . . .. . . . . . . .. =., .:. :

Injection

.: ..,.,. . .. . ,.:.. ,, . ;

45 6 7 s 9 “1O 11
,,...

Number 1 2 3 ___ --- —.. .=

- -. ---- ----- -

;omponent

co i o.oo82 0,0082 0,0083 0,0083 0.0063 0.0084 0.0064 0.00S4 0.0065 “0.0085 0.0085 0.006

Nz
0,0124 0.0122 0.0120 0.0119 0,0118 0.0117 0.0116 0.0116 0.0115 .0.0115. 0.0114 0.002

c, 0,8748” 0.8731
0,8739 0,6738 0,8745 0,S754 0,S760 0.8767 0.8769 0.8771 0.8776 0.342

c, 0.0584 0.0650 .0.0670 0.0668 .00693
0,0695 0.069E 0.0701 0.0702 0.0702 0.0703 0.088

C3” 0.0158 0.0160 0.0161 0,0162 0,0163 0.0163 0.0164 0.0164 0.0164 0.0165 0.0165 0.027

c, 0.0057 0,0048 0.0042 0,0039 0.0036 0.0033 0.0031
0.0028 0.0026” 0.0027 0.0025. o.oo~

c, 0.0037 0,0027 0.0022 0.0018 0.0016
0.0014 0.0012 0,0010 0.0009 0.0009 0.0009 0.00C

CB 0.0091 0.0068 0.0055 0.0047 0,0041 0.0036 0.0032 0.0028 0.0027 0.0025 .0.0023 0.02C

c;+ 0.0119 O.~;; 2 o.~;;6 0.0106 0.0105 0.0104 0.0103 0.0102 0.0101 0.0101 0.0100. 0,51!

M+ 105 108 108” 109 109 ~~ 109 109 109 110 258

.Bubbl.pint prmsure.

. Eq.,tibrIum NQW sample 24 Ikst inlecti.n.

., ::. ,-=...:: ‘:. . .



TABLE 6-ExPANsIoN AND SeparatiOn DATA FOR OIL 2

Component

co,

N2

c.

c;

C3

k’

c,

c;+

M+

CVE at 176°F

Reservoir Pressure, psig

4460” 3600 ‘ 2800 .2000 1200 600 600 “ ,
—— —.. — __ _

0.0090 0.0126 0.0116 0.0104 0.0104 0.0121 0.0023

0.0030 0.0049 0,0047 0.0045 0.0041 0.0036

0.5347 0.6130 0.6766 0.7274 0.7309 0,6992 0.1149

0.1146’ 0.1544 0,14s9 0.1232 0.1245 0.1404 0,0646

0.0679 0,1042 0.0878 0.0767 0,0773 0.0667 0.0976

0.0458 0.0321 0.0341 0,0301 0.0293 0.0340 0.0781

0.0209 0.0151 0.0109 0.0086 0.0060 0,0090 0,0494

0.0151 0,0074 0.0044 0.0030 0.0028

0.1692 0.0471

0.0033 0.0438

!I.02bo 0.0159 0.0127 0.0117 0.5481

173 117 108 103 100 102 285

0.796 0,783 0,788 0.842

0

0.913

0.07535 0.17932 0.32371 0.49908 0.63887

CCE”at 176°F

n

(pig) w.——
6,000 0,9589

5,500 0.9700

5,000 0.9827

4,900 0.9656

4,600 0,9883

4,700 0.9919

4;600 0,9951

4>500 0.9984

4,460’ 1.0000

4,443 1.0009

4,305 1.0097

3.900 1.0412

3;531 1.0312

3.132 1.1425

<769 1,2232

2,422, 1.3356

2,128 1.4738

1,860 1.6364

1,660 1,8415

1,351 2.2768

1 ,0s1 2.9892

Relative

2;004

1>534

1,001

505

209

0

2.514 1.756

1.645

1,555

1.464

1.372

? .298

1,057

970

775

573

893

245

0

DE at 176nF

Deviation al

Factor Viscosity

z (Cp)

—x

0.825 0,290

0.788 0.338

Gas cm

Solution Viscosity Densi
!/

Gas

GoR (Cp)
- (g/cm ). Gravity

3377 0,5300

2351 0.0363 0.5632 1.025

1814 0.0327 0.5632 0.932 $

1471 0.772 0,380 0.0260 0.6087 0.656

i 205 0.773 0.440 0,0239 I 0.821 ‘

0.790 .0.0202 0.799

0.816 0.0171 1 0.806

0.656 0.0140 ( 0.826

0.912 0.012Q ( 0.888

0,968 0.0114 ( 1.067

0.995, 0.0709 I “1.767

0.515

0.602

0,748

i .547

0.6262

0,6437

0.6590

0,6752

0.6940

0.7085

0.7813

Separator Tests

Stock-Tank Specific ‘”

Separator StocK.Tank

(p~ig)_ . . ..(”& .. . . GOR

Gravity Gravity of

.GW! (oAPI at 60°F) FVF Separator Gas

300 - -60 1,597 275 42,6 2,115

50 60

0.714

1,993 66 41.2 2.172 0.605

W“bblqmM pressure.
.- .EquiUbrliIrn IIq:i: ph~,

We refer to constant-compmitiori, constent-volume, ,md

differential exp808ion &ta aa CCE, CVE, snd DE data,

respectively. We use the symbol Gp for cumulative gas

removed (mol fraction of original) from a cell during a

CVE. The 6ymb01 ‘fL denotes vcdurne frae.tion liquid iu

a cell during expansion. At each expaosion pressure, ~L

k liquid voIum& divided by cell volyme at @t pressure:

For a CCE, the cell volume increases as pressure drops.

For a C!JE, the cell volome is constant and for’ a DE,

cell volume decreeses as pressure decreases.

Gas gravi~, 78, is simply gas-phase rnoleculnr weight

divided by the molecular weight of air (28.97). ”Liquid

gravity, yL or ‘yO, i8 defined relative to water= 1.0 (i.6.,

YL is roughly liquid density in pounds per cubic foot

divided by 62.4). Standard cubic feet of gas are defined

relative to 8t8n~d conditions of 14.7 psin [101 kPa] and

232

60”F [16”C]. All pressuree ire in units of psia @ess srit-

ed otherwise.

Sample Data

Tablez 1 through 10 ~st composition, expaneion, and sepa-

ration data for Gases 2, 4, and 5 ,nrrd Oils 1 through 4,

6, and 7. In these tables, all temperatures are in degrees

F, 8U pressures are in psig, p. is in pounds per cubic foot

end viscosities ~e in centipoises. Unless otherwiee not-

ed, separator GOR is standard cubic feet of primary sepa-

rator gas per stock-ta@ barrel. For separation test data,

single spacing is used to i&ficate multistage separation.

Entries that are double spaced correspond to different

separation tests on the same sample. For exemple, for Oil

4 in Table S, three different sepnrstion tests are given,

each consisting of three stages. FoOowing the last entry

SPE Reservoir Engineering, May 1986



TABLE 7-CONSTANT-COMPOSITION EXPANS1ONS FOR OIL 3

CCE at 140nF CCE at 1600F

, .__($o)(p~ig) VW . , +!)(p&) W

5,000 0,9390 5,000 0,9380

4,500 0.9466 4,500 0.9464

4,000 0.9551 4,000 0.9558

3,500 0.9844: 3,500 0.9668

3,000 0.9752 3.000 0.9791

CCE at 2000F

D f,

2;500 0.9877 -2;800 0.9848 2,900 0.9678 3,100 0.9866

2.400. 0.9907 2.700 0.9879 2,800 0.9914 3,000 0.9907—, . .
2,300

2,200

2,115-

2,092

2,068

2,043

1,990

1,927

.0.9937

0,9970

1.0000

1,0042

i ,0089

1.0148

1.0279

1.0467

100,0

94.8

S9,1
65.4

2,600

2,500

2,400

2,362,

2,350

2,326

2,307

2.270

0.9911

0.9945

0,9964

1.0000

1.0020

1.0062

1.0099

7.0174

100.0

91.1

2;700

2,597’

2,574

2,551

2,536

2,521

2,492

2,429

0.9956

i .0000

i.0032

1.0070

1.0093

1.0119

1,0177

1.0319

100.0

92.7

91,7

89.9

65.4

2;900

2,622

2,792’

2,772

2,747

2,719

2,659

2,553

0.994s

0.9986

i .0000

1,0027

1.0070

1.0117

1.0229

1.0466

052

1.2194

1,634 1.0871 78.6 2:203 1.0319 86.4 2.311 1.0624 76.9 2.355 1.1

1 ;669

1,467

1,308

1,163

1,043

949

869

617

1,1662

1.3820

1,5960

1,8705

2,1616

2.4444

2,7342

2.9438

66.5

54,6

45,0

36.5

20.6

2;101

1,988

1,857

1,733

1,550

1,399

1,281

1.169

1,0642

7.1102

1.1765

1.2615

1.4S63

1.8193

1,8097

2.0406

60.5

73.9

67.1

60.3

50,1

42.6

36.9

2;126

1,857

1,606

1,391

1,223

1,091

972

938

1.1302

1.2795

1.$946

1.7715

2,0672

2,3746

2.7167

2.6338

69.8

57.3

46.1

36.8

20.8

2,088

1,836

1,862

1,550

1,390

1,239,

1,121

1,013

1,3849

1,5216

1.6664

1,8926

2.1598

2.4242

2.6951

764 3.1911 1 S.o 1:030 2.3771 668 3.0677 18.7 943 2.8622

712

653

602

559

3.4819

3,8555

4.2312

4,6202

15,8 914 2,7532 631

887 2.6669 21.2 786

623 3.1148 19.5 754

764 3.2948 18,4 717

746 3,4665 17.2 663

3.2510

3.4507

3.6307

3.8322

4,1721

17,8

16.5

15.5

14.5

693

624

757

698

643

3.1517

3,4294

3,7696

4.1252,

4.4922

p. =45.914 688 3,8349 617 4.5347

63o 4,2369

564 4,6153 pa =44.170 p,= 43.346

p. =45.065

.Bubbl. pint 0,.ss”,.,

100.0

94.7

92.2

67.2

60,5

71.2

603

50,0

43.8

38.7

21.7’

19.3

18.1

in any separation test, there is an implied final flash to

etock-tank condhioim of O psig [0 kpa], 60”F [16°C]. The

reported gravities are separator gas gravities and st6ck-

tank oil gravities unless otherwise noted. Data are given

for Gas 1 by Firoozabadi et al.,z Gas 3 by Vogel and

Yarborough, 3 and Oil 5 by Hoffman et al. 17

Because reservoir fluid samples ”occasiondly vary with’

location and time, these 12 samples may or may not be

representative of their respective source fields.

Discussion of Results

The average deviation gives the most concise but least

informative comparison of observed and calculated re-

sults. Table 11 fists these deviations for the 12 samples

after EOS adjustment” and regression for both EOS.

Regression reduces the adjusted deviation by factors raog-

irig from 17 to only 1.28. In genemf, the adjusted ZJRK

EOS compares better with data than does, the adjusted PR

‘EOS .’ However, the agreement with data after regression

is, on the average, slightly better with the PR EOS. For

the oif samples, except for Ods 1 imd 5, the adjusted ZJRK

EOS results compare reasombly well with the data and

sre. improved onfy moderately by regression.

Table 12 cotripares experimental and calculated values

of a nu@xw of PVT quantities pertaining to reservoir tem-

perature expansions and surface s.ep~ations for the 12

M03pk.$. The PR.EOS rsw]ts ae listed srrd the zJRK EOS

3PE Reservoir Engineering, May 1986

results are given in psrrentieses. For exsmples with more

than one surface scperation, the results given arc for the

lowest-pressure separation. The BO end R, v61ues are at

bubblepoint. The Iirst”snd second Gas 2 entries are dew-

poibt mrd bubblepoint smtipIes, r~pcctive!y. The first and

second Ofl 5 entries correspond to use of 7 and 22 com-

ponents, respectively, in the calculations. The Oil 3 cal-

culated results used 12 components, through C LO+.

The results listed show the rather poor predictive abil-

ity of either EOS. In general, the pt:dlcted bubblepoint

or dewpoint pressures are consistently and signifimotly

low. Whh only adjustment, the ZJRK EOS yields

saturated-oil densities (at bubblepoint pressure and reser-

voir temperature) and stock-tank oil specific gravities (at

60”F [16”C]) that are consistently higher and significmtly

more accurate than those from the PR EOS. The table

shows Umt adjustment (changing ofly the binary) has vir-

iuafly no effect on stock-tank oil gravity and calculated

surface separation resrdts for either EOS.

Surface separation calculations show that both EOS

generally predict erroneously low GOR and oil FVF. As

stated previously, adjustment does not alter calculated

separation results. An obvious question is whether regres-

sion only on reservoir temperature data (e.g., expansions)

gives EOS rdiabilhy under surface separation conditions.

Table 13 compares experimental separation results for

Oils 5 through 7 witi two sets of regressed PR EOS re-

283
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TABLE 8–EXPANSION .AND SEPARATION DATA FOR OIL 4

E?? .!I 2.500F . . .. . . . . . . . . .. . .. . .

Relative Deviation 06

P 0,1 srA&n Factor Density Gas

@@J, volume z . . . . (g/cm ) Gravity

2,547 1.671 - “-932 0.6463
2,360 1.636 665 ..0.860 0.6531 0,826
2,142 1.595 786 0.659 0.6609 0.624

1.893 1.553 704. D,864 0.6695 0,819
1,645 1.512 825 0.672 0.6779
1,393

0.823
1.473 548 0,693 0,6864 0.826

1,150 1,436 477 0,898 0,6952

895

0,845

1,40? 407 0.916

647 1.365
0,7032 0.883

338 0,937 .0.7114

400

0.924,

1.326 265 0.960 0.7202 1,007

i 82 1,275 . 190 0,980 0.7340

87

1.175

1.243 146 0,990 0.7412
0

1.514

t .094 0 0.7678 2.551

.= . ... ... .. . . DE at 110QF..

Relative Deviation oil
“O::e Solution Facrm Den,; Gas

(J9) .G.OR. Y
-_ _

~.. (g/cm ) Gravity
-—

1 ,95a 1.341 701 0.7106

1,753 1,313 633 0,786 0.7174 0,721

1,557 1 .2s1 577 0.802 0.7231 0.714

1,354 1.264 510 0.620 0.7303
0.7370 :%”7,153 1.240 450 0,636

949 1.217 389 0.954 0.7434

74a

0.710

1.193 330 0.875 .O.75LM

548

0.719

1.166 270 0.897

347
0.7580 0.744

1,144 209 0.927

157 1,116 !43 0.963

75 1 .m97 106 0.961

0 1.024 0

correlation with plus-fraction prop&ties. This was also

noted by KRtz et al. 1.ia their spplicati?ns of the PR EOS.

The man-hours spent in, wudying the 12 samples, in-

cluding ..data preparation, ranged from ab&t 6 for Ga3

3 to about 20 for Oil” 1 and Gas 4. Obviouslv. r%nired

— — —

CCE at Z50°F

(P%) w. &

3,500 0.9623

2,547 1.0000 0.222

2,340 1,0363 0,256

2,056 1,1022 .0,263

1,661 1,2361

.1,294 1,4796

650 2;6025 0.473

473 3,5532

CCE at 180°F

(Jg) ,WV ~

3,000 0.9897

2.283 1.0000 0.367

2,053 1.0445 0,4i3

1,797 1.1131 0.462

i ,450 1,2595 0.530

1,147 1.4766 0,585

712 2.1736 0.700

548 2,7625

392 3.7676 0,820

, CCE at ~lITF

(P:[9) .V(v, _&!,

3,000 0.9890

1,958 1,0000 0,635

1,785 1.0367

1,535 1.1111

i ,236 1,2570 0.605

1,082 1,3737 0.640

464 2.7743 i.130

329 3,8133

. ..- ,.-.
110 49 41.3

25:

1,025 ;

150 620. f., zo o

Separator Tests .,,.. ., ..!

.- Stock.Tank Separator oil
Separator Stock-Trek

(P29) (.L

Gmviry volume Dens:

GOR
— - _..~

GOR Fad.,
‘Y

(g/cm )

-Z6- 110
——

551 1.066
As ,,” ,.

0.7S6
, . . . ‘,769

.798

.769

,776

250

.791
1 SO 677 7.345 0,765

..45 ~SO 81
0

1.111 0.7S7
180 52 38.7 1.059 0.784.

45 150 80

0

i .089 6

150 53 39,7 1.044 0

-.

snk8. Regressed VaJues 1 ~estit ffom”a regression incltid-

ing boti.ressrvoti temperature and surface separation data.

Regressed V61ues 2 result from regression only on rmer.

voir temperature data. Tsble 13 illustrates our general

finding that regressed “EOS surface sep.wation resnhs =e

about the saine regardless of whither separation datn ars

included in the regression data set.

The, degrees ?f C, + splitting used for thew 12 sam-

pies mnged from none to four “fractions. A general, apri-

on’ guide tu this need is given by the ,experime”tiy

observed range of C ?+ mqleculnr weights during an ex-

pansion or multiple-contact test. For example, we fonnd

C?+ splitting into one (no splitdng), three, and two frac-

tions advantageous in matching Gases 1, 2, and 3 data,

respectively. .The experimental ranges of C7+ molecu-

Iar weight were 145 to 110, 199 to 118, and 171 to 123

fur Gaaes 1, 2, and 3, respectively. ”

~30 for any given S8rpple, the anticipated recovery

process affects the reqnired degree of splitting. Gas in-

jection processes with vaporization phenomena require

somewhat more ~spli~ing than depletion/waterflogding

processes.

“Table 14 shows. the final values of the five regression

variabIes for the 12 fluid sanrplea for both the PR and

ZJRK EQS.In 211 caws, the regressions converged to the

variable values shown. The adjustment binaries show no

2s4

0,7647 0.764

0.7725 0.897

o.77a3 1 .W5

0,7994 <.506

m8n-hours depend on the erigineer’s exp~end” “irrd ““

fdinrity with the PVT progrnm used, the amount of

available data, aud diftblties that arise in the a@cbing

effort. The rather low man-hours quoted, howev~, titled

primarily that the regression fearure allows rapid evalua-

tion of EOS pammeter sets arrd values.

Gas 1. Gaa 1 exhibits a dewpoint pressure of 4,075.4 psia

[28 100 !@a] at 180.5°F [82.5”C]. cVE data me given

by Firoozabadi et al. 2 Pnblished com arisops of data
%’with the PR2 and a modified RK EOS were obtained

by varying the C7+ characterization.

A mass balance calculation on the CVE data gives Iiq-

uid gravities at the five expansion” pressures of 1.140,

0.761, 0.696, 0.669, and 0.705. We generally itmqret

liquid gmvities near or above 1.0 ~ indicative of data

error. The regression dnt6 set consisted of dewpoint pres-

sure, saturatec..gaa density at that pressme, nnd values

of Z8, GP, and f= for” each of the five expansion pres-

sures, and excluded gravity md residaal liquid K-vrdue ~

data.

3PE Reservoir Engin~ring, May. 1986
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TABLE 9—SXPANSION AND SEPARATION OATA FOR OIL 6 ““

,..

.,.
“.DE it 234°F.

“‘ CCE at 234°F

Re~ative Deviation oil

oil Solution Factor D8nsi
!’

Gas”

(pig) Volume GOR z (g/cm ) Gravity
— ,.—.. -. . . .

2,746’ 1.866 1,230 ~ 0.6090

2,596 1.S21 1,151 0.852 0,6162 0.848

2,400 1.771 1,059 0.849 0.6240 0.s42

2,200 1.725 972 0.851 0.6314

1,397 1.658 849

0.641

0.658 0.6433 0,836

1,600 .1.599 737 0,670 0.6543 0.837

1,300 1.543 631 .0.865 0.6655 0.646

1,000 1.488 529 0.906 0,6767 0.872

700 1,433 426 0.925 0.6688 0,920

394 1.371 321 .0.951 0.7028 1.036

195 1.313 231 0.7145 1.243

(p~ig)

5,000

4,500

4,000’

3,500

3,200

3,100

3.000

& .

0.9501

0.9655,

0.9738

0.9829

0.9692

0.9915

0.9937

0,9961

0.9966

2;900

2,600

2,746.

2,734

2,721

2,692

2,605

2,500

2,362

2.203

i .0000

1.0023:

1.0042

1.0090

:1.0216

1.0410

1.0697

1,1082

112 1.274 178

0 1.066 0

0.7231 1.458

0.7667 2.245

:*
io12

‘“ 1,815

1,608

1>415

.1,225

966

i .1661

i .2432

1.3497

1.4653

1.6697

2,0395

2.6216

Separator Tests
. . .=. s.OckcTank - ;

Spe6ific

Separator. Stock-Tank Gravity Gravity of

“(p~ig) (0:) GOR GOR (0APlat600q FVF Separator Gas
_ _. . .

0 74 1,059 -’ 40.9 .;:.” 0.996

50 74 374 53 42.4

100 74 810 100 42.7 1.610

200 74 722 186 42,6 1.611

535 3.5732

‘Bubb[ermin! Press.ra

TABLE lo–EXPANSION ”AND”8EPARATION ”OATAFOR6IL7 “’” “ “ ““” ““”

“D”E at 131 “F ‘ CCE at 131°F

. . .. beviatlon ~1 “ ,..

solution Factor Densiy Gas

GOR (g/cm ) Gravity
_ .=:

557 ““”--” ““”””

526 , 0.718 0.7157 0.654

493 0.717 0.7190 0.860

460 0.716 0.7223 0.889

423 0.716 0.7265 0,880

389 0.718 0.7300 0.889

0.805

310 0.736 0,7392 0.914

273 0,755 0.7434 0.927

229 0,606 0.7498 0,940

179 0,916 0.7594 0.958.

i 37 1,117 0.7662

0 1.513 0.7981

.
Relative

0,1

Volume
.

1.324”

1,311

.1.298

1.285

1.270

1,256

(P:ig)

%@-

4,500

4,000

3,500

3,000,

2,500

2,100

2,000

1,900

1,600

1,700

1,694”

1,682

1,670

1,342

1,572

1,475

i ,377

1,263

1,123

1.000

Viv:

0.9707

0.9743

(p$ig)

1,694+

1,550

i ,400

1,252 ,.

1,100

950

o.97@4

,0.9,825 ‘

0.9871

0,9917

.0.9957

0,9966

0.9973

0.9989

0.9999

1:0000

798 1.240 349 0,726 0,7345

643

500

360

200

102

0

1,224

1.209

1,188

1.160

1,136

1.034
1,0026

1.0046

1.0100

1.0242

1.0477

1.0764

1.1133

1.1814

1.2656

1,3816
Separator Tests

Stock-Tank ““

Stock-Tank Gravity

GOR (0APlat600Fl FVF.
-

39.7 w

““ Specific

Gravity of

Separator Gas

1.075

~~~~ “870

750

588

462

352

258

1.5296

i .6573

2.2664

2,9035

3,9479

7 Separator

GOR

560

472

424

366

X_
72

72

72

72

43’ 41.5 1.306

80 41.6 1.299

142 41.5 i .302

40

80

160

.BubblePO1.tw5we.
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TABLE 1 l–AVERAGE DEVIATIONS, SAMPLES 1 THROUGH 12 (%)

PR EOS ZJRK EOS

Adjusted Regressed Adjusted, RegressedSample nc nJ _ _

Gas 1 9 17 32,50 1.50 31.10 1,47

Gas 2 57 29.49 ,. 6.20

Gas 2 1; 57

28.42 6.08

12.48 5,01 9,20 4.05

Gas 3 10 13 50.83 1.79 44,35 1,83

“Gas4 12 11 4s.00 0.67 59.40 1.02

Gas 5 9 42 17.07 6.73 15.61 7,16

Gas 5 10 42 13,09 6,01 9.75 5.52

oil 4 57 12.12 2.8S 7.28 2.77

Oill 9 57 6.42 0.31 3.33 0.27

oil 2 ‘: 79 10.25 4.68 7,25 5,66

oil 2 79 — 2.71 — —,.

oil 3 ‘! 46 9.20 2.56 8.47 4.67

Oli 3 9.07 2,03. 6.37

oil 4 ‘; 1:

3.97

9.70 2.69 4.57 2.26

oi15 7 19 28.30 2.19 25.37 1.78

oil 5 22 19 18.89 3,89 5.91 1.80

016 75 12.00 2,10 3.97

0117 g 76

2.67

8,08 4.14 5.58 4,08

Average 19.26 3.26 16.23 3.36

Fig. 1 compares regressed PR EQS results with data

znd results of the above-mentioned studies. Our results

compare rather well with the &t8 with the exception of

the Zz v81ues. The regressioir used the given nine-

component ansfysis with no splitting of the C,+ plus

fraction. A regression with C7 ~ split,into thrw fractions

did not improve the match. TabIe ’15 shows reasonably

good agreement between experimental and regressed PR

CVE residual liquid compositions. The Fwoozabadi et al.

resuftsz used an extended analysis to C 16+.

Table 11 shows that both EOS gave an average devia-

tion of about 32% after adjustment and a deviation of

about 1.5 % after regression. Table 14 gives the reasona-

ble !2. ”, i2&” values nnd large methane/C7+ binary

abuve 0.4 determined by regression. The two EOS gave

very sirnif~ resrdts. Predicted dewpoint pressures were

3,334 and 3,461 psia [22 987 and 23863 kpa] foi the

PR and ZJRK EOS. resoectiielv. commred with the ob-

served 4,075.4 p$ia [2~ 100 I&’;]. ‘

G=2.0s82 is a fluid virtnaflv at its critiml uoint at reser-

voir temperature of 190 ‘F [87. 8 “C]. B6cause”6f ie pos-

sibti~ of a small error ii gas measurement during well

testing, two slightly different separator gas/liquid ratios

were used to obtain the two rese:?u fluid compositions

given in TabIe 1. One sample exfrzblted a dewpoint pres-

sure of 4,465 psia [30 785 !&a], the other a bubblepoint

of 4,430 psia [30 5.f14 kpa] at 190”F [87.8”Cl. Table 2

gives CCE data for tlie bubblepoint sample md CCE,

CVJ3, and separation data for the dewpoint sample.

Fig. 2 compares experimental CCE results with those

calculated from the PR EOS after. regression with C ~ +

split into three fractions. Fig. 3 compares CVE obsezved

results with PR and ZJRK &Jcufated results for the dew-

point sample. Where. the triangular ZJRK points are ~ot

shown, they coincide with the circular PR points. The PR

match is good with the exception of Z8 and YL dkpari-’

ties. The ZJRK results sre slightly better oversll, as in-

‘TI
,.-.

= EXPERIMENTAL /
@ @

\ :m

––-PR2 8 \

— R,K.D6
.04

0 PR E03, REGRE3SED ‘L
~\

\

1.0

.50 -

,25 -

0 1000 2000’3000 4000 0 1000 20:;~::00 4030

e Pm

DATA PR, REGRE22S0
DEWPOIN7 SAMPLE — L A

SLIBBLE POINT SAMPLE ---- o .

., - J

m - - ,,0

2s -

.0 -

,,- - +

1,0-

0,5
,

0 ,000 2000 3000 4000, $000 600°0

.? PSIG

Fig. 2—Gas 2 CCE’8.Fig. l—Grw 1 CVE at lSO.S°F.
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TiELE 12-EXPERIMENTAL AND CALCULATED FLUID SAMPLE PROPERTIES

&
181
190

190

226

240

267

176

Regressed

4,076 (4,076)

4,465 (4,465)

4,403 (4,427)

4,453 (4,453)

3,375 (3,375)

4,857 (4,657)

4,475 (4,475)

2,130 (2,130)

2,376 (2,373)

2,602 (2,598)

2,807 (2,607)

1,967 (1 ,950)

2,319 (2,306)

2,562 (2,562)

Property

Saturation

pressure

(psia)

Sample
.-

Gas 1

Gas 2

Gas 2

Gas 3

Gas 4

Gas 5

oil 2

Experimental

4,076

4,465

4,430

4,453

3,375

4,857

4,475

Predicted

3,334 (3,461)

3,680 (3,593)

3:664 (3,571)

4,547 (4,857)

3,138 (3,246)

4,494 (4,1 65)

3,344 (3,477)

1,761 (1,S13)

1,985 (2,014)

2,195 (2,200)

2,366 (2>375)

1,679 (1 ,805)

2,o16 (2,100)

2,259 (2,300)

Oil 3 140

160

160

200

110

i 80

250

2,130

2,377

2,612

2,607

1,973

2,298

2,562

2:744 (2:674j

2,073 (2,180)

2,371 (2,421)

2,562 (2,562)

oil 4

3,837 (3,837)

3,637 (3,837)

2,761 (2,761)

1,709 (1 ,709)

15,8 (15.8)

26.6 (26.8)

29.2 (29.3)

18.6 (17.6)

19.2 (19.2)

33,1 (33.1)

45,9 (45.9)

45,1 (45.3)

44.3 (44.6)

43.5 (43:9)

43.7 (44.2)

42.1 (42.4)

40.3 (40.3)

41.6 (41 .6)

Density at

8aturati0n

pre52ure

(Ibm(cu ft)

0!1 5 201

oil 5 201

Oil 6 234

oil 7 131

3,837

3,837

2,761

1,709

15.8

3,264 (3,342)

3,31”1 (3,366)

2,383 (2,432)

1,531 (1,631)

14.3 (1 4.4)

27.8 (28.2)

28.3 {28.7)

Gas 1
Gas 2

Gas 2

Gas 4

Gas 5

oil 2

oil 3

1s1”

190

i 90

240 -

267

i 76

140

160

i 60

200

26.8

29.5

16.6 {16.8j

19.2 (18.1)

31.1 (32.2)

43.1 (46.5)

42.3 (45.6)

41.5 (44.6)

40.6 [44.0)

40.0 (43.6)

19,2

33.1

45.9

45,1

44.2

43.3

43.5 i46.7j

42,7 (45.9)

42,0 (45,1)

41.1 (44.3)

40.1 (43.9)

38.6 (41 .9)

37.o [39.61

Dir 4 110

180

250

201

201

234

44,4

42.4

40,3

41 .s

41.6

36.o

44.5

36.4 ~41 .7)

36,8 (39.5)

37.3 (40.2)

37.4 (40.3)

35.6 (37.7)

40.7 (44.9)

oil 5

oil 5

Oil 6

oil 7

oil 2

cm 4

37.6 i40.5j

37.7(40.6)

35.9 (38.0)

40.8 (44.9)

38.0 (36.0)

44.5 (44.5)

2.943 (2.986)

1.355 (1 .354)

1,597 (1 .609)

1,683 (1 .895)

1.300 (1 .325)

3,378 (3,376)

703 (71 4)

876 (883)

1,238 (1 ,230),

598 (612)

2,386 (2,463)

1.461 (1 .475)

1.499 (1 .516)

1.529 (1 .546)

1:404 (1 .475)

1.730 (1 .783)

1.302 (1 .328)

3,092 (3,497)

7,465 (7,465)

8,894 (8,933)

2,543 (2,626)

693 (705)

748 (762)

“788 (303)

655 (896)

1,061 (1 ,093)

601 (615)

0.637 (0.668)

0.614,(0.820)

0.827 (0,634)

0.837 (0.864)

0,790 (0,804)

FVF at

bubblepoint

pressure

(RBISTB)

176 2.921

110 1.341

250 1.671

234 1.666

1.324

176 3,377

110 701

250 932

234 1,230

131 567

2,,419 (2.641)

1 .294(1 .353)

1.517 (1 .63S)

1.659 (1 .802)

1.296 (1 .365)

2,550 (2,880)

611 (702)

756 (878)

1,002 (1,1 55)

542 (633)

2.368 (2.607)

1,289 (1 .348)

1.508 (i .631)

1.646 (1 .791)

1.294 (1 .364)

2,602 (2,939)

612 (703)

757 (876)

1,003 (1,1 56)

543 (633)

2,050 (2.300)

1,276 (1 ,461)

1.306 (1 .502)

1.330 (1 .533)

1,238 (1 .427)

1,247 (1 .436)

1.487 (1 .705)

1.188 (1.380)

Oil 6

oil 7

oil 2

oil 4

131

Solution gaz at

bubblepoint

pressure

(scfJSTB) Oil 6

Qil 7

oil 2

0,14

FVF, B.F, from

suriace

separation

(RWSTB)

2.172

1.467

1.520

2.052 (2.303)

1,276 (1 .461)

1.306 (1 ,503]

1.329 (1 .533)

1.238 (1 ,427)

1,247 (1 ,436)

1.467 (1 .704)

i .187 (1.380)

110

150

180
~.

77

74

72

70

148

96

1.563

1.475

1.475

i .722

1.340

oil 5

oil 5

Oil 6

Oil 7

Gas 2. 3,410

7,465

6,933

2,061

685.,

753

310

910

910

1,059

580

7,796 (7,613)

6,407 (8,504)

2,189 (2,460)

604 (693)

649 (750)

683 (791)

752 (867)

760 (876)

910 (1,046)

545 (635)

8,315 (7,940)

6,408 (B,502)

2,185 (2,454)

603 (692).

649 (749)

682 (790)

,752 (868)

761 (677)

911 (1,046)

546 (635)

Gas 4“.

Gas 5+

oil. 2

Qil 4 110

150

180 ~~

77

77

74

72

oil 5

al 5

0i18

01! 7

oil 2

Oi 4

Stock-tank oil

gravity from

DE

60

110

250

60

60

0.827

0.820

0.641

0.635

0.626

0,709 (0.603]

0,711 (0,815)

0.717 (0.830)

0.715 (0.823)

0.722 (0.838)

.0.709 (0,803)

0,712 (0,615)

0,717 (0.830)

0,715 (0.824)

0,722 (0.B38)

Oi 6

oil 7
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TABLE 12—Continued

7’

.Stock-tank oil .Gas 2 70

gravity from Gas 4 148

Surface Gas 5 96

seDaratiOn oil 2 60

oil 4 170

150

i 80

016 ~~ 60

oil 5
~,6 ::

oi17 60

,q,F*
oi15’ 201

oil .5 201

Experimental
-.

0.7s0

0.781

0.819

0,619

0.827

0.631

0.821

0,327

35,~ 20

35,120

Predicted

0,619 (0.623)

0.765 (0.744)

0.703 (0.787)

0.711 (0.814)

0.713 (0.619)

0.714 (0.823)

0.715 {o.824j

0.717 (0.82~

0.712 (0.S16)

0.722 (0,S3s)

S2,069 (106,550)

43,257 (47,952)

0.628 (0.62S)

0.765 (0.773)

0.703 (0.7s7)

0.711 (0.614)

0.713 (0.S19)

0.714 (0:823)

0.715 ~0.82~

0.717 (0.627)

0,712 (0.816)

0.722 (0.338)

69,263 (85,361)

29,933 (24,227)

Regre8sed

0,7S9 (0.829) “.

0.620 (0.615)

0.805 (0.605)

0.817 (0.S42)

0.613 (0.819) ;

0.621 (0.827)

0.809 (0.650)

0.S28 (0.654)

0.790 (0.805)

35,120 (33,591)

.S%mr.at.n Plus stcck.tmk w+,, scf/STB, :
..2cf seParatO, @s,’W Iquid a! ,,215 ml,, 148-!=.

t Set Prlnmy saPara!or gas/STB at 60°F.
: GOR for flash ~ asmei.t,d gas at 800 Psi% &3eF,

- DATA

Q PR, REGRESSED

A ZJRK, ”REGRESSED

f $L I
,2 -

0 Lo

- .8

- .6

- .4

- .2

o

.8- ..0

b.
0.. ~

o

1.6 .50

1.2
,, 79’

0

.8 “’
o 1000.2000 3000 4000 .5000

P, PSIG

Fig. 3-Gas 3 CVE dewpoint sample at 190°F.

238

dicated by the 4% average deviation compared to the 5%

PR deviation shbwn in Table 11.

Th~ recession data set excluded K-value dati from the-.
reported CVE Sas and residuil liquid compositions at

514.7 psia [3548.7 Pa]. Table 6 shows tit the regressed

PR EOS gives good agreement with the experinrentsl liq- ,

uid compositions. The Z.JRK EOS gives equally good

agreement. The regression data set also excluded two-

st8ge sep6r8tion data for the dewpoint sample. Table 16

comp~es PR and ZJRK EOS rmdts with those data.. Ta-

ble 12 shows the poor predictions of dewpoint pressures

obtained from both EOS.

As shown io Table 11, the aversge deviation witi”ad-

justment was reduced more&m two:fold by regression;

splitting tSze C7 + resuhed in better agreement between

EOS and exp’irnental result.i. Table 14 shows that, gener-

811y, large methane Q values and small plus-fraction 0

values were obtained in regression on Gas 2. We fwl that

slight changes in sample compositions within the realm

of experimental error might have a large impait on. these

regression-variable values.

A mass balance on the &wpoint-zanzple CVE data give

very reasonable liquid-gravity mlues The regression &t8

set included these y~ values and available ~g, Z8; f~, and

GP vahes for each of the six CVE pressure steps. It also

included saturation pressuze and density and CCE rela-

tive volume snd fL data for both samples.

The proximity to crhicaf of the Gas 2’compositions is

indic@d by tbe K-values for the dewpoint and bubblepoint

smzples at their respective saturation pressures shown io

Table 17 that were calculated by the PR EOS after

regression.

Gas 3. Gas 3 is Vogel and Y6rburough’s5 “GM 1.”

Dewpoint pressure is 4,453 psia [30 702 !@a] at 225.S”F

[lOS°C]. They presented plots that compared observed

vslues with their RK EOS-c81colated wilue of liquid

dropout for the reservoir fluid and for 10,30, and 50%

N2 mixes, Their 30 N2 mix, for example, is a mixture

of 0.7 moles of reservoir gas with 0.3 melee -- _...

Vogel and Yarborough used 42 components in their

EOS, splitting the C7+ fraction (9.05 mol%) into fmc-

tions C7 through C40. They tuned this extended ankdy-

SPE Resewoir Engineering, May 1986
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.TABLE 13 —SURFAcE 5EpAi3AT10N DATA AND iIE4ULTs’FOR

OILS 5 THROUGH 7

,.., ,–— . .
n, .
“,, u

Separation
Conditions

P,T

(psig,°F) Property Experimental Regressed’
—. . _

785, 83 GORr 35,120 35,120

Yg 0.6047

0.7424

0, 60 Gy~R 910 855

79
0.6905

v. 0.8085
.“

B. 1.475 1,404

Regressed”

36,256 ““.

0.6045

0.7420

654

0.6839

0.8076

1.402

Oil 6

797 727” 726200, 74 GOR ___

?0 0.@128 0.8126 0,S123

B. 1.611 1.606 1.605

100, 74 GOR 810 804 804

7“ 0,8123 0.6123 0.8116

b: 1.610 1.603 1.602

50.74 GOR 874 674 373

-(0 0.8137 0.3141 0.6136

B. 1,627 1,612 ‘1.617

n. 74 GOR 1059 7061 1060

79
0.9960 0.9768 0.9789

?. 0.8206 0.8275 0.8270

BO 1.722 1.730 1,729

0117

160, 72 GOR 366
,382.,

.379

?. 0.8179 0.7835 0.7766

B. 1.302 1.242 1.234

SO> 72 GOR 424 439 435

“/O 0.8174 0.7631 0.7762

1,299 1.236 1 ;230

40, 72 GB~R 472 467 484

-f. 0.8172 0.78S9 0,7796

1.306 1.246 1.237

0, 72 G~R 560.. 600 596

~i 1.075 1.053 1.052

-/0 0:8265 0.7903 0.7853

80 1.340 1,302 1.293

‘RegrEss,d rmulls l“cl”di.g d,,. at bo,h re,emoir and surface m“d,!io”s.

. . Regressed m$ulk in.luding .nly resnrvdr mm s.tlam Wparabn r=u$!$ are based
up.. Ihe nmtoh Of rewvm data Only,

i ~C$&W6nS l,ml flash of gas associated with bubb!e~.alnt oil, PrinlaIY SWaC9t0!

.,

sis” wifi the reservoir gas &@ snd then calculated good ment shown on Fig. 4 is only” slightly poorer when tbe

agreement with observed liquid dropht data for that g6s 30% N2 mix dewpDint is excluded from the regression

and. the three N2 mixes.

Fig. 4 .comparesobserved results with our ,regressed,

10-component PR EOS results for Gas. 3 and itz three Nz

mixes. The agreement with data is comparable to that ob-

tined by Vogel and Yarborough. The C7+ was split ino

two fractions and the five regression variables were the

USUZI methane and plus-fraction n’s and the methane/plus-

fraction binary. Table 14 shows the reasonable v8.bIes

found by regression. No N2 EOS parameters were al-

tered or regressed. The regression data set included Gas”’

3 dewpoint and liquid ckopout.data Rnd the single addi-

tiomd data point of S,(8)6 psia [55 ZOO !-&a] dewpotit pres-

sure for the 30% N2 mix.

Forbotb EOS, the average devia~on fell from over 40%

after adjustment tO about 1.8% after regression, as shown

in Table 11: The regressed ZJRK results agree with the

&ta on Fig. 4 equdfy as welJ as the PR rewdts. The agree-

SPE Reservoir Engineering, May 1986

data set.

No relative volume, dewpoint fluid density, or usabie

surface sepamtion data were given by Vogel and Ym:

borough. In cases of missing density data, we closely ex-

amine the liquid gravities calculated after regression. If

poor &ta or EOS inadequacy has resulted in unrealktic

ps.mmeter vzlues, this will frequently appear in the form

of obviously erroneous calculated CCE or CVE liquid

gravities. In this case, both EOS calculated very reasona-

ble liquid gravities at reservoir temperature, increxsigg

(with decreasing pressure) from about 0.52 to 0.7 for the

reservoir gas expansion. At any given intermediate pres-”

sure, liquid gravity increased significantly with @CIe?S-

ing N2 content. However, the highest .caIctiated gravily,

for 50% N2 at 1,015 psia [6998 !&a], WR6 0.770.

When tlie methane-plus fraction binary was omitt6d

from the variable set for Gas 3, the methsne 0 ~ value

2S9



TABLE 14—FINAL VALUES OF REGRESSION VARIABLES..———

PR EOS

Sample nc 6 ~ *
_— —

Gas 1 9 0.140 I

Gas 2 9 0.094 (

Gas2 11 0.272 [

Gas3 10 0.021 0.494 0.069 0.278

& & b
-

0.420 0.069 0.480 0.097 0.40s

0.70S 0.10S 0,2S4 0.05S 0.200

0.600 0,096 0.391, 0,054 0.087

0,051 0.156

Gas4 12 0.089” 0.493 0.073 0.2S5 0,042 0.054” ‘

Gis5 9 0.177 0.593 0.091 0.842 0,065 I 0,295

Gas5 10 . .

oil i 0.135 0.501 . . . .

011 9 0.056 0.449 0.0s2 0,464t 0.056t -0.186

Oi 2 :: 0.137 0.323 0.064 0.539 0.090 0.178

oi13 9 0.142 0.486 0.078 0.529 0,061 0,034

0,420 0.069 0,072

-0.054

0.116 0.577 0.096 0.842 0.064 0.191

0.085 0.7s2 0.069 -0.21 i

oi13 12 0.141 0.436 0.080

oi14 9 0.109 0.554 0,105 0.411 0.067

a15 22 0.253

0i16 9 0.117 0.3.. . . . . . .

oi17 9 0,092 0.482 0.071 0.371 0.075 -0.100

CM5 7 0.092 0.382 0.050 0.288 0.066 0.284

0.396 0.067 0.347 0.044 0,056””

-HF. n.llfis 0.478 0.0S7 0.157

Gasl 9

Gas2 9

Gas2 11

Gas3 10

Gas4 12

Gas5 9

Gas5 10

Oill 9

0.101

0,038

0,299

0,079

0.094’

0.143

0.146

0.073

0.048

ZJRK EOS

0.421 0.077 0.362

0.629 0.110 0.257

0.488 0.103 0.226

0,453 0.065 0.310

0,521 0.095 0.329

0.509 0.090 0,320

0,549 0.103 0.434

0,445 0.0ss 0.798

0.425 0.087 0.516t

oil 7 9 0.017 0.539 0.092 0.343

.!.4,,,.”. 0; “.,..,
. Ths bina!y w Iii@d WI# “0% regressed won.

‘value, fori7 :,,, n$, o.Rwe,,bn alsa Included hoe, nom.

0.056

0.077 0

0.075 -o

0.087 -O

o.075t -0.104

0.105 0.434

0,069 0.212

0.043 0.056

0.058 -0,030

0

0,350

0.017

0.233

0.095 0.151

0.105 0.150

converged toa value near 1.1. Such wide depsmmeof

a regression variable from its theoretical value can result

from poor data, EOS inadequacy, toomanyregre.ssion

variable$, m too few rqyessiomvariables. In this case the

cause wastoofew regression variables. Addition of the

metie-plus fraction bi~ resulted in converged,

reasomble values of sll regression vsriables.

Gss 4. Gas 4 exlibits a dewpoint of 3,375 psia [23 270

kPa] at 240”F [116”C] and 134 bbl [21.3 m3] of sepa-

rator liquid at 1,215.psia [8377 kFa] at 148°F [64”C] per

1 X 106 scf[2S317 std m3] of separstor gas. The reser-

voir fluid composition through Cs + given in T8ble 7

shows mH2SmolfractionofO.1819. Avsilable dsts in-

clude reservoir fluid dewpoint vs. tsmperamre from 73

to 262°F [24 to 128”C], dewpoint vs. mol% N2 for four .

mixes of reservoir fluid and N2, smd CCE data iqclud-

ing liquid dropout values for the reservoir fluid arid the

four N2 mixis at 240”F [116”C]. These data are given

in Table 3. The 4.89% N2 mix is. tO be inteqreted as

a mixture of 4.89 moles of N2 with 95.11 moles of reser-

voir gas

TABLE 15—CVE RESIOUAL LIQUIO COMPOSITIONS (MOL96)

Gas 1 Gas 2 Gas 5

p =696.2 psia p= 514.7 psia p =714.7 psia

Experimental Calculated Experimental Calculated Experimental ,Calculated’

co* 0.82 1.06 — 0.62 0.57 —

c, 15,65 12.88 8.49 9.36 12.66 11.51

C* 3,62 4.04 6,95 6.61 5.05 4.24

C3 3.88 4.01 9.07 S.15 4.41 3.62

C4 4.63 5.11 7.97 7.69 4.67 4.46

C5 5.48 5.92 6.54 6.68 3.51 3.44

Ce 6.44 6.55 6.44 6.5S 3.65 3.63

c,+ 59.46 60.43 54,54 54.70 65.23 66.47
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Fig. 4–Gas 3 N2 mix CCE at 225.8”F.

All calculated results presented were obtained with a

siiittim of the CA+ into foti fractions. Sulittiw irrto few-

e~ fmc~oni resufied in a poorer match ~f data-and split-~

ting into more fractions did not improve the match. The

methane ‘J g. value was used as the single regression vari-

able for adjustment in place of tire methane-plus fraction

binary. This was done because the splitting of C,S+ gave

a plus fraction of only 0.088 mol %. The regression data

set included only reservoir-fluid CCE and siugle-stage sur-

face separation data. No temperature-dependent dewpoint

data or N, mix CCE or dewooint data were included in

the set. “
,.

Table 11 shows that both EOS give average deviations

of about 50 % after adjustment. Regression lowers those

deviations markedlv to 1.02 and 0.67% for the ZJRK and

PR EOS, respectiv~ly. Fig. 5 shows that the ZJRK EOS

rcproducea the observed dewpoint pressure variation with

temperatorc somewhat better after regression, even though

no temperature-dependent dewpoint data were in the

regression data set. The PR EOS, after regression, gave

a somewhat better match of this temperature dependence

than did the ZJRR EOS.

Fig. 6 shows that the ZJRK EOS match of dewpoint

pressnre vs. mol% N2 is poor without regression and

very good with regression, even though no N2 dewpoint

data or N2 EOS parameters were used in the regression.

The regressed PR results are comparable with these ZJRK

results

Fig. 7 shows good agreement between observed and

calculated CCE relative volume results for the original

reservoir fluid and the four Nz mixes.. However, Fig. 8

shows rather poor agreement between observed and cal-

culated CCE liquid dropout curves. All calculated results

shown are for the regressed Z.7RK EOS. The regressed

PR EOS results arc insignitieantJy different. The regrc68ed

EOS matches the reservoir fluid liquid dropout nearly ex-

actly but seriously underestimate the amount of liquid

dropout near dewpoint pressurez as N2 is added to the

SPE Reservoir Engineering, May 1986
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Fig. .5-Gas 4 dewpoint .pressure vs. temperature.

TABLE 16–COMPARISON OF CALCULATED AND

OBSERVED TWO-STAGE SURFACE SEPARATION

RESULTS

Gas 2 Primaw Separator 202.7 psia, 70”F

Primaw

Stock-tank Se!rara{or

,?L

0.780

0.878

0.731

.0.916

0,s39

.“‘f9

0.777

0.754

0.754 ;

0.754

0,752

Gaa 5 Primary Separatoc 439.7 psia, 96° F

Experimental 8933” ‘ o.7ai 0.725

PR 9 8619 0.800 0.722

PR 10 8a94 o.ao5 0,722

ZJRK 9 9049 0.s21 0,721

ZJRK I o e933 0.805 0.723

Se,watoI d“. slack-tank w scflSTB at 6LYF.

. %.w.tm gas WSTa at SO-F.

TABLE 17—K-VALUES FOR GAS 2

DEWPOINT AND BUBBLEPOINT.

SAMPLES

d 0.99277 0. S6610

Cs 0.98994 0.95317 .

p 0.98214 0.91816

0,97330 0.87881

F: 0.93465 0,73346
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TABLE 18–FLUID COMPOSITIONS AT LAST INJECTION STEP FOR OIL 1

Liquid Gas

PR PR ‘“ PR PR

Component Experimental no split split Experimental no split split
—.— —.

.Co , 0.0060 0.0037 0.0048 0.0085 0,0086 0.0086

0.0022 0,0012 0.0019 0.0114

&

0.0118 0.0116

0.3460 0.3829 0S425 0,s776 0.8SS7 0.8800

C2 0.0680 0.0372 0.0523 0.0703 0.0703 0.0704

C3 0.0279 0.0141 0.0217 0.0165 0.0163 0.0165

C4 0.0064 0.0037 0.0062 0.0025 0.0024 0.0026

C5 0.0051 0.0013 0.0031 0,0009 0.0006 0.0008

C6 0.0204 .0.0042 0.0147 0.0023 0,0013 0.0024

c,+ 0.5159 0.5516 0.552S 0.0100 0.0000 .0.0070

reservoir fluid. The liquid dropout data match was not

improv@ by includlng N ~ Mm.4 CCE data in the reg?e6-

sion data set and N2 .Oj, f); values in the variable set.

Because of the small plus-fraction mol fraction after splh-

ting, the regression variable set included ooly the four

variables of methane and plus-fraction Q:, Q;. Table 14

lists the vduca of these variables converged on by

regression.

Both regressed EOS cshgdated separator GOR and.liq-

uid gravity (at separator conditions) as 7465 scf/bbl [1345

std m3 /m3 ] separator liquid and 0.615, respectively,

compared to observed vslues of 7465 scf/bbl [1345 std

m3/m3] and 0.644.

May ,variations of regi’essibn data md variable seta and

degrees of splitting were tried without improvement in

the liquid dropout match. A number of possible explana-

tions” for .-bat mismatch are possible; we do not know

which is the most probable. “

Gas 5.”~ 5 exhibim a dewpoint prcasure of 4,856.7 psia

“[33 486 k%] at 267°F [131 “C]. Separation yields 136

bbl [21.6 m3] of condensate at 440 psia [3034 kpa] and

60°F [16°C] per”l x 10! scf [28 317 std m3] of separat-

or E66. Table 1 gives the reservoir fluid composition

tbro;gh C,+. Av~lable data in Table 14 include .CCE,

CVE, and aiurface separation data.

6000

— DATA
--- ~JRK,,9R~D,cT~D

o 2JRK. REGRESSED

5000 -.”’

P,

PSIA

4000 -

,

MOL PER CENTN2

,

Fig. 6—Gas 4 dewpoint pressure vs. mol% N, at 240° F.

A mass balance on the CVE data gave reasonable but

slightly erratic liquid gravities as shown on Fig. 9. The

regression data set included K-values at the last .CVE pres-

sure, surface separation data, CCE data, aod values of

fL, y ; TL, and GP for each expansion pressure. The er:

6ratic .6852 liqtild gzavity at 3,015 psia [20 78S kpa] was

omitted from the regression data set.

Fig. 9.compares CVE data with Pll and ZJRK results

calculated after regression with CT+ split into two” frac- ~

tions. Where the circulaz PR potits are not shown, they.

coincide with the triangular ZJRK points. The agreement

with data is ve~. good for both EOS with the exception

, of Zg and yL. Table 15 shows reasonably “good agree-

ment between CVE residual liquid compositions using the

Z.JRK EOS. The PR EOS compositions do not agree as

well. Table 16 compar& observed and calculated

(regressed) EOS rcmdts for the two-stage separation. Tbe

1.6

1.5

1.4

1.3

+1.2

s

1.1

La

.9

,8

,’72500 35W 4500 5500

I? PSIG

pig. 7—Gas 4 CcEat 240° F.
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Fig. 8—Gas 4 CCE at 240 ‘F.,

0111. Ofl 1, witi’composition given in Table 1, has a

saturation pressure of 2,535 psia [17 478 I@a] st 180”F

[82.2°C]. TMs fluid was subjected to a multiple-contact’

vaporization test in which gas witi composition given in

Table 5 was injected into tie oil sample in a visual PVT

Sell. at constant pressure and temperature in a series of

steps., At each step, the fluids were allowed to reach m

equilibrium. The gas was removed at constant pressure

and armfyzed. The volume of”oil was measlmed before. the
next gas injection. TfiS process was continued for 11 in-

jection steps, Measured data from this test are given .in

Table 5 and include the moles of gas injected and pro-

duced, the moles of liqtid phase remaining in the cell,

the composition of the gas at each injection step, and the

composition and molecular weight of the residual oil af-

ter the last step of the test. Table 18 compares calculated

and observed liquid and gas phase compositions at the last

injection step.

ne PVT program uses mass-balance considerations to

calculate addhimral data at each. step, including oil and

gas gravitj’ and liqtid-phase molecukm weight. The meas-

ured molecular weight of the C7 + fraction of the gas at

the different steps ranged from 105 to 110. The mcas-

ored oil-phase C 7 + molecular weights for rlre reservoir

fluid and last-stage fluid were 225 and 258, respectively.

This wide range of moIecular weight of C7+ presented

..difficukies in matching rhe vaporization process with only

one heavy fraction of molectdar weight 225. The vapo-

rized gas at each stage, was too heavy, whale the residual

oil W=S too light.

A two-component split of the heavy fraction W+S de-

~, fined with molecular weights of 147.7 and 318.9, which

gave mole fractions of 0.2646 and 0.2178 for Compo-

nent.s,9 and 10.. This split system gave significantly bet-

mi” results than thenonsplit system as shown in Fig. 10.

As Table 11 shows, the qegresscd, unsplit system gave

an average deviation of about 3%. For the split system,

the average deviation fell from about 6% after adjustment

toO.31 % after regression, exbibhing an excellent match

SPE Reservoir Engineering, May 1986
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GOR is matched exa6tly, whfle the calculated stock-tank

liquid graviV of 0.805 differs from the observed 0.781.
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Fig. 9–”Gas 5 “CVE;

of Ore data. The regressed results shown in Fig. 10 were

obtained by use of the PR EOS with regression oir the

nnrltiple-tontact vaporization data aIong witii CCE data

for rire reservoir. fluid and CCE data for the injection gas.

Also shown in Fig. 10 are results obtained by adjusting

only the b-in the PR EOS for the two-compcment spfh

svstern. Results with the ZJRR EOS were very @riiar–.
to the PR EOS results.

Oil ~. Oil 2 is very volatile with B. =292, R; =3,377

at bubblepoint pressure of 4,475 psia [30 854 IcPa] and

176”F[80”C]: TWO two-stage separntions”were repmted

at60”F[16”C]with315 and 65 psia [2172 and 448 kpa]

prim~ separator pressures, respectively. The high- ~d.

low-pressure separation data gave mass-babnceermrs of

1.1 md 3.1 %, respectively. The la~ratOw rePOm nOted ~.

occurrence of timing in the low-pressure separation. The

reservoir-fluid nine-component arudysis is reported

through a 0.1692 C7+ mol fraction with a 173 mol~u-.
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Fig. 1 l—Oil 2 DE.

h weight. CCE, CVE, and DE dnta in Table 6 were used

along with all data from the two surface separations in

regression.

Both EOS predict bubblepoint pressures of about 3,400

psia [23 442 kpa], considerably below the observed 4,475

psis [30 854 kpa]. With adjustment, both EOS yield B.

mtd R. values significantly lower than observed. Table

11 shows that regression reduces the average deviation

frurn 10.25 tu 4.68% for the PR EOS. Whft splitting of

the C7+ fi%ction iito fractions F7, F8, aud F9, and

regression on niue variabIes (22:, flj of C,, F,, F8, F9,

294

and the C I /Fo bimrv), the average deviation falls fur-

ther to 2.i7%”. ‘“” -

Figs. 11 and 12 compare DE observed and cdcukmed

B.. R.. and Iirmid sraviw for the PR EOS for the cases. . .:.
of prediction, ;djustment; and regression. Fig. 12 shows

that the C7+ splitting with regression results in a virtu-

ally exact match-i5f the DE data.

, None of the regressions with either EOS gave goud

matches of the surface separation data, aa shown in Ta-

ble 12. Regression with the surfsce separation data slone

rdso resulted in a poor match with either EOS. TI@, com-

bined with the raass-bskmce error in the data and occur-

rence of waxing, lead us to suspect tie data.

oif 3. ofl 3 contis 60 mol% C02 and exhibits a hub-

blepoint of 2,612 psia [18 010 kpa] at the reservoir tem-

perature of 179°F [82”C]. CCE dam for this sample at

temperature ranging from 140 to 200”F [60 to 93 “C]

are shown in Table 7. The reported analysis io C ~0+ for

this sample is given iu Table 1. Fig. 13 shows the match

of saturation pressure with the PR EOS with 12 compo-

nents over the range of tempiramres. Predkted values

are approximately 500 psi [3447 IcPal lower thm ex-

perimental values. Adjustment gives good agreement,

wbiIe regressed resufta virtually duplicate the experimental

&ta. CCE results are shown in .Fig. 14. Tbe PR EOS:

predicted values give large error for both relative volume

aud liquid volume. Regressed results agree well with the

data.

As indicated by the ayerage deviations in Table 11, the

regressed PR results match the data significantly bettsr

than the regressed ZJRK results. However, use of only

nine compouenta (through C7+ ), with eitiler EOS, gives

agreement with data almost equal to that obtaiued with

12 components through C ,0+.

The regression data set included CCE data at the font

temperatures. The usual five-parsmeter regression vari-

ble set was used except that C02 m.placad methane.

Od 4.0114 is slightly volatile with B.= 1.671 and

‘R. =932 at 250”F [12 1 “C]. The nine-component annly -

SPE Reservoir Ensineerins, May 19S6
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SIS of this sample through C7+ isshown in Table 1, with

CCE. DE. and separation data given irr TabIe 8. The ef-

fect of ternperatu;e on saturation pressure is shown for

0114 irr Fig. 13. The PR EOS-predicted values for sattr-

mtion PK6sore are in error as much as 500 psi [3447 ~a].

Adjustnrent improves the calculation, bnt regression again

virtually duplicates these data. Results from a DE of Oil

4 at 110”F [43,°C] are given in Fig. 15. The adjusted PR

results are very low for R$, i?., arrd y~, with the YO

vahres showing the most error. Regression provides an

excellent match of all &ta for this sample.

Splitting the CT+ resulted in insignificant improvement

in agreement between observed and regressed EOS re-

sults. The average deviations of 2.3 to 2.6 % after regres-

sion shown in Table 11 indicate that the two EOS give

comparable agreement with data. The regression data set

included aO CCE spd DE expansions and all snrface sepa-

ration data.

Oif 5. All &ta used for OiI 5.are given by Hoffmmrn et

al. 17 Their data include extended analyses through F22

for a saturated oil mrd its associated gas. Data are given

for flash of the 01 at 14.7 psia [101 I&a] and 60”F [16°C],

tlash of the associated gas at 8(0 psia [5516 kpa] and f33°F

[28”c], mrd CCE data at 201 “F [94°C] for the associat-

ed gas.

Katz and Firoozabadl 1 applied the PR EOS to these

dati. They concluded that me EOS accurately predicted

the associated gsa data ~d, with adjustment, matched tie

oil data. In part, their conclusion rested on close agree-

ment between the observed gas composition mrd jhat cal-

culated from the oil composition by use of the adjtrsted

EOS.

Practical considerations in si@ation require that a sin-

gle set of EOS parameters be used to represent both the

oil leg and gas cap in a saturated reservoir. Calculations

here therefore use only the oil composition as known in-

put data. AU cakrdations of the gas. CCE and flash use

the calculated composition of gm.in equilibrium with the

oil at calculated bubblepoint pressure and 201 “F [94” C].

Figs. 16 mrd 17 compare observed and calculated liq-

ild dropout mrd grsvity from a CCE of the associated gas

mmple for Oil 5. Adjusted values for a 22-component sys-

tem mrd regressed values for a seven-component system

SPE Reservoir Engineering, Msy 1986
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usinz both the PR and ZJRR EOS are mesented. The ad-

jus& 22-comfmnent EOS re.srdts comp”ze reasonably wdl

with dam, the regessed seven-component results cOm-

“pare significantly better and abuut equally well for both

EOS. Table 11 shows that forbuth EOS, seven-compunent

regressions give average deviations of about 2 %, as low

as or lower dmr 22amp0nent regressions. With 22 cOm-

poneirts aud the “USUGI five regression variables, noncon-

vergence occurred. Removsl of the bkmry from .tbe

variable set resulted in convergence.

Both EOS’s predicted bubblepoint pressures about 500

piia [3447 ~a] too low with either 7 or 22 c0mp0nent6.

The gas flash results in Table 12 show hat the use Of 22

rather th~ 7 components results in more accurate EOS-

prdlctcd and djusted yslues of the flashed-gas 00R. The

seven-component regressed EOS result, however, com-

pares” well with thk GOR.

Oil 6. Oil 6 is moderately volatile with Be = 1.866 and

R. =“1 ,230 at 234°F [112”C]. The nine-component anal-

yiis includes, minor amounts of C02 ~d NZ md a

0.3043 C7+ fraction with a molecrrhr weight of 200. The

CCE and DE data, sfong wi~ data from four two-stage

SePSIatjOm at 740F [23 “C], gNen in Table 9, were used
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in regression. Table 11 shows that regression resulted in

average deviations of 2.1 snd 2.67%, for the PR smd Zfm

EOS, respectively.. Fig. 18 and Table 12 show the cloie

mstch of data after regression with tie PR EOS. SpIit-

ting gave insignificant improvement.

Oif 7. 0i37 is the lemt volatile of the oil szmples with

BO=l.324 and R~=557 at 131°F [55”C]. The CCE and

DE d6ta 6fong with dat6 from fouf two-st6ge surface sepa-,

rations at 72°F [22”C] given in Table 10. were used h

regression. The nine-component armlysis includes minor

srnounts of C02, Nz, aud a 0.3597 C7+ mol fraction

with a moleculsr weight of 252. Table116howa that both

EOS give average deviations of about 4 % after regres-

sion. With adjustment ouly, the ZJRK EOS gives a sig-

nificantly better fit of the data. Splitting the C7+ fraction

intu tbrse fractions gave insignifkmt improvement in the

match of” dats.

Conclusions”

Among the PVT progrsm feamres described, we fmd the

regression capabfli~ most importamt in efficient vslkia-

tion of m EOS @fore its use in a compositional simulator.

Data given for six oif and thee retrograde gss conden-

sate samples include. constant-composition, cOn@nt-

volurne, and differential expansions, surface 6epmations,

tempetimre.dependent saturation pressures, and NZ

reservdr fluid behavior. One set of multiple-contact oil

vaporization data is reported.

TIIe,PR and ZJRK EOS are applier to these IIine fluids

snd three published fluid data sets under Wnditions of pre-

diction (no sltmation of EOS parameters), adjustment (sl-

tering one b~ary cuefflcient), snd regression. Agreement

between laboratory data md regressed EOS results .is

genemlly good to excellent. Re.mlts for the$e 12 fluids

uud a larger number of unrepofied studies ipdicate that

re~sed PR and ZJRK EOS give very comparable agree-

ment with d@a.

In either predictive or adjusted modes, both EOS give

generally poor agreement with my reasonably complete

SPE Reservoir Engineering, May 19S6



set of laboratory PVT”data. We find regression necessmy

for required engineering accuracy iu EOS results

Our stidiis indicate that regxeasion on the methsnc/plus-

fraction Q;, Q; EOS parameters and the methane-plus

fractionblnmy ia frequently necessnry and sufficient for

good,data matches. Fmtber, we find a minimsl need for

the extensive splitting of C7+ used to match data in

several publiahgd stu~es. In this work, generslly good

agreement with dats was obtained with C ~ + splits raug-

ing from none to four fractions.

The extent of sp~tting required depends primarily on

the recovery process anticipated. Below-dewpint cycling

of condensate resemoiss and gsa (or C02, N2) injection

into oil or gss reservoirs give rise to vaporisation effccta

requiring some CT+ splitting. Depletion rind/or water-

floodirig operatioua, even in nearmiticaf condensate or

hlghfy volatile oif reservoirs, may frequently be simulat-

ed compositionally with little or no spfitting of the CT+

fraction.

The results of this work illustmtc our general observa-

tion thst in EOS tuned by comps.risen with only reservoir-

tempermme (e.g., expamsion) PVT data frequently gives

good agreement with surface separation data.

In some csses, such as Oil 2. and Gas 4 of thk study,

a poftion of laboratory PVT data may remain poorly

matched by regressed EOS reauks. Such diapmity can fre-

quently be resolved by more fully exploring regression

variable sets and C,+ characterization (splitting). Re-

maining dkpssity leaves in open question regarding

causes of EOS insdequacj m opposed to poor data. Data

errors and inconsistencies can be detected in some cases

by simple maas-balance calctdationsl checks.

Nomenclature

BO = oil FVF obtnined from a differentisf

expansion, RB/STB [rei m3 /stock-

tmk m3] .,

BOF = oil FVF obtsined by surface separation,

RB/STB [res m3/stock-tank m3]

~,b j + = methane-plus fraction binary interaction

coefficient

b~ = binary interaction coefficient between

“components “i and j

6 = vsfue of b determined in EOS adjustment

dj = observation (dats item) j included in a

rcgre:sion data set

djc = calculated value of dj

.~~ = vo~~efraction liqmd in expsnsion cell,

f’L = volume ffaction liqiid in expansion cell,

v’/vs

F = objective @nction, defined in Eq. 1

F = value of F on convergence of regression

Gp .= volume or mole fraction of gas removed

from a laboratory constsnt-volume

expsnsion cell

M+ =’. molecular weight of tie plus fractick

n c = .numbcr of components

n~ = totnl. number of observations in

regression data set

p = pressure; psia [kPa]

SPE Reservoir Engineering, May 1986

p. = critical prcssmre, psia [kPa]

R, = solution gas obtained from a differ:nfisl

expansion, scf/STB [std m3 /stock-

tmrk m3]

R~.c = solution gas obtained fmm a surface

sepaation, scf/STB [itd m3 /$tock-

tsnkm3].

T = tempe@3re, “F [“C]

T= = critical temperature, “R ~]

vi = regrcasion variable i

V = laboratory expansion .cell @al volume

VL = vohnne of Iiquid in expaasion cell “” .,

KS = volume of expansion cell at saturation

pressure

Wi = weight factor on observation d~ iu

definition of regression objective”

function, F

z = gas-phase deviation far@’

Y8 = gas gsavity, air=l.O

YL = hydrocarbon liquid gravity, water =1.0

‘yO = oil grsvity, water= 1.0

~ = ~verage deviation, lWnJ

o, = density of fluid at saturstiofi pressure &d

reservoir or test temperature, lbm/cu ft

[kg/m3] -

fs:i,f2gr = cubic EOS psminetera for Component “i

Subscripts ~ .,

c = critical

C = calculated, component

F = surface separation or flash

~=~

i, j = component number “.

L = hydrocarbon liquid

~ = Oil
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Appendix-Selection and Range Limits of

Regression Variablea

O,ur experience with EOS regression includes a wide vaT-

iety of fluid sshrples and types of laboratory test data. In

general, a nccessmy and sufficient regression variable set

has been the five psmmeters of methane aod plus-fraction

f3’s and methane-plus fraction bhry.

When a CO~ swelling test ia part of the dsts, we u3uaJ-

ly find it necessary to sdd C02 !2; to the variable set and

pure C02 density (at reservoir temperature and a perti-

nent pressure) to the dsta set. The further addition of the

C02-plus fraction binary may Gr may not prove helpful.

For N2/reacrvoir fluid mix data, we have found fhe basic

five-parameter variable set sufficient with no alteration

or inclusion of N 1 EOS parameters. However, we have

more experience witi CO* reservoir fluid datdmn with

N2 MiX data.

One obvious rule in selecting regression vmiables is ex-

elusion of my EOS parameter that, by inspection, can-

not affect significantly the calculated vafue of aoy of the

regression data. For exsmple, if compositions of rdl sam-

ples in a regression &ta set include very small amounts

of some component, then one would not sekct tmy of that

component’s 0‘s or b~ies as regression variables. The

pragmatic converse of ,fbis rule is inclusion of one or more

EOS parameters for any component that is cOmpOsitiOn-

alfy predomimnt in all or some regression data aarnples.

fR many cases, methane satisfies this predominance.

TABLE A-1 –EFFECT OF PSEUDOIZATION

ON c,+ (2:+, f3g+

Oil EOS fl:+ &

5 PR 0.5296 0.0S72

5 ZJRK 0.3935 0.0854

s PR 0.5183 0.0858

.3 ZJRK 0.3874 0.0S48

The characteristics of a good or opdmaf regression vari-

able set are that the regression converges; the variable

values converged upon are realiafic; deletion of WY mem-

ber of the vsfiable set results in either or both of (1) a

significantly worse data match, and (2) unre~lstic v~a-

ble values; and addition of any other EOS parameter re-

sults h“ either or both of (1) nonconvergence and (2)

insignificantly better data match.

Nbncon<krgence cm result from redundancy among the

variables in the sense that the objective function is insen-

sitiye to values of two or more variables provided they

satisfy some relationship to one mother. Nonconvergence

cm also resrdt from simple insensitivity of the objective

finction to one or more of the variables. The symptom

of nonconvergence may be either the tailing off towsid

gfobal limit or the “bouncing” withii a small range of

one or more of the variables.

In mry event, nonconvergence is obviously dependent

on the regression data set as well as the variable set. That

is, a given variable sit yielding nonconvergence may yield

quite reasonable convergence with additional regression

data. For a fixed regression data set, the remedy for non-

convergence is siniply removal of one of the regression

vsriables. The response to a convergence with unrealis-

tic variable vafues should be addition of a regression vari-

able, as illustrated in the case of Gas 3 of this paper.

The occurrence of a poor data match with a regression

variable set that obeys the previously mentioned clmrac-

tmistics of a good regression variable set, ivith or without

realistic convergence, ideates either erroneous data or

inadequacy of the EOS. In some cases, suspect data cam

be detected by simple mass balances on CVE &ta and/or

surfsce separation results. In one lean retrograde-gas-

condensate case, the laboratory data included liquid

dropout VLIVvalues for a CCE about three times larger

than the CVE VLIVS values. AJJ “goo$’ gas-condensate

data we have seen exhbit CVE fL vslues larger than

CCE fL values. A mass balance on fhat particular con-

densate’s CVE gave liquid gravities rsnging,from 22 near

dewpoint to 18 at lGwer pressure. Omission of the CVE

fL vslues from tbe regression data set gave quite reasona-

ble EOS parameter values and a good data match, except

that calculated (more correct) CVE f~ values were about

five times larger than reported.

The above discussion gives no rationalization for ac-

wpting or allowing alteration of EOS pamwneter theoret-

ical values. The theoretic?d S?: and Q; values in cubic

EOS srise from the required satisfaction of the van der

Wads conditions. of dpldk’= d2p/dV2 =0 at the critical

point. The component temperamre functions in the SRK

snd PR EOS and the altered (temperature-dependent)

ZJRK component Q“ values essentially reflect satisfac-

tion of pure-component density and vapor-pressure data

be16w critical temperamre. At reservoir conditions,

methane in particular is well above its critical point and

there ia no theory or clea-cut guide to selection or ~ter-

ation of Q’s for components well above their critical tem-

perature. One might argue pragmatically that the

theoretical methane Q; and Q; values satisfying the van

der Wads conditions at p and T far removed from our

range of interest do not satisfy tie requirement of correct

methsne density at the reservoir p and T conditions that

are of interest. Pursuing ‘lhia observation leads to the sug-

gestion tbst methane Q:, Q; be detegnined at reservoir
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tem~rature by requiring exact WMwtion of methane

dcnaities at that tcmperatnre and two perdncnt pressures.

A next step is pinning only the relationship between the

two Q’s by aatisf@g experimental density at one pres-

sure and regressing on one Q. We have done this with

the C02 $2’s in connection with a swelhg test motch.19

and found that the resulting C02 0: and fl~ values yield-

ed exceIlent agreement with pure COZ density over a

wide mnge of pressures.

Arguments in favor of accepting altered plus-fraction

Q“ values basically reflect the simple fact that, unlike all

other compnnen~, that fraction is a mixture of many com-

ponents. One argument for accepting altered values of

Ctj+, S2~+ can be based on the results of pseudotimg or

lumping an extended analysis to a C,+ fkaction. A pseu-

doi.zation procedure 10 was applied to tire Od 5 and Oil

3 extended analyses. The Oil 5 F, through F22+ fmc-

tiona and Oil 3 C, through C ,0+ fractions were each

SPB Resavoir Engineering, Msy 1986 ‘

lumped into single C,+ tktims, using both EOS. Ta-

ble 18 lists the resulting C,+ Cl; and Qj values.

S1 Metric Conversion Factors

“API 141 .5/(131 .5+ “API) = g/cm3

bbl X 1.589873 E–01 = m3

sp x 1.0* E–03 = Pas

CU ft X 2.831685 E–02 = m3

CU in. X 1.638706 E+O1 = cm3

“F ~F-32)/l.8 =.
c

lbm/cu ft X 1.601346 E+OI = kg/rn3

psi X 6.894757 E+(k) = kpa

scf/STS X 1.781073 E–01 = std m3/

stock-tank m3

-cmwrsl.in *!., Is exact. SPERE

Odglmd mn.mm malved In the Scdew 0! Pe!mleurn EJWJI.E.WS mm AUg. 2?,

1SS2 PaFW s.m3PW! fol PublicaUo” W, 9. W+C. Reviss.d manutipt r6eiv6d Aug.

5, 193S..%w(SPE11197) first Pf.sentec.1 the 19S3 Annual Fdl Twhnlcd cafer.

MM and Exhlbiilon hold In New OdOans, Sept. 23-Z9.
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DIFFERENTIAL EXPANSION AT 234° F.
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Errata (alteration) for purposeof review for SPE 11197

Oil 1

Oil 1, with composition given in Table 9, has a saturation pressure of 2535

psiaat 180W, This fluid was subjected to amultiple-contact vaporization testin

which gas, with composition given in Table 13, wasinjected into the oil sample in a

visual PVT cell at constant pressure and temperature in a series of steps. At each

step, the fluids were allowed to reach an equilibrium. The gas was removed at

constant pressure, and analyzed. The volume of oil was measured before the next

gas injection took place. This process was continued for eleven injection steps.

Measured data from thi$ test are given in Table 13 and include the moles of gas

injected and produced, the moles of liquid phase remaining in the cell, the

composition of the gas at each injection step, end the composition and molecular

weight of the residualoil after the last step of the test.

The PVT Program uses mass balance considerations to calculate additional

data at each step, including oil and gas gravity and liquid phase molecular weight.

The measured molecular weight of tine C7+ of the gas at the different steps ranged

from 105 to 110. The measured oil phase C7+

fluid and last stage fluid were 225 and 258,

molecular weight for the reservoir
... .

respectively. The wide range of

molecular weights of C7+ presented difficulties in matching the vaporization
.

process with only one heavy fraction of molecular weight 225. The vaporized gas

at each stage w&stoo heavy, while the residual oil was too light.



A two-component split of the heavy fraction was defined with molecular

weights 147,7 and 318.9 which gave mole fractions of .2646 and .2178 for

components 9 and 10. This split system gave significantly better results than the

non-split system as shown in Fig. 10. As Table 1 shows, the regressed, unsplit

system gave an average deviation of about 3%. For the split system, the average

deviation fell from about 6% after adjustment to .31% after regression, exhibiting

an excellent match of the data. The regressed results shown in the figure were

obtained using the PR EOS with regression on the multiple-contact vaporization

data along with CCE data for the reservoir fluid and CCE data for the injection
.

gas. Also shown in the figure are results obtained by adjusting only the binary in

the PR EOS for the two-component split system. Results using the ZJRK EOS

were very similar to the PR EOS results.

The additional definition of the C?+ allowed the vaporization process to be

accounted for through stripping of the lighter of the two heavy fractions. Table 7

compares calculated and observed liquid and gas phase compositions at the lest

injection step. Further improvement in the match of these compositions might be

obtained by extending the C?+ split. A first split fraction of molecular weight on

the order of that of tiie removed gas, in the range 105-110, could allow both the

gas gravity and the amount of C?+ in the gas phase to be matched.
-.
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SAMPLE N
c

TABLE 1
AVERAGEDEVIATIONS,SAMPLES1-12 (%)

.

J
PR EOS ZJRK EOS

ADJ. REGR. ADJ. REGR.
GAS 1 9 17 32.50 1.50 31.10 1.47

GAS 2 57 29.49 6.20 28.42 6.08
GAS 2 1! 57 12.48 5.01 9.20 4.05

GAS 3 10 13 50.83 1.79 44.35 1.83
GAS 4 12 11 48.00 0.67 59.40 1.02

GAS 5 42 17,07 6.73 15.61 7.16
GAS 5 1: 42 13.09 6.01 9.75 5.52

OIL 1 57 12.12 2.88 7.28 2.77
OIL 1 1: 57 6.42 .31 3.33 .27

OIL 2
OIL 2

79 10.25
79

4.68
2.71

7.25 5.66

OIL 3 9 46 9.20 2.S8 8.47 4.87
OIL 3 12 46 9.07 2.03 6.37 3.97

OIL 4 9 169 9*7O .2.69 4.57 2.28
OIL 5 19 28.30 2.19 25.37 1s78
OIL 5 2: 19 18.89 3.89 ‘5.91 1.80

OIL 6 9 75 12.00 2.10 3.97 2.67
OIL 7 9 76 8.08 4.14 5.58” 4.08

AVERAGE 19.26 3.26 16.23 3.36

.
●

✎

,.

,.. ,. . .



TABLE 4
FINAL VALUESOF REGRESSIONVARL4BLES

PR EOS

SAMPLE Nc 5 0

%1
o

%1 n;+ o

% + %+

GAS 1

GAS2
GAS 2

GAS3
GAS 4

GAS5
GAS5

OIL1
OIL1

OIL 2

OIL 3
OIL 3

OIL 4

OIL 5
OIL 5

OIL 6
OIL 7

SAMPLE

9 .140

9 ,094
11 .272

10 ,0211
12 .089

9 .177
10 .116

9 .135
10 .056

11 .137

9 S42
12 ,141

9 ●109

7 .092
22 ‘ .253

9 .117
9 .092

GAS 1 9

IGAS2 9
GAS 2 11

GAS 3 10
. GAS 4 12

GAS 5 9
GAS 5 10

.
OIL 1’ 9
OIL 1, 10

OIL 2~ 11 “

OIL 3 9
OIL 3 12

OIL 4 9

OIL S 7
OIL S 22

OIL 6 9
OIL 7 9

(1) Methane $ value

.420

;708
.600

.494

.493

.593

.577

.501

.449

.323

.438

.436

.554

.382

.396

.313

.482

ZJRK EOS

.069

0108
.096

.069

.073

.091
,096

.085

.082

.064

.078

.080

.105

.050

.067

.06S

.071

.430

.264
0391

.278

.285

.342
,342

.7633

.464

.539

.529

.420

.411

.288

.347

.478

.371

,097

.058

.054

.051

.042

.065

.064

.069

.0563

.090

.081

.069

.067

.066
,044

.087

.07s

.408

.200

.037

.1562

.054

.295

.191

-.211
-s86

.178

.084

.072

“-.054

.284

.0562

.157
-s00

o

%1
o

!)1
o

%

o
+ % + %+

●101

.038

.299

.079

.0941

*143
.148

.073

.043

,086

.146
0147

.052

.039
,182

0061
.017

.421 .077 .382

.629
‘.488

S1O
0103

.257

.226

.453

.521
.085
.095

.310

.329

.509
,549

,090
,103

.320

.434

,445
.425

,088
.087

.798.3

.518

.344, .079 .500

,361
,382

.063
,074

.616

.610

,47s ,096 ,504

.428
,414

.051

.083
.328
.576

.363
,s39

.082
,092

.488

.343

.105 .434

.069 .212

.045 .058

.058 -.030

.056 02

.077 0350

.075 -.017

.08?3 -.233

.075 -.104

.095 ,151

0105 ,150
.103 .134

.087 -.058

.085 .318

.082 02

.098 0102
●071 -,050

(2) This binary was fixed and not regressed upon

(3) Values for Q“.,,, ~, fl~l~* %?gression also included ~:q, Q:.,



● ,b’,

,

TABLE7
FLUIDCOMPOSITIONSAT LASTINJECTION STEP FOR OIL 1

LIQUID GAS ,

Component

C02
N2
cl
C2
C3
C4
C5
C6
C7+

. .

.

\

. .

Exp

●0060
.0022
.3480
.0680
.0279
.0064
.0051
.0204
.5159

.

&
.0037
.0012
.3829
.0372
.0141
.0037
.0013
.0043
.5516

3!-
.0048
.0019
.3425
.0523
.0217
.0062
.0031
.0147
.5528

Exp

.0085

.0114

.8776

.0703

.0165

.0025

.0009

.0023

.0100

&
,0086
.0118
.8887
.0703
.0163
.3024
.0006
,0013
.0000

PR
Ae!!L
.0086
.0116
.8800
.0704
.0165
.0026
.0008
.0024
.0070

..-,

b
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FIGURE 10
OIL I MULTIPLE CONTACT VAPORIZATION TEST

P=,2535 PSIA T= 180” F
— DATA
O PR, REGRESSED,NO SPLIT
A PR,ADJUSTED, SPLIT
A PR, REGRESSED, SPLIT

.

AA AA
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