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1. Coreflooding Tests
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Introduction

In condensate gas reservoirs, while the bottom-hole
pressure is higher than the fluid dew point pressure,
the fluid is a single-phase gas. At pressures lower
than liquid dew pressure, the condensates in the gas
phase are gradually separate and cause the formation
of a two-phase region around the well [1, 2]. One
of the most complex and important phenomena
caused by the accumulation of condensate is the
change in relative gas permeability in the two-phase
areas around the well. Some previous studies have
shown that as the IFT between gas and condensate
decreases, the relative permeability to gas increases.
This is because a lower IFT allows gas to more easily
displace condensate in the reservoir, leading to higher
gas relative permeability. In terms of gas flow rate, it
has been observed that at higher gas flow rates, the
relative permeability to gas increases. This is thought
to be due to the increased kinetic energy of the flowing
gas, which helps to overcome the capillary forces that
restrict gas flow in the condensate phase. These two
factors, along with fluid saturation, should be taken
into consideration when studying and modeling the
behavior of condensate gas reservoirs [3]. At high
velocity, which usually occur in the areas around the
well, the effects of inertia are significant. Therefore,
As the velocity increases, two forces - viscous and
capillary - oppose each other. The increase in viscous
force tends to increase the relative permeability of
the gas and the effects of inertia tend to decrease it
[4]. However, as the surface tension between two
phases decreases, the relative permeability of each
phase in gas condensate reservoirs increases [5]. The
improvement in relative permeability of such low IFT
systems as velocity increases and/or IFT decreases,
known as the coupling effect, has been attributed to the

Accepted: May/12/2024

simultaneous coupled flow of the gas and condensate
phases with intermittent opening and closure of the
gas passage by the condensate at the pore level [6].
The combined effect of surface tension and velocity is
modeled by a dimensionless number called capillary
number. Despite the fact that there are different
relationships to calculate the capillarity number, in
this research the following relationship was used to
calculate the capillarity number:

N, =2.6784x10-7k;‘LP (1)
O

In this equation, k is permeability (mD), AP is pressure
drop (psi), L is core length (inches), o is surface tension
between gas and condensate (dyne/cm) [4, 7].

A reduction in IFT that improves relative permeability
of low IFT fluid systems was reported by Bardon and
Longeron in 1980 [8]. There is also an improvement of
relative permeability of condensing systems because
of an increase in velocity that was first reported in the
laboratory at Heriot-Watt University while conducting
steady-state relative permeability measurements by
Danesh et al. 1994 [9]. The purpose of this research
is to further investigate the effect of capillary and
viscous forces, or in other words, the effect of positive
coupling and inertia on the relative permeability of gas
and condensate. In order to achieve these goals, the
relative permeability data of gas and condensate on
the carbonate core with a permeability of 19.2 mD and
a porosity of 20% were measured using an artificial
condensate gas fluid similar to the fluid of one of Iran’s
gas field. These tests were performed using the pseudo-
steady state method and at reservoir temperature and
pressure. Also, in order to observe and investigate
the effect of inertia and positive coupling, relative
permeability data were measured at different values of
injection rate and surface tension.
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Materials and Methods

In this research, a carbonate reservoir core with a
length of 11.8 cm and a diameter of 3.75 cm taken
from one of the Iran’s gas fields was used to conduct
flooding experiments. The permeability of the core
was equal to 19.2 md and its porosity was equal to
21%. Table 1 shows the characteristics of the core
used in this research. The researchers utilized a gas
condensate fluid, which was created by combining
CNG gas and condensate from the gas field, in order
to produce a synthetic condensate gas fluid. In order
to make a fluid like the reservoir fluid, 95% of CNG
gas along with 5% of condensate were combined at a
certain temperature and pressure. Table 2 shows the
components and composition of the fluid used in this
research. Due to the unavailability of the PVT fluid
test and the Significant difference in the calculated
dew pressure using the different equation of states in
the PVTi software, the laboratory method was used to
determine the limit of the fluid dew pressure.

Table 1 Core properties.

Core Properties

Rock type Carbonate

Length(cm) 11.8

Diameter(cm) 3.75

Cross section area(cm?) 11.04

Bulk volume(cm?) 130.43

Pore volume(cm?) 25.5

Porosity (%) 21

Permeability(md) 19.2
Table 2 Fluid properties.

Component Mole fraction

Cl 89.63

N2 3.72

C2 2.98

CO, 0.81

C3 0.53

Cc9 0.45

C8 0.44

C10 0.37

Cl1 0.27

C7 0.22

nC, 0.20

c1* 0.18

iC4 0.15

Co6 0.06

To perform this test and measure the fluid dew point
pressure, a measuring appartus that has a visible
chamber and thermal jackets was used. Fig. 1,
shows images of condensate gas fluid behavior with

pressure reduction in order to determine liquid dew
pressure. Fig. 2 shows the schematic of the core
flooding appartus. This setup was designed and built
in the enhanced oil recovery laboratory of Amirkabir
University of Technology. This setup is designed to
perform experiment at high pressure (10,000 psi) and
high temperature (150 °C) specifically for condensate
reservoirs. In the design of this setup, two pressure
reducers have been used to control the pressure
upstream and downstream of the core.

6000 psi | 5500 psi

5000 psi

4200 psi 4000 psi § x 0 psi §

Fig. 1 Images of condensate gas fluid behavior with pressure
reduction in order to determine liquid dew pressure.
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Fig. 2 Schematic of core flooding appartus.

Results and Discussion
Effect of Velosity

Fig. 3 shows the relative permeability curve of gas
and condensate versus capillary number in different
values of surface tension. As shown in Fig. 3, at
surface tension values of 9.5 and 13.05 mNm’!, the
relative permeability of both gas and condensate
drops significantly as velocity increases. This is due
to the inertial force becoming more dominant than the
positive coupling effect.

On the other hand, for surface tension values that are
close to or less than the threshold value, the positive
coupling effect is activated and it reduces the inertial
effect. Comparison of the relative permeability curve



versus capillary number for surface tension of 2.7
mNm! in Fig. 3 shows that the amount of relative
permeability reduction at this IFT, is much less than
the values of 9.5 mNm, 13.05 mNm'. For example,
at a surface tension equal to 13.05 mNm', with the
increase in velocity and consequently an increase in
the capillary number, the relative permeability of the
gas has decreased by 40%., equals to 31 percent. While
in the surface tension of 2.7 mNm™ with the increase
of capillary number, the relative gas permeability has
decreased by only 4%.

ofs IFT = 13.05 mNm-1

Z0/30
®0/25
()
€0/20
a8
S0/15
=
= 0/10
& 0/05
0/00
0/0E+002/0E-074/0E-076/0E-078/0E-071/0E-061/2E-06

Capillary Number
—— Krg — B —Krc

IFT = 9.5 mNm-1
0/70

2v/60
®0/50
()
€o0/40
[«
o0/30
2
§0/20
£0/10

0/00
0/0E+00

5/0E-07

1/0E-06

Capillary Number
—— Krg — B —Krc

1/5E-06  2/0E-06

1/ IFT = 2.7 mNm-1

bgty
2
o

— e .

mea

0/60

- ——-—p---u

Relative peri
(=
e
IS
o

el
o
™~
N
o

0/00
0/0E+00 2/0E-06 4/0E-06 6/0E-06 8/0E-06 1/0E-05

Capillary Number
—®— Krg — B —Krc

Fig. 3 Gas and condensate relative permeability curve versus
capillary number at different IFT.

Effect of IFT

In order to determine the importance of the surface
tension parameter in the capillary number, several
experiments were carried out in different values of
surface tension (through the change of core pressure),
at the same flow rate. Fig. 4 shows the relative gas
permeability curve in terms of capillary number at
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different values of surface tension and at the same flow
rates. As shown in Fig. 4, At all flow rates, reducing
the surface tension from 13.05 mNm™ to 2.7 mNm led
to an increase in the gas’s relative permeability.
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Fig. 4 Gas and condensate relative permeability curve versus
capillary number at different flow rate.

Conclusions

1. In this research, to simulate the flow conditions
around the well, a special laboratory method called the
pseudo-steady state method was used to measure the
relative permeability of gas and condensate.

2. The results of the experiments performed at different
values of surface tension showed that the relative
permeability of gas and condensate is a strong function
of the surface tension between the two phases. At a
constant flow rate, the decrease in surface tension
leads to a reduction in capillary forces, which in turn
results in an increase in the relative permeability of
both gas and condensate.

3. The measurement of relative permeability at high
values of surface tension and different speeds shows
that in these values, the effect of the inertial force caused
by the gas flow due to positive coupling is dominant
and the relative permeability of the gas increases
with increasing speed (capillarity number) decreases,
in other words, the effect of positive coupling is not
observed at high values of surface tension. While,
by reducing the surface tension to values close to the
threshold value, the relative permeability of gas and
condensate decreases with increasing speed, which
means that the effect of positive coupling is visible in
low values of surface tension.

4. Comparing the relative permeability of gas and
condensate at different speeds shows that the effect of
inertia on the relative permeability of gas is greater than
its effect on the relative permeability of condensate.
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