Korean J. Chem. Eng., 31(1), 20-28 (2014)
DOI: 10.1007/511814-013-0194-5

pISSN: 0256-1115
eISSN: 1975-7220

Investigation of well test behavior in gas condensate reservoir
using single-phase pseudo-pressure function

Seyed Hamidreza Yousefi*, Alireza Eslamian*, and Fariborz Rashidi***

*Department of Petroleum Engineering, Amirkabir University of Technology, 424 Hafez Ave, Tehran 15875-4413, Iran
**Department of Chemical Engineering, Amirkabir University of Technology, 424 Hafez Ave, Tehran 15875-4413, Iran
(Received 6 August 2013 « accepted 30 September 2013)

Abstract—Gas condensate reservoirs present complicated thermodynamic behavior when pressure falls below the
dew point pressure, due to fluid dropout and change in the fluid composition. Condensate blockage in the near wellbore
region reduces the well deliverability.Mixture composition change in the reservoir makes the interpretation of well
tests in gas condensate reservoirs a serious challenge. In this study, at first the capillary number effect and Non-Darcy
Flow on compositional simulation of gas condensate reservoirs were investigated and then well test analysis was carried
out. The main objective of this work was to examine gas condensate well test analysis using single-phase gas pseudo-
pressure and radial composite model assuming capillary number effect and Non-Darcy Flow. For this purpose some
fluid samples were selected and results compared. Results indicate that estimation of reservoir properties below the
dew point is in good agreement with actual input, particularly for lean fluid samples.
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INTRODUCTION

When reservoir temperature is between critical temperature and
criocondentherm, the reservoir is called gas condensate. Gas con-
densate reservoirs have gained significant importance since the 1930’s.
Compared with conventional oil and gas reservoirs, these reservoirs
need planning, management and different hydrocarbon recovery
methods due to complicated thermodynamic behavior especially
when pressure falls below dew point pressure. Fig. 1 shows an exam-
ple of gas condensate reservoir. At the time of discovery, usually the
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Fig. 1. Phase graph of gas reservoir.
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fluid is a single-phase gas and with pressure falling from the well’s
wall to reservoir boundary, condensate formation happens. In higher
pressure falling, the process is continued until in a specified pressure,
the fluids are changed to gas again and gas saturation starts again.
Usually, a gas condensate reservoir produces 30 to 300 barrels of
condensate for one million standard feet of produced gas. Most of the
known gas condensate reservoirs are in depths of 5,000 to 10,000 feet
(3,000 to 8,000 Psi pressure and 200 to 400 °F temperature) [1,2].

The important point in these reservoirs is lower levels of relative
permeability of condensate and its higher viscosity in comparison
with gas. Because of this, condensates are being gathered in reser-
voirs and they are not produced and they are therefore unrecoverable.
There are two factors which affect the behavior of these reservoirs:
simultaneous presence of three phases in the reservoir (regarding
the water) and change of original fluid composition in the reservoir.
These two factors complicate the investigation of well deliverabil-
ity, well testing, well completion, fluid flow in porous media etc.

One of the approved methods in investigation of well and reser-
voir behavior is well-test analysis. Pressure transient tests like draw-
down and buildup tests are used to analyze reservoir characteristics.
Using well test analysis, permeability, skin factor and wellbore stor-
age can be calculated. The most important advantage of this method
over core experiments and well logging is that the information is
recorded dynamically when producing, and therefore represents a
wider range of the reservoir, and hence a better and more precise
behavior of the reservoir.

Well test analysis is often interpreted by analytical simulators.
Radial composite model is a proper model to explain well test data
of gas condensate reservoirs. In these models, by using the change
of the pseudo-pressure derivative in the logarithmic scale, the exist-
ence of several regions with different permabilities around the well-
bore and also the reservoir damage because of the condensate ac-
cumulation are distinguishable.
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FLOW BEHAVIOR IN GAS CONDENSATE
RESERVOIRS

With the production from gas condensate reservoir, pressure will
fall in some parts of the reservoir below the dew point and conden-
sate is produced in the reservoir. In this part theories and approaches
about gas condensate flow behavior are reviewed.

O’dell and Miller developed a two region model including con-
densate and gas based on the concept of steady state flow suppos-
ing constant fluid composition in the time of production [3]. Fusel
showed that deliverability of gas condensate well is more than what
was shown by O’dell and Miller [4]. Boe et al. introduced some
techniques to determine saturation in systems where pressure pro-
file and saturation are single-valued functions of (r*/t). However, in
gas condensate systems with non-zero skin, pressure and saturation
are not in the form of f{r*/t) [5]. Jones and Reghavan showed that
in gas condensate systems when the pressure is changed to steady
state two-phase pseudo pressure, buildup and drawdown tests can
be analyzed by classical liquid equations [6,7]. In 1995, Fevang and
Whitson considered a transient region between the two mentioned
regions where gas and oil are present but only gas moves and oil
cannot move. They defined separate two-phase pseudo pressure
for all three regions using the relationship between pressure and
saturation [8]. Gringarten et al. suggested a fourth region in the nearest
place to the well for these reservoirs using capillary number effect
[9].

Capillary number shows the ratio of viscous forces to capillary
forces. At two or three feet around the well, a high capillary number
at high gas rate reduces oil saturation and increases relative gas perme-
ability. They concluded that this new region near to the well with
high capillary number increases productivity of gas condensate reser-
voirs significantly [9].

According to previous studies, four regions are considered in gas
condensate reservoirs, which will be introduced briefly.

1. Region 1

This region exists when bottomhole pressure (P,) is lower than
the dew point pressure of external boundary of the region 2 (P*).
Condensate saturation is not adequately high in this region in order
for flow to happen. The flow composition of mixture and also GOR
is constant in this region; therefore, constant composition expan-
sion test can be applied for determining the condensate saturation
[10]. By condensate accumulation, the gas relative permeability will
decrease, which is the most important reason for well deliverability
decrease [11].

2. Region 2

This is a transition region where condensate is produced from
the beginning of the region. At the outer edge of region 2, the first
droplets of liquid condensate from the original gas are formed; there-
fore, the pressure at the outer edge of region 2 (the boundary with
region 3) will be equal to the dew point pressure of the original res-
ervoir gas. The amount of condensate formed in this region is less
than the critical amount, so still gas is the only mobile phase. Size
of this region for rich reservoirs is smaller than lean ones. Regard-
ing the fluid composition change in this region, constant volume
depletion test is used to measure condensate saturation [10].

3. Region 3
In this region the pressure is above the dew point pressure and
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there is only mobile single-phase gas, which is the reservoir’s origi-
nal gas.
4. Region 4

This region was introduced after Gringarten et al. considered ef-
fects of high velocity of gas in high flow rates near the wellbore
[9]. They argued that consideration of capillary number phenome-
non decreases condensate saturation and increases reservoir pro-
ductivity. The only difference of this region with the first region is
in amount of gas or oil saturation or their relative permeability. Oil
mixture and gas GOR are constant in this region too. Fig. 2 shows
pressure limit around well and Fig. 3 shows condensate saturation
profile for gas condensate reservoir.

EFFECTIVE PARAMETERS ON THE BEHAVIOR OF
GAS CONDENSATE RESERVOIRS

The area near the well is the most important region in calcula-
tion of well efficiency when studying the behavior of gas conden-
sate reservoir. In pressures lower than dew point, well productivity
depends on the percent of critical condensate saturation and curves
of relative gas permeability which are influenced by non-Darcy flow
and capillary forces.

1. Capillary Number

For a specific production rate, the highest velocity happens in a

region near the wellbore, because of the small wellbore area. The
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amount of capillary number which shows the ratio of viscous forces
to the capillary forces is presented in Eq. (1).

&
C_G¢ (1)

Increase of capillary number near the wellbore has two important
effects: decline of residual condensate saturation (Fig. 4) and trans-
formation of relative permeability curves from immiscible to mis-
cible curves (straight lines) (Fig. 5).

There are two methods for modeling the changes of relative per-
meability due to capillary number in commercial simulators:
1-1. Corey Function Method

In this model relative permeability is shown by Corey function.
This method is shown in Eq. (2).

Sa - S)'H(N{,’)}E“UV()

k(SN =N 5200

@
1-2. Interpolation Method

In this empirical method, the relative permeability curve is in near
critical condition, which is often in the form of a linear function of
relative permeabilities of miscible and immiscible conditions. f is
weight function factor for capillary number and o and N are empiri-
cal constants. Egs. (3) and (4) show this model.

kra:f;l(Nc')kra(bave)+(l - ﬁl(Nc))kr(mi.\'L‘) 3)
January, 2014

S
(aN)"'+1

In this study, Corey function method for capillary number effect
has been used. There are two advantages to this method. First, the
influence of low interfacial tension and high velocity could be di-
rectly translated to the coefficient values. Second, Corey functions
enable construction of a plausible relationship between relative per-
meability and the capillary number if there is no experimental data.
However, the interpolation method is particularly suitable for fit-
ting large sets of experimental data. Therefore, due to the theoreti-
cal nature of this study the Corey function is preferred.
2. Non-Darcy Flow

The Darcy equation is a linear relationship between pressure gradi-
ent and rate. This equation is not precise at high flow rates. In 1914,
Forchheimer added a non-Darcy term to Darcy flow equation to
explain the relationship between velocity and drawdown in porous
media. This is shown in Eq. (5).

Q)

dp_4 2
dl - v k + ﬂp v (5)
For single phase, the non-Darcy coefficient is constant and can be
obtained through empirical equations that Li and Engler introduced
in 2001 and is shown below in Eq. (6). Values a, b and ¢ are ob-
tained by experiment.

a
kb ¢C
For two-phase flow there are some limited equations like Hender-
son (2000), which shows the relation of non-Darcy flow coefficient
(p) with fluid saturation, porosity and permeability. In Eq. (7), a, b
and c are constants in the equation.
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WELL TEST ANALYSIS

Well test analysis is one of the methods of reservoir character-
ization. This technique is an invert problem solving method and
well and reservoir are recognized by the use of well bottomhole
pressure data versus time.

Well test analysis was started by Theis for underground waters
[13]. Later, Horner suggested semi-logarithm curves [14]. Ramey
developed type curves analysis [15]. Bourdet used derivative pres-
sure curves [16]. Recently, Schroeter et al. introduced the new con-
cept of deconvolution [17].

In single well test analysis, drawdown and buildup tests are used.
The advantage of the drawdown pressure test is that it is used while
producing, and the advantage of the buildup pressure test is that
because the well is closed and flow rate is zero, flow rate variations
are less than for the drawdown test. Usually, the buildup test is used
in gas condensate reservoirs under dew point pressure, because the
formation of condensate puts many variations on production flow
rate in the drawdown test.

1. Well Test Analysis in Gas Reservoirs

Methods of well test analysis in oil reservoirs cannot be used for

gas and gas condensate reservoirs due to high compressibility of
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gas and creation of two phases in the reservoir. Many methods like
pressure method and pressure-squared method have been introduced
in gas reservoirs, but pseudo-pressure is the most accurate one which
can be used in gas condensate systems. Pseudo-pressure function
is defined as follows [19]:

P
m(p)=2 pdp 8
() p{ 7 @®
Therefore, the diffusivity equation for gas becomes Eq. (9).

Vim(p)=£20n0) ©)
2. Well Test Analysis in Gas Condensate Reservoirs

In gas condensate reservoirs above the dew point pressure, the
equations are exactly like gas reservoirs, but for pressures below
dew point, single or two-phase pseudo pressure methods are used.

In single-phase pseudo pressure for gas condensate reservoirs,
radial composite model is used [20]. In this model, the region of
condensate formation (first and second regions) and gas single phase
region (third region) are considered separately and permeability can
be calculated for both regions. In condensate region, the calculated
permeability is the effective permeability of gas phase, and in gas
single phase, it is regarded as absolute permeability. In this method
the condensate is not considered as the second phase and the effect
of condensate formation around the well is inserted as a skin factor
around the well.

The problem with pseudo pressure is that it only considers the
deviation of high compressibility of fluids in comparison with oil
and neglects decline of gas permeability due to the presence of con-
densate around the well. So the two-phase pseudo pressure was intro-
duced later. In the buildup test, the two-phase pseudo pressure is
defined as the following:

pm p kr pokra
m(p)= I(—/\-"Tg-rT)dp (10)
DPuss 4 4

Two-phase pseudo pressure can be solved with two steady states
and three-zone methods. Steady state was developed by Chopra
and Carter (1986) and Jones and Raghavan (1988) [6,21]. The base
of this theory is that fluid mixture in the first region is the original
mixture of the reservoir and the second region is small and negligible.

Three-region method is the most comprehensive method of two-
phase pseudo pressure presently. Fevang and Whitson defined two-
phase pseudo pressure for each of the three regions, and finally for
well deliverability used the total of these three terms [8].

The worthwhile point is that using two-phase pseudo pressure
has a higher precision than single-phase pseudo pressure. In two-
phase pseudo pressure “steady state” we need relative permeability
curves, and in three-zone method beside relative permeability curves

Table 2. General properties of lean and rich fluids in the model

we should measure the GOR and PVT properties exactly. Rous-
sennac (2001) showed that even the existence of slight error in meas-
uring these three parameters has a significant effect on calculation
of two-phase pseudo pressure and leads to a big error in calcula-
tions [10]. Hence using two-phase pseudo pressure could have high
uncertainty, and therefore if one cannot trust the input data, single
phase gas pseudo pressure should be used.

DESCRIPTION OF SIMULATION MODEL

In this part the produced condensate around the wellbore and its
effect on the behavior of well testing in gas condensate reservoirs
are considered. To do this, one rich and one lean fluid were made
by using the appropriate module of the commercial software. To
make the reservoir model, compositional reservoir simulator was
used. The effects of non-Darcy flow and capillary number were con-
sidered in this model. In the second phase, the outputs of the soft-
ware (flow rate versus time) and physical characteristics of the model
were used as input for the well test software.

1. Fluid Properties Model

To have a better comparison, two samples of rich and lean fluids
were made. In both of them the Peng-Robinson three variable equa-
tion was used.

Molar mixture of the two fluids and their general properties are
shown in Tables 1 and 2.

2. Reservoir Model

For simulation of gas condensate flow behavior, compositional
simulation software is used. The following hypothesis and charac-
teristics are regarded in reservoir simulation:

Geological complexities in the reservoir are neglected. The model
is single-well and one-dimensional radial. The reservoir is assumed
infinite acting. A fine-grid block system is defined in the vicinity of
the wellbore to simulate condensate formation effect more pre-
cisely. The physical properties of model are assumed to be equal
along the reservoir and the mechanical skin factor is zero.

The reservoir model is shown in Fig, 6. In addition, the total prop-
erties of reservoir and well are shown in Table 3 as well. The relative
permeability curves for the gas-oil and water-oil are shown in the
Figs. 7 and 8. If there are three phases in the reservoir, relative perme-
ability of each phase can be counted by use of empirical correla-

Table 1. Molar composition of rich and lean fluid in the constructed

model
Fluid sample/ Cl C4 C7 Cl0 Cl4
molar composition (%) (%) (%) (%) (%)
Lean fluid 82 11 6.2 0.4 0.4
Rich fluid 75 14 10 05 0.5

Fluid sample/ Temperature, Dew point pressure, Gas condensate ratio®, Maximum of condensates
general properties °F psi bbl/MMscf saturation (%)
Lean fluid 200 3192.94 4493 8.23
Rich fluid 200 3145.76 93.90 22.97

“Gas condensate ratio (CGR)

Korean J. Chem. Eng.(Vol. 31, No. 1)
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Fig. 6. A facet of single-well model at the center of radial one-dimen-

sional reservoir model.

Table 3. Well and reservoir properties

Property Quantity
Initial reservoir pressure, psi 3500
Reservoir temperature, F° 200
Reservoir thickness, ft 50
Top of reservoir height from ground surface, ft 9000
Rock and fluid compressibility, psi™ 6.02E-6
Absolute permeability, mD 5
Porosity, % 20
Well radius, ft 0.354
Reservoir drainage radius, ft 7000
Produced flow rate, MMscf/day 5

tions such as Stone and Corey.

3. Well Test Analysis above Dew Point Pressure

This case uses lean fluid and the initial pressure of the reservoir
has been considered 5,000 Psi; therefore, there will not be enough
time for the formation of condensate during the production period.
The capillary number and non-Darcy flow effects were considered.
Other features of the model are shown in Table 3. To investigate
well testing, a drawdown test was carried out for 19 days. Fig. 9
shows bottomhole pressure drop for this model. Fig. 10 shows loga-
rithm-logarithm diagram of this model which has been drawn by
well test software. This figure shows a good adaptation among inputs.
Permeability is 4.86 mD and skin factor is predicted to be 0.009.
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The errors of well test estimation are 2.8 percent for permeability
and very small for skin, which is very good.
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4. Well Test Analysis below Dew Point Pressure

The permeability and the skin factor of the well test in the pres-
sure above the dew point (single phase) are very near to the real
amount; therefore, the model is credible and the difference between
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Fig. 11. History of pressure for lean fluid sample in buildup test
below dew point pressure for three states.
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real (assumed) values and values obtained by well test software in
the pressure below and above the dew point are related to the conden-
sate blockage around the wellbore. Fluid richness below the dew

4000
e N and Darcy Flow == Ho Nc and Darcy Flow He and Non Darcy Flow|
3500 s
3000 - !
3‘ 2500
2000
z
1500
1000
500
0 2.5 5 7.5 10 125 15 175 20 225
(342) D

Fig. 12. History of pressure for rich fluid sample in buildup test
below dew point pressure for three states.
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point pressure has a significant effect on condensate formation. So,
well test analysis was carried out separately for lean and rich fluids.
In this study, well test analysis was done in three states: Darcy flow
with capillary number effect, Darcy flow without capillary number
effect and non-Darcy flow with capillary number effect.

Single-phase pseudo pressure method was used for well test analy-
sis. As it was mentioned, for cases where the input data are not re-
liable, single phase gas pseudo pressure is employed. Practically,
because of simplicity and low cost, the single-phase pseudo pressure
is preferred. To analyze well test input data in single-phase pseudo
pressure method, radial composite model is used.

For lean and rich fluids, the production rate was taken as 5 million
cubic feet per day and the production and shut-in (for buildup test)
times were the same and assumed to be 10.11 days. Figs. 11 and
12 show the pressure drop history for lean and rich fluids in three
states. Regarding these figures, the pressure drop for rich fluid is
more than lean fluid, and also the effect of capillary number in the
decrease of pressure drop and non-Darcy flow phenomena in the
increase of pressure drop are clearly shown.

Input data are analyzed by entering the required parameters into

January, 2014

well test analysis software. Figs. 13 and 14 show logarithm-loga-
rithm diagram for two fluids in three states. Predicted permeability
in well test of radial composite model in Figs. 13 and 14 is related
to effective permeability of gas around the wellbore. To calculate
absolute permeability of a gas in a farther region from the well which
only single-phase gas flows (region 3), we should divide effective
permeability to its M value.

Table 4 shows predicted absolute gas permeability and initial pres-
sure and its error for all three states of rich and lean fluids. The average
absolute relative error of absolute gas permeability and initial pres-
sure for lean fluid is 6.513% and 0.0157%, respectively, and for
rich fluid are 0.176% and 8.270%, respectively. The obtained mean
errors are negligible and results are acceptable for permeability.

Table 5 shows effective gas permeability in the vicinity of the
well (condensate accumulation region). The radius of this region
has been calculated for each of the three states explained previously
for lean and rich fluids. Based on this table, the radius of condensate
region for rich fluid is larger than lean one. Also capillary number
effect in decrease of radius of condensate blockage region and in-
crease of effective permeability of gas is clearly seen. The effect of
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Table 4. Results of buildup test below dew point pressure for lean and rich fluid

Fluid sample  State Property Real value Well test value  Error (%)
Lean fluid Darcy flow with capillary number effect Permeability, mD 5 4.785 43
Initial reservoir pressure, psi 3500 3499.77 0.006
Darcy flow without capillary number effect ~ Permeability, mD 5 4.464 10.72
Initial reservoir pressure, psi 3500 3510.16 0.290
non-Darcy flow with capillary number effect Permeability, mD 5 4.774 4.52
Initial reservoir pressure, psi 3500 3506.17 0.176
Rich fluid Darcy flow with capillary number effect Permeability, mD 5 4.623 7.54
Initial reservoir pressure, psi 3500 3503.43 0.098
Darcy flow without capillary number effect ~ Permeability, mD 5 4.362 12.76
Initial reservoir pressure, psi 3500 3512.62 0.360
non-Darcy flow with capillary number effect Permeability, mD 5 4.775 4.50
Initial reservoir pressure, psi 3500 3502.43 0.070

Table 5. Gas effective permeability and radius of condensates blockage region for lean and rich fluid

Effective gas permeability in Radius of condensates

Fluid sample State condensates blockage region, mD blockage region, ft

Lean fluid Darcy flow with capillary number effect 2.56 442
Darcy flow without capillary number effect t 1.058 6.86
non-Darcy flow with capillary number effect t 1.48 5.6

Rich fluid Darcy flow with capillary number effect 1.188 9.8
Darcy flow without capillary number effect t 0.386 12.2
non-Darcy flow with capillary number effect t 0912 11.8

non-Darcy flow is opposite of capillary number effect.

Maximum gas effective permeability and minimum condensate
radius happen for the condition when there is lean fluid and the ca-
pillary number effect and Darcy flow are considered. Also, mini-
mum gas effective permeability and maximum condensate radius
occur when there is rich fluid, Darcy flow is considered and the ca-
pillary number effect is neglected.

CONCLUSIONS

Well test behavior was studied in homogeneous gas condensate
reservoirs for rich and lean fluids in different states with the effect
of non-Darcy flow and capillary number below dew point pres-
sure. Also, the effect of produced condensate on absolute perme-
ability and initial pressure was investigated. Models for a reservoir
and its fluid were made by compositional simulator and well test
software was used to analyze the results. Based on performed simu-
lation and analysis, the following conclusions are made.

1. Due to influence of capillary number, a new region (region 4)
exists in the gas condensate reservoirs immediately in the vicinity
of wellbore.

2. The capillary number effect and non-Darcy flow are respon-
sible for decrease and increase of pressure drop in the gas conden-
sate reservoirs. Usually, non-Darcy flow effect is less than capillary
number effect such that the total effect of these two is positive, which
makes gas effective permeability to increase and condensate satu-
ration to decrease.

3. With employing radial composite model and single-phase pseu-
do-pressure in gas condensate well test analysis, acceptable results

can be obtained. These results are more accurate for lean fluid than
rich fluid.

4. Well test behavior in the gas condensate reservoirs is very sen-
sitive to the properties of the reservoir fluid behavior. Therefore,
fluid sampling must be carried out very carefully.

5. For rich fluids, pressure drop and condensate saturation are
higher around the wellbore and derivative plot of single-phase pseudo-
pressure is in a higher place than the final state. Hence, effective
gas permeability decreases and condensate blockage region radius
increases.

NOMENCLATURE

C  :wellbore storage constant [bbl/psi]

D : storativity ratio of the fist region to the second one in the radial
composite model

M : mobility ratio of the fist region to the second one in the radial
composite model

P :pressure [psi]

P, :initial fluid dew point pressure in gas condensate system [psi]

P, :initial pressure [psi]

P, :bottomhole pressure [psi]

P* : produced fluid dew point pressure in gas condensate system
[psi]

R, : discontinuity radial between region 1 and 2 in the radial com-
posite [ft]

S,  :saturation of phase a

S,  :residual saturation percent

h : reservoir thickness [ft]

Korean J. Chem. Eng.(Vol. 31, No. 1)
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k : permeability [mD]

k. :relative permeability [mD]

K, 4vase) © Dasic relative permeability diagram for immiscible state (cap-
illary forces dominated)

K, qmisc) © Dasic relative permeability diagram for miscible state (vis-
cous forces dominated)

k. :end point of the relative permeability curve
m(p) : pseudo-pressure [psi’/cp]

r : distance from the well [fi]

S : skin factor

t : time [hr]

z : gas compressibility factor

dS/dQ : rate dependent skin factor in the gas reservoirs

: velocity in the porous media [ft/s]
OR : gas oil ratio [MMscf/bbl]
. :capillary number
PVT : pressure volume temperature
o :subscript relating to the oil phase
g : subscript relating to the gas phase

&  :corey function exponent

p  :non-Darcy flow coefficient
@  :porosity

o :interfacial tension [dyne/cm]
M :viscosity [cp]

p  :density [Ib/ft]

v

G

N

SI Metric Conversion Factor

bblx1.5900 E-01=m’
cpx1.0 E-03=Pa's
{tx3.048 E-01=m
mdx9.869233 E-04=pm’

January, 2014

psix6.894757 E+00=kPa

dynex1.0 E-05=newton

b/t x1.603 E+01=kg/m’
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