Iran. J. Chem. Chem. Eng.

Vol. 25, No.4, 2006

Developing a Compositional Reservoir Model
for Investigating the Effect of Interfacial Tension

on Oil Recovery

Shahrabadi, Abbas**; Dabir, Bahram; Sadi, Maryam
Department of Chemical Engineering, Amirkabir University of Technology, Tehran, I.R. IRAN

ABSTRACT: In this paper, a simplified formulation for compositional reservoir simulator is

presented. These types of simulators are used when inter-phase mass transfer depends on phase

composition as well as pressure. The procedure for solving compositional model equations is

completely described. For equilibrium calculation, property estimation Peng Robinson equation of

state is used. This equation was tuned using somé data from swelling test and saturation pressure

data. It is another purpose of this work, to show how the gas oil interfacial tension impresses the

predictions of developed compositional model. Application of the simulator to simulate the results

of oil recovery from displacement tests is presented. A good agreement was achieved between the

experimental data and model predictions.
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INTRODUCTION

Compositional reservoir simulators. are important
tools for predicting the performance of oil recovery
methods when oil and gas.undergo vigorous mass transfer
during the recovery process.. These processes include
nitrogen injection into a gas.condensate or volatile oil
reservoir during the primary production period, CO, or
enriched gas injection during the enhanced oil recovery
from oil reservoirs. The design of these processes
requires an accurate prediction of the vapor liquid
equilibrium between oil and gas. Generally, vapor liquid
equilibrium is done using an equation of state. Recently
cubic equation of state such as Peng Robinson and Soave
Redlich Kwong appear to be more popular for the

correlation of fluid properties. The first compositional
reservoir model that utilize an equation of state for phase
equilibrium are described by Fussel and Fussel [1]. In
their formulation, the simultaneous solution of ny(n.+1)
non-linear equations are required, where n, is the grid
block number and n, is the number of components. Coats
[2] presented a fully implicit compositional model
based on Newton iteration, to simulate compositional
reservoir problems with an equation of state. His
formulation requires the simultaneous solution of
ny(2n.+4) equations. The stability of Coats model is
better than Fussel and Fussel model, but the computational
cost of his model may become prohibitive for systems
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containing a large number of grid blocks and
components. Watts [3] presented the sequential implicit
method to solve the compositional flow difference
equations. An attempt was made to combine the
advantages of IMPECS (Implicit in pressure explicit in
composition and saturation) while retaining some of
stability characteristics of the implicit method. Quandalle
and Savary [4] presented a method, implicit in pressure
and saturation and explicit in composition. Recently,
compositional stream line simulators for assessment of
miscible/near miscible gas injection process performance
are widely used.

These simulators have significant potential to
accommodate requirement for accurate and reliable
production forecasts. These requirements include high
resolution descriptions of permeability heterogeneity and
appropriate representation of the phase behavior
including a sufficient number of components in the
equation of state representation of reservoir fluid [5].
Numerous authors have contributed to the development
of stream line simulator [6-10].

In the area of compositional simulation variation in
gas oil relative permeability as a function of Interfacial
Tension (IFT) is of particular importance. Many standard
compositional simulators utilize a model, first proposed
by Coats [2] which employs simple linear interpolation to
modify the relative permeability curves at different values
of IFT. The interpolated relative permeabilities take the
form:

K, ="k, + (1= K, 1)

Where r =c/c’ , o is the gas oil IFT under
consideration, ¢~ the base gas oil IFT, n read-in
exponent, k;;, the phase relative permeability measured at
o  and ky, the miscible displacement phase relative
permeability (generally taken to be a linear function of
saturation). In this paper, a sequential formulation for
compositional reservoir simulator and solution method
for compositional equations are presented. Basically, it
uses the ideas of Nghiem et al [11], but in this
formulation the implicit transmissibilities have been used.
In this work for calculating the gas oil IFT Macleoad-
Sugden correlation [12] was used.

COMPOSITIONAL MODEL EQUATION
The starting point for the compositional formulation is
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the molar continuity equation for any component i and

water:

ﬁzei ,1=1,2,..,n, 2)
ot

ON, +1

T = Gnc +1 (3)

N; denotes the moles of component i per unit of
reservoir volume and N, +1 is the moles of water per

unit of reservoir volume and are related to the phase
molar densities, saturations and composition as follows:

N; = 0[E,Sox; +5:S, %) @)
I\InC +1:¢EJWSW (5)

0;(0,,#1) which is the rate of accumulation of

component i (water) is equal to the divergence of the flux
of component i plus rate of injection or production. Thus:

kkro kkrg
0;=V- &% VO +&y; —V@, |+q; (6)
o Mg
kk
enchl :V'|:&.'W o Vq)w:|+qw (7)

In the above equations:

V®, =VP, —y,Vh ®)

V®, = VP, + VP, —7,Vh ©)

Vd,, =VP, VP, —7,Vh (10)
_c. 8 L

YJ _Cl_pj B ]J=0,8,W (11)

C

The molar continuity equation for the hydrocarbon
system is obtained by summing eq. (2) over N,

hydrocarbon:

ON

Z__-9 12
2 (12)

In this equation:
N = (6,8, +&,8,) (13)
kkro kkr
0,=V-|¢&, VD, +&,—EVD, | +q, (14)

0 Hg
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nC
q =D d; (15)
i=1

Multiplying equations (2) , (3) and (12) by grid block
volume (V,) and writing those equations in finite
difference form:

Vo
At

A(Tg““y;”1 (AP;’” +APS, - ygAh))+ q;V,

(Nr g )= afrxetaeg - zan e o)

o

o nartoNg = amyary - Ay, < yhan)+ ()
qw Vo
%(Nnﬂ _N" ): A(T(?H (AP(;H'I —ygAh))+ (18)

Afry (e + ap2, —13an)+q,v,

In the above equations :

kk. A
T;=C . )
uj AL,

j=o0,g,wW (19)

It is assumed at the end of each time step the gas and
oil are in phase equilibrium. It means that the interphase
thermodynamic exchange in the reservoir {is rapid
compared with fluid flow. The condition for thermo-
dynamic equilibrium is established by the equality of the
oil and gas phase chemical potentials, or fugacity for each
component:

£°(T,P,x;)=££(T,P,y;) (20)

From a material balance on the oil'and gas phases, the

following equation is obtained:
Fz; =Lx;+Vy; , i=12,un, (21)

The following equations are used in solution of eq.
(20):

ixi ~1=0 (22)
i=l1

> yi-1=0 (23)
i=1

< 7K -1)

§1+V(Ki—l)_0 @4
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The definition of saturation gives the constraint
equation:

So +8, +8,, =1 (25)

Each grid block has its own set of above equations.
The basic idea used in this work is to reduce the
unknowns into one unknown for each grid block in terms

of grid block pressure.

CONSTRUCTION OF PRESSURE EQUATION
Adding equations (17) and (18) results in the pressure
equation:

Vb
At
AT (AR = ym AR ¥ A (T2 (AR + APE, —y2AR )+

[(N +N, - (N+ N, )“]: (26)

A(T“*1 (AP;‘“ FAP? — ynwAh))+ Vo (g, +9y)

W cog

The following approximations apply to the flow terms:

Tjn+1 = TJI > .] = 07g7W (27)

X =x| (28)
n+l _ _1

Yi =Y (29)

1 denotes the last iteration. The pressure equation is
solved using the iterative biconjugate gradient method for
sparse matrices[13].

COMPOSITION AND SATURATION EQUATIONS

Composition of each component is calculated at each
iteration using pressure of the same iteration. First the
number of moles of component i is calculated from eq.
(16) and then total moles from eq. (18). z; is obtained by
the ratio of N; to N:

N = Al an ) (302

A(T;“y?“ (AP(?“ +APD y;Ah))+ q,V, ]+ NI

cog

N = é—z[A(Té‘” (AP —ym AR )+ (30b)
A(T;”(AP;’” + APy, — ygAh))+ thb]+ N®
o % (30¢c)
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Fig. 1: The schematic apparatus of slim tube.

Water saturation is obtained from eq. (17):

N = % [ATJ,}” (AP;”l —AP? y“WAh)+ (31a)
b
q wa ] + an
Nl+1
1+1
") Gy

After calculating compositions, flash calculation is
performed on calculated compositions in each grid block
at block pressure and temperature for obtaining amount
of liquid and vapor (L, V). Then gas and oil saturation is
calculated from this equation:

e Vél+l (l _Sl+l)
Sg - 1g+l+ov(§o+zg)l+l (322)

141 1l Ql

Sy =1—Sg+ -Sy (32b)

Where:

Voo (33)
€oSo +E¢Se

SOLUTION PROCEDURE

To solve the above set of equations over a time step
the following procedure is used:

1-Solving pressure equation (eq. 26) using the
iterative biconjugate gradient method for sparse matrix.

2-Obtaining water saturation (eq. 31) and composition
of each component (Eq. 30) at each grid block using the
block pressures computed in step 1.

3- Performing flash calculation on calculated com-
position in step 2 at block temperature and pressure
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Table 1: Specification of slim tube.

/ Initial Diameter (mm) 4.65 \
Length (m) 12.78
Pore Volume (cm®) 94.73
Porosity (%) 43.7
Permeability (Darcy) 4.850

\ Porous Media Glass beads /

in each grid block in order to obtain L and V.

4- Calculating oil and gas saturations. (eq. 33)

5- Updating Tj, x;, yi, N and N.

The above steps. are repeated until convergence is
achieved:

EXPERIMENTAL STUDIES

The recovery curves obtained in this study were
determined using the slim tube apparatus. Basically it
consisted of an injection cell, slim tube, sight glass and
backpressure regulator. The schematic of experimental
apparatus is shown in Fig. 1. The specifications of slim
tube is given in table 1. For each displacement test, the
tube was saturated initially with reservoir oil sample. The
oil sample used in this work was selected from an Iranian
oil reservoir. Also a gas sample from a gas reservoir of
Iran was wused as displacing agent. Compositional
analyses of oil and gas and characterization of plus
fraction are given in tables 2 and 3. Bubble point pressure
and swelling data are also included. In each step of the
test, the oil was displaced by injecting gas into the tube at
a constant injection rate of 15 cm’/hr and outlet pressure
was kept constant by back pressure regulator. In each
displacement test, about 1.2 pore volume of gas was
injected through the slim tube. During different run the
amount of produced oil and gas should be measured.
Referring to the measured volumes of the produced oil
and gas, recovery factor could be calculated.

RESULTS AND DISCUSSION

This study was performed to show the effect of
including interfacial tension in relative permeability
curves on simulation results of slim tube experiment.
Five displacement tests at different pressures were

carried out and the oil recoveries as a function of
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Table 2: Compositional analysis of oil, gas sample and swelling and saturation data.

/ Component Reservoir Fluid Injection Gas Recombined Reservoir Fluid + Gas \
H,S 0.0012 0.0047 0.001528 0.001873 0.002153 0.002383 0.002571 0.002732
N, 0.0004 0.0414 0.004233 0.008267 0.011532 0.014214 0.016411 0.01829
CO, 0.0125 0.0217 0.013357 0.01426 0.014991 0.015592 0.016084 | 0.016505
C, 0.2530 0.8490 0.308699 0.367335 0.414793 0.453791 0.485726 | 0.513042
C, 0.0570 0.0516 0.056494 0.055967 0.055541 0.05519 0.054903 0.054658
G 0.0471 0.0174 0.044314 0.041388 0.039019 0.037073 0.035479 | 0.034116
IC4+NCy 0.0440 0.0086 0.040683 0.037198 0.034377 0.032059 0.030161 0.028538
ICs+NCs 0.0217 0.0030 0.019949 0.018108 0.016619 0.015394 0.014392 | 0.013535
Ce 0.0398 0.0013 0.036201 0.032417 0.029355 0.026839 0.024778 | 0.023016
C; 0.0351 0.0010 0.031911 0.02856 0.025847 0.023618 0.021793 0.020232
Cq 0.0330 0.0003 0.029941 0.026725 0.024122 0.021983 0.020232 | 0.018734
Cos 0.4553 0.0000 0.41269 0.367901 0:331651 0.301862 0.277469 | 0.256604
Solution
GORMM’ 82 - 94 111 127 144 160 176
(Sct/STB) (459.2) (529.7) (621.5) (714.0) (806.6) (897.2) (988.4)
Bubble Point
Pressure kPa 11,925 14,592 17,866 21,719 24,091 26,413 29,171
(psia) (1730) (2117) (2592) (3151) (3495) (3832) (4232)
Calculated Data
};:ezzfrfﬁgg 11,911 14,685 18,021 21,126 24,031 26,715 29,287
(psia) (1728) (2130.5) (2614.5) (3064.9) (3486.4) (3875.7) (4248.9)
\Swelling factor 1.00 1.03 1.07 1.11 1.14 1.18 1.21/

Table 3: Characterization of Cy'.

( Molecular Weight 194 1

L Specific Gravity 0.8897

injected pore volume were measured. The influence of
interfacial tension on the results of developed model was
examined in two runs with different relative permeability
curves. The model was run once with fixed relative
permeability curves (Immiscible condition), while in the
next run the variable relative permeability curves as a
function of both saturation and interfacial tension was
used (Miscible condition). For oil and gas system,
relative permeabilities as functions of saturation only are

represented as k., k, . To include interfacial tension

rg
(o) in relative permeabilities, the following equations
were used:

(34)

O

k, = (\—e_%r )Ero +e 'S,

Ky, = (1 —e ¢ )Erg +e ¢S (35)

g

In the above equations a,, a, are positive numbers
and are used as adjustable parameters. Interfacial tension
between vapor and liquid phases at 20,678 kPa (3000
psia) and 83°C (181°F) at equilibrium is considered as o .

A one dimensional compositional model composed of
30 grid blocks was employed to simulate the slim tube
experiments. The predicted oil recovery vs. injected gas
volume for the two simulated runs (different relative
permeability curves) are compared against experimental
data in Figs. 2-6. Comparisons show that use of fixed
relative permeability curves underestimates the oil
recoveries while including interfacial tension in relative
permeabilities improves the predictions.

Now, we define a new parameter as the difference
between ultimate recovery obtained by fixed relative
permeability curve and relative permeability including
IFT. We call this parameter as DR. Fig. 7 shows DR
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Fig. 5: Oil recovery curve vs. PV injected at pressure 41,357
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at different pressure. The difference between ultimate oil
recoveries obtained using fixed relative permeability and
IFT included in curves is small at low pressure but the
difference is intensified at high pressures. This is due to
the fact that low pressure corresponds to the immiscible
zone and IFT has low effect on recovery results.
Therefore at low pressures including IFT in relative
permeability curves can not improve the predictions, but
as pressure increases it can match the predictions to the
experimental results in a closer margin. In other words,
high pressure corresponds to the miscible zone and IFT
plays a key role in oil recovery at high pressure.
Therefore, including IFT in relative permeability curve
improves the results of model drastically at high pressure

CONCLUSIONS

Based on the materials presented in this study, the
following conclusions are obtained:

1- The procedure to formulate a three phase
compositional reservoir model was presented.

2- A method for solving compositional model
equations was described.

3- An experimental setup using slim tube was
prepared. This was used in few displacement tests.
During each test oil recoveries at different injected gas
volumes were measured.

4-The model predictions were compared against
measured laboratory recovery values which showed a
good agreement between them.

5- The effect of including IFT in relative permeability
curves on the outputs from model-was studied.

6-Comparison between model outputs with and
without including IFT in/relative permeability curves
indicated that at low pressures, including the IFT in
relative permeability curves has no effect (rather a minor
effect) on model results, while at high pressures this
effect is considerable.

7- A new parameter was defined as difference
between ultimate recovery of cases where IFT was
included in relative permeability curve and the case, with
fixed relative permeability curve. From plot of this
parameter, which was called DR, versus pressure it can
be easily inferred that as pressure increases this parameter
also increases until a point on the pressure axis is reached
where the curve start to level off. This pressure can be
considered as Minimum Miscibility Pressure.
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Nomenclature

A Area perpendicular to flow ( m*)
C Conversion factor in equation (11)
C, Conversion factor in equation (19)
F Feed
fij Fugacity of component i in phase j (atm)
g Gravitational acceleration (m/s?)
h Depth (m)
k Absolute permeability (mdarcy)
& Relative permeability of phase j
(immiscible condition)

k, p Relative permeability of phase j
(miscible condition)

K; K-value of component i
L Ratio of moles in liquid phase to
the total number of moles in the mixture

L, Length (m)

N Moles of total hydrocarbon per unit of
reservoir volume (mole/m’)

Ni Moles of component i per unit of
reservoir volume (mole/m’)

No 1 Moles of water per unit of reservoir
volume (mole/m*)

P Pressure of mixture at equilibrium (kPa)
P; Pressure of phase j (kPa)
Peog Oil / gas capillary pressure (psia)
Peow Water / oil capillary pressure (psia)

qi Molar injection / production rate of
component i per unit volume (mole/m’.s)

q: Molar injection / production rate of
hydrocarbon per unit volume (mole/m’.s)

Qw Molar injection / production rate of water
per unit volume (mole/m’.s)

r Ratio of IFT to base IFT
S; Saturation of phase j
t Time (s)
T Temperature (°R)
T; Transmissibility of phase j (mole/kPas)
v Ratio of moles in vapor phase to the
total number of moles in the mixture

Vi Block volume (m’)
X Mole fraction of component i in oil phase
Vi Mole fraction of component i in gas phase
z; Mole fraction of component i in hydrocarbon
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Greek Symbols
0; The rate of accumulation of
component i (mole/m”.s)
0, 41 The rate of accumulation of
water (mole/m’.s)
0 The rate of accumulation of total
hydrocarbon (mole/m’.s)
¢ Porosity
Yi Specific weight of phase j (N/m’)
L Viscosity of phase j (kg/m.s)
Pj Mass density of phase j (kg/m?)
& Molar density of phase j (mole/m®)
A Difference operator
\% Gradient operator
V. Divergence operator
@, Potential of phase j (kPa)
c Interfacial tension (dyne/cm)
c Base interfacial tension (dyne/cm)
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