
SPE
SPE 13715

Prediction of Liquid Hydrocarbon Recovery From a Gas
Condensate Reservoir

by J.A.Almarry,Qatar General Petroleum Corp., and F.T.A1-Saadoon,● Texas A&l U.

●SPE Member

Copyright 1985, Society of Petroleum Engineers

This paper wee presented at the SPE 1985 Middle Eaet Oil Technical Conference and Exhibition held inBahrain,March11-14, 1985. The materiel is
subject to correction by the author. Permission to COPY is reetrtcted to an abatrac+ of not more than 300 words. Write SPE, Box 633836, Rkherdeon,
Texaa 75083-3S36. Telex: 730989 SPE DAL.

ABSTRACT Compositional reservoir simulation is the process of
inferring the behavior of the real reservoir from

A compositional model consisting of material the model performance of that reservoir using the
balance (M-B) equations and the Peng-Robinson (P-R)
Equation of State (EOS), was developed star~ing with

composition of the fluids recovered and that in place.
It usually considers up to 30 components in any one,

the work of Bergman, Tek, and Katz. The model simu- two, or three space dimensions. The purpose of an
iates constant voiume expansion (CVE] as cht.sifiedfrom ‘n= ‘- -L-. ... v .. 7,,-. rlr.ri,t’l~hwi,,m nhacoCl.)> 1> to dcbelmilich-V~lUC~ ~h C+U1 , ,u, ,uI,, ~,,u+-

experimental analyses of gas condensates. properties. It is most important in compositional
reservoir simulation to get satisfactory agreement

The contributions of this paper include the
following: (1) evaluation of the phase behavior and

between EOS results and measured laboratory PVT data
relevant to the fluid of the reservoir and its

fluid properties for an arbitrary mixture of components recovery process.
(2) development of the material balance equations to
compute depletion performance, (3) investigation of A number of studies emphasizing comparison of
P-R EOS as a tool for reproducing measured PVT data, EOS and laboratory PVT results for a variety of
and (4) analysis of the effect of component property reservoir fluids and conditions have been reported
estimation on EOS predictions. (1, 2, 3).

The North Field Khaff reservoir, which is situat- The North Field Khuff reservoir, which is situat-
ed offshore northwest of the northern top of Qatar, ed offshore northwest of the northern top of Qatar
and the specific K-4 reservoir description was used as as shown in Figure 1, is used as the example in this
the example in this work. work. The discovery well was drilled in 1971.

Subsequent wells confirmed that the North Field is a
Laboratory measurements for constant volume large gas condensate bearing structure occupying

depletion and phase separations ofa condensate fluid an area of approximately 1950 square miles. The
sample were obtained from well No. NWD 5 in the K-4 producing carbonate reservoirs are subdivided into
reservoir of the North Field in Qatar. This experi- major subzones of the Khuff called (starting from the
mental data was used as a basis for comparing results top) the K-1, K-2, K-3 and K-4. It is estimated the
from the proposed compositional model. The data gas in place in the K-4 reservoir alone is about
analysis was carried out up to C20+ group hydrocarbons. 125TCF. The fluid analysis of the K-4 interval has

L––. ___-l A-A ....4..,,..!.sti=l,,e=Deen complewu aIIU >ULII allaly=e= al = =A.u,l=, .-.= ----.-n av+nnciunlu Ilc9d

The experimental data used for comparison with
the calculated results were volume percent liquid

in the reservoir predictions of this study (4,5).
The field is as yet undeveloped.

(retrograde condensation), cumulative produced volume,
molecular weight of heavy components (C7+) produced, Condensate gas fluid samples of Khuff reservoirs
and compressibility factor. In addition to the values were obtained by recombining in surface separator
,..1-,,1.+6A=hn,ta ennc+an+ romnnci+inn Pxnan<inn at
salL.ulul,cu u“”.= G“I!.J”U... . ,0 y”-,” .“, ,-, .F ------- ---- g~~ znd liauid oroducts according to the producing
different temperatures, a partial phase diagram for

..n___ ~ -—----
liquid-gas ratio. Prior to recombination, both

K-4 gas condensate, and viscosity were calculated by compositions of separator gas and separator liquid
the model. are obtained.

INTRODUCTION A recombined sample of reservoir fluid is placed
in a pressure, volume, temperature (i.e. PVT) cell

Equations of State (EOS) have been used in at a pressure above the dew point of 5iZ0 psig and at
recent years in compositional reservoir simulation. the reservoir temperature of 220°F. The cell is

expanded, thereby lowering the pressure. The mixture

References and illustrations at end of paper.
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is allowed to reach equilibrium. Then the vapor
phase material is displaced at constant pressure whil
simultaneously withdrawing an equivalent volume of
vapor until the cell volume is returned to the
initial volume. The procedure is then repeated. At
each step withdrawn vapor is analyzed using gas
chromatography to determine compositions. Produced
moles of vapor are calculated using real gas law and
are reported as a cumulative percent of initial moles
Compressibility factor is also calculated observing
produced vapor surface volume and equivalent cell
volume at cell temperature and pressure. Then
heptane plus (C7+) molecular weight is calculated fro
measured gravity and composition. Liquid volume is
measured visually and reported as a percent of cell
volume. The produced well stream viscosity is
either measured or obtained by calculation.

This procedure is not true constant volume
depletion but is a series of flashes to a predetermine
ed pressure followed by vapor production at constant
pressure.

The equation of state (EOS) material balance was
developed and used to predict iiquid that condenses
Gut and recovery fro% laboratory constant volume
expansion (CVE) experiments using K-4 reservoir fluid
samples. These constant volume expansion (CVE)
experiments are assumed to be representative of the
primary depletion and retrograde condensation
behavior of a gas condensate reservoir. The cali-
bration of an EOS to match this data is critically
important in mtder to .pnedict Tiquid recuvery using
a r~>CIVUll simulatoF.-...s.,..;w

The Peng-Robinson (POR) equation of state and
corresponding densities is used in preference over
the Dykstra-Mueller (D-M) equation of state. The
D-M method can suffer consistency problems between
densities and phase behavior in the vicinity of
the critical point. The P-R method, however, has
the ability to force consistency between phase
behavior and densities by adjusting K-values in an
iterative convergence using fugacities. This method
results in an additional simulation cost, but it is
absolutely required-for some problems.

THEORY

A simplified chart of the multi-component
reservoir material balance computer program for the
material balance constant volume expansion (M-B CVE)
and Peng-Robinson equation of state (P-R EOS) model i
shown in Figure 2. The fortran listing for the
simulation package is presented in Appendix C of
Reference (6). This program is an enhanced and
modified version of the code presented by Bergman,
Tek and Katz (7).

This program computes phase behavior and fluid
properties for an arbitrary mixture of components.
The rogram also has a heavy fraction (crude/conden-

!sate characterization capability. The program will
flash: perform constant volume expansion (Depletion)
studies or gas injection/revaporization studies.

The program has the following features:
a. Peng-Robinson equation of state
b. Lorenz-Bray-Clark viscosities
c. Heavy (pseudo) component characterization

capability

~. Fill PVT Table versus (P,T).

The program has the following subroutines:
i. PVTIN = Case input and echo print
). HYPIN = Heavy pseudo component definition
. = Loads default component properties
i: ;!;;N = Computes flash and properties
>.. PHASE = Computes flash at reservoir pressures

and temperatures
F. FLASH = Computes vapor/liquid equilibrium
?. FUGCTY = Computes fugacity of a phase
1. RULMIX = Computes newAand B parameters for E-O-
i. VOLMPR = Computes specific volume by Peng-

Robinson E-O-S
j. CUBEQ = Computes roots of cubic equation
(. PROP = Computes fluid properties
i. OidT’F’= I-J.-:..+.-A nlltnlip~~p~~t~~~rr IIII,a Al&14w..

n. VISC = Computes phase viscosity
~. TABLE = Prints table of values versus (P,T)
). TITLE = Prints heading and title

:OMPARISON OF CALCULATED AND EXPERIMENTAL RESULTS

Experimental observed results of constant volume
L... --.....au.A with ~~~ ~~j~~?~~~~?xpansion have uecll~ulllPuleu “1-,,

results determined by M-B and P-R EOS after adjustment
)f heavy fraction critical properties such as critical
temperature critical pressure and acentric factor.
These adjustments have reduced the maximum difference
]etween the predicted and measured.

Figure 3 shows the liquid retrograde condensation
is a function of pressure for both the laboratory
~xperiment and the material balance composition model
rhe calculation was carried out to 566 psia starting
From initial reservoir pressure at 5300 psia. Retro-
grade liquid began to drop out at the dew point press.
we at 5135 psia. The liquid drop out increases with
pressure reduction and reaches a maximum of 2.4 percel
at about 1800 psia. At pressure of 1500 psia the
retrograde condensation starts to revaporize which
causes the volume percent liquid to decrease from abo~
2.4 percent down to 2.1 percent at 565 psia. The abo~
comparison shows very good agreement between the expel
iment and the model results up to the maximum liquid
dropout pressure at 1800 psia which is more important
than lower pressure condition since reservoir may not
be produced at lower pressure.

Figure 4 and Table 1 show the comparison of com-
puted and measured produced volume in the depletion
experiment. There is a slight difference at intermed
iate pressure between computed and observed. This di”
ference could have occurred due to misreading the sma’
measured volume during the process of the experiment.

Figure 5 shows the measured and calculated
molecular weight (MN) of heavy components (C7+). A
maximum difference of about 4 percent has been found
between predicted and measured MW. Higher produced
MW’s indicate less mass remaining in the reservoir.
Adjustment of the heavy component molecular weight
(C7+) to match the above measured retrograde 1iquid
is attributed to the observed difference using the
correlation to compute the H“ of heavy components.

Com~arisons between the comDressibiiit.vfactor
(Z) of ‘the experiment and that calculated @ the model
are shown in Figure 6. The maximum differe~ce was
estimated to be 2.4 percent. The model predicted
lower compressibility factor than the measured value
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which indicates more mass is produced in the Model
Case. The above difference in molecular weight,
produced volume and retrograde liquid caused the
difference in the measured and calculated compressibi-
lity factor.

Figure 7 shows the comparison of computed and
reported viscosity by different correlations. i%o-
duced fluid viscosity, as computed by the model,
shows reasonable agreement with the viscosity shown
in the laboratory report. These two viscosities were
calculated by different correlations. Viscosity in
the PVT report was calculated with equations from
@~--~:-- lo-k...:---..#11:1c<~l~ UuAwnm.whnn Kvctam]
auirwlrly (LxrlavlurUI VI I IIGIU ,IJWIVWU,WW,.-J-..-...
while the Lohrenz, Bray, and Clark correlation for
viscosity was used in the model. The maximum differ-
ence between these correlations show about 4 percent.

Viscosity calculated by the model will be used
in the production performance of the reservoir since
it is more consistent with the other calculated
parameters.

Table 2 shows comparison of the laboratory
measured equilibrium gas composition with those
calculated using M-B and P-R EOS compositional model
at pressures of 4759 and 3244 psia. From this table
it can be seen that at a pressure of 3244 psia, the
produced mole fraction of heavy component (C7+) is
lower than the produced mole fraction of C7+at 4759
psia which results from higher liquid dropout due to
pressure decline below dew point pressure. Produced
light components such methane (Cl) behave opposite
the heavy component as shown in Table 2.

Phase Diagram

r-------m -L....-●I.-..=W;=+<mmrlyure o >iIuw> L.IIC var ICIL.IUII Gf 1 inttiA wnltimn
bvu~- ~~,u,,,~

with pressure for the initial reservoir composition.
A partial phase diagram is obtained by cross plotting
the curves of Fig..G “ “.“ ,innR ac p~~~~~~~~ fin F~~~r~ $1: For
example, enter Figure 8 at a specified volume percent
liquid. Move horizontally to the right until you
hit the first curve, read temperature and pressure
of that curve, then move to the next curve and take
a reading. This process is continued until you get
all points resulting from the intersection of liquid
volume fraction with the curves. From these points
one curve for the phase diagram can be constructed
at one volume percent liquid value.

From the behavior of the quality lines of Figure
9 the critical temperature of the system is believed
to be considerably less than OoF.

Heptane-Plus Characterization

The results of this study indicate that predict-
ions of an EOS are highly sensitive to characteriz-
ation of the heptane-plus (C7+) fraction.

Reservoir depletion calciilaticmsfo~ gas
condensates by the model have been used for C7+ as
one pseudo component and with the C7+ split into
fourteen fractions ending with the same molecular
weight. Critical properties of extended heptane-plus
(C7+) up to fourteen components were adjusted. These
~djus-~qent~jrnpr~yedthe calculated results as
compared with measured.

Figure 10 shows comparison of retrograde liquid
condensation for calculated and measured results.
Three dfifferen.,==”,.~ “=,=+ -~..,l+e,.~w~~btajned by tha mnrkal“, ,- .,. ”=- ,

for different cases. Case one shows the predicted
behavior of liquid dropout during depletion for one
pseudo component (C7+). The second case shows the
predicted performance of retrograde liquid condensa-
tion with heptane-plus (C7+] split.iiitofourteen
fraction without making any adjustment for EOS para-
meters. The third case shows the behavior of
retrograde liquid condensation during the depletion
processes after the adjustment of EOS parameters.

A~i~~f@ ~(j~ P~raMQterS

After several runs of the EOS model it was
observed that there is a characteristic influence of
heptane-plus on the predictions of equation of state
(EOS). Several observations were made on the effect
of the adjustment of extended analysis of heavy
components (C7+). The adjustment of C7+ properties
plays an important role in matching constant volume
depletion experiment results such as retrograde
liquid condensation, produced vapor composition,
produced vapor volume compressibility factor of
produced and in place fluid, vapor viscosity and
density.

The critical properties adjustment of the
extended analysis of heavy components (C7+) are
presented graphically in Figures 11 through 13 for gas
condensate. Fi ure 11 shows the effect of critical

Ytemperature (Tc on retrograde condensation and
saturation pressure. A decrease in Tc for heavy
components (C7 - C20+) by 10 percent results in a
reduction in maximum retrograde condensation and an
increase in pressure saturation. A decrease in Tc
for r- _ r.,. ,ee-..- in a decrease in both~/ I WIU Components Vnelll+e
saturation pressure and retrograde liquid. It has
more influence on liquid dropout at lower pressure.
Decreasing Tc of the intermediate heavy components
(cl~ - C17) causes a reduction in maximum retrograde
liquid. r---A decrease iiiTc 3? c~mpiifiefitsCi~ - .zu+
results in an increase in saturation pressure.

The effect of critical pressure (Pc) of the
extended analysis on liquid dropout and saturation
pressure has also been studied, as shown in Figure 12.
From these adjustments it has been shown that increas-
ing Pc of heavy components (C7 - C Q+) the saturation

fpressure is increased and maximum lquid dropout is
reduced. Increase in PC for C7 - C1O components
results in an increase In saturation pressure and a
decrease in retrograde liquid condensation. An
increase in critical pressure for Cll - C17 component
causes an increase in saturation pressure with little
affm-t nm maximum liauid dropout.-.,--“ -................. .T___ An increase in
CritiCal PreSSUtW for C18 - C20+ components results
in an increase in saturation pressure with no signifi-
cant reduction in maximum liquid dropout.

n.--+”.:- 4.”+* h.. .“ af+nrt nn hnth ~~t~r~tj~nMLCIILIIL IUubur ,,a=U,,S, ,==W “1,.....
pressure and liquid dropout. Increasing acentric
faCtOr Of C7 - C1O, Cll - C17 or C 8 -

k
C20+ increased

both maximum liquid dropout and sa uration pressure.
Sensitivity effect of acentric factor is shown in
Figure 13.
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From the above analysis it was shown that the
affect of heptane-plus (C7+) characterization on
predictions of the EOS model is substantial for
reservoir fluid. Satisfactory predictions of PVT
properties can only be achieved by adjusting the
critical properties of components.

CONCLUSIONS

A mathematical simulation procedure for the
prediction of primary depletion of gas condensate
reservoirs has been developed. Based on the work
done in this research the following conclusions can
be drawn.

1.

2.

3.

4.

K“.

6.

One of the most powerful methods for predicting
reservoir fluid behavior at conditions other
than those measured is the equation of state
(EOS).

K-values derived from the equation of state (EOS)
material balance model, developed in this work,
can be correlated to estimate apparent convergence
pressure and characterization factor of heavy
components.

Results indicate that the predictions of an.. z -L.&..... .,..,,cc.n.i+~vn ~~ ~h~~~~t~r-
equa~lo~ ~T SLdL~ ale V~lJ 2GII=,*u.+

ization of the heptane-plus fraction.

A procedure has been devised to adjust the
equation of state parameters, otherwise it will
overestimate the dropout liquid volume versus
pressure in a gas condensate reservoir. Guide-
lines are developed and provided for adjusting
equation of state parameters such as Tc, Pc,
W, and MM to achieve satisfactory prediction of
retrograde liquid and vapor phase behavior.

The ~tudi~~ done with the EOS and material
balance model indicate that the splitting of C7+
into multiple pseudo components is necessary
and sufficient to match PVT data.

Reservoir fluid property data for many samples
needs to be matched with an EOS before complete
confidence in reservoir simulator predictions
can be achieved.

NUMENLLAIUKE
- .-.,--

f] = Pure component fugacity of liquid

fv”= Pure component fugacity of vapor

K = Equilibrium constant in vapor-liquid
system

MM = Molecular weight

MWV = Molecular weight of vapor

Pc = Critical pressure

Tc = Critical temperature

v = Total number of moles in vapor

w = Accentric factor

I F RFWLWIR SPF

Xi = Mole fraction of ith component in liquid
phase

Y~ = Mole fraction of ith component in vapor
phase

APR = Peng-Robinson calculated retrograde
condensation fraction

ul = Viscosity of liquid

Bv = Viscosity of vapor

P1 = Density of liquid

Pv = Density of vapor
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TABLE 1
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COMPARISONOF COMPUTEDAND MtAYJKLU

RETROGRADELIQUIDAND CUMULATIVE PRODUCED

4426

2051

367B

2737

2314

1905

146B

968

550

RetrogradeLiquid CumulativeProduced

~ 3c%tedMeasured omputed Measure

0.00 0.00 0.00 0.00

0.14 0.14 4.54 5.10

0.37 0.36 8.95 10.00

0.B2 0.78 14.62 16.00

1.24 1.20 24.44 22.06

~.?g 1.72 28.14 30.10

2.15 2.10 38.26 40.00

2.31 2.30 47.52 49.07

2.40 2.42 56.76 58.40

2.37 2.40 66.87 68.03

2.21

2.02

TABLE 2

I?OMPARI SON OF LABORATORYEQUILIBRIUMVAPOR...........-

COMPOSITION WITH COMPOSITION DETERMINED 8Y

M-8 AND P-R MODEL AT 4759 PSIA & 3244 PSIA

ml e Percent Ml e Percent

Component Ti%%%%h ak

H2S 0.53

C02 1.76

N2 3.36

c1 83.51

C2 5.17

~3
~.g~

I-C4 0.41

n-C4 0.70

I-C5 0.28

n-C5 0.28

2.30 78.31 78.90
c6 0.39

2.15 87.53 87.79
C7+ 1.70

0.53

1.7B

3.38

83.00

5.28

~:95

0.42

0.71

0.29

0.29

0.41

1.96
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Fig. l—Location map of North fieid.
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1.76

3.22

84.94

5.12

1.84

0.36

0.65

0.26

0.24

0.31

0.77

0.53

1.78

3.40

84.24

5.20

1.94

0.41

0.69

0.28

0.27

0.37

0.89
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