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ABSTRACT

In the petroleum industry, gas condensate reservoirs are becoming
more common as exploration targets. However, there is a lack of
knowledge of the reservoir behaviour mainly due to its complexity in the
near wellbore region, where two phases, i.e. reservoir gas and condensate
coexist when the wellbore pressure drops below the dew point pressure.
The condensation process causes a reduction of the gas productivity (1). It
has been reported in the literature that there is an increasing gas mobility
zone due to a capillary number effect in the immediate vicinity of the
wellbore in gas condensate reservoirs (2). This zone, called velocity-
stripping zone , compensates the well productivity loss due to the
condensate drop-out. However, existence of this zone has just been
recently found in an actual well test data (3,4). There is no conclusive study
of this velocity-stripping zone in this type of reservoir. The objective of
this study was to gain a better understanding of near wellbore effects in gas
condensate reservoirs under production and well testing.

Key words: Gas condensate reservoirs - Condensate drop-out - Well test
analysis - Velocity-stripping - A three-radial mobility zones -
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INTRODUCTION

Condensate reservoirs were not discovered until the early thirties. This is
because gas condensate reservoirs are usually formed at higher pressure and
temperature and are therefore typically deeper underground than other types of oil and
gas reservoirs (5). Most known condensate reservoirs are found in the range of 3000 to
8000 psia and 200 to 400 °F (6). These gas condensate reservoirs have a wide range of
fluid compositions. Figure 1 exhibits a constant composition phase diagram of
condensate reservoirs. As soon as the reservoir fluid has been produced, the
bottomhole pressure starts to drop, and the first liquid occurs at the dew point pressure.
As the flowing bottomhole pressure continues to drop at constant temperature (the
phase diagram follows the constant temperature line 1-2-3), the condensate fraction
increases until reaching a maximum. This process is known as retrograde
condensation. Then the condensate fraction decreases as the pressure continues to drop
due to revaporisation.
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Figure 1. Constant composition diagram of a gas condensate system (7)

Muskat (5) first addressed the condensate blockage problem in gas cycling
operations. After that many studies have shown a significant loss of well deliverability
in gas condensate reservoirs due to condensate blockage (1,8,9). Well deliverability is
affected by several natural parameters such as reservoir pressure, permeability, PVT
properties, and time. It is also dominated by other production parameters, such as
turbulence (non-Darcy flow, mechanical skin, and capillary pressure), multi-phase
flow (relative permeability), and formation impairment (skin) (10).

Kniazeff and Naville (11) suggested that three radial zones appeared with
different liquid saturations when the liquid condensate saturation reached a critical
value. Away from the well, the reservoir fluid is the reservoir gas, therefore the liquid
saturation within this zone equals the initial liquid saturation in the reservoir. In the
second zone, liquid saturation varies with the gas effective permeability, and the fluid
compositions also vary within this zone. The first zone corresponds to the near-
wellbore. In this zone, the reservoir fluid presents as two phases, i.e. condensate liquid
and reservoir gas. The composition of each phase is constant: the amount of
condensate produced is equal to that flowing into the well. Figure 2 shows the
condensate saturation versus the radial distance in a three radial zone model. When the
bottomhole pressure drops below the dew point pressure, the condensate bank starts to
form in a reservoir. Only the gas phase could be produced at the surface before the
condensate saturation reaches the critical value. Because of the lack of mobility of the
condensate liquid phase, the composition of the system changes, the lighter
components such as methane, ethane, and propane decrease, whereas the heaviest
components (C7+) increase (5). When the liquid saturation reaches the critical
condensate saturation, both gas and condensate start to flow to the well. At this stage,
the phase diagram reaches the equilibrium saturation. Navosad (12) added that the
changes in fluid composition resulted from changes in the fluid transported from the
reservoir interior: first the rich (in place) gas, then the lean gas, and the revaporisation-
enriched gas. It is evident that the details of composition evolution with time and
distance are controlled by the production schedule, but the key point here is that a
broad spectrum of fluid types exists at different points in time and space.
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Figure 2. Condensate saturation profile of three-zone radial model (3)

It has been evident from the literature that in gas condensate reservoirs, there
is an increasing mobility zone in the immediate vicinity of the wellbore (2). First
indicated that the liquid saturation profile started from the original saturation at the
external radius of the reservoir, and then increased until it passed though a maximum
value before decreasing slightly near the wellbore. Figure 3 shows a simulation where
a condensate desaturation occurs near the wellbore. The increase in gas mobility is
caused by greater gas and oil relative permeabilities with high flowrate and low IFT.
The increased mobility zone causes a slight increase in well deliverability with time
(2). Even in rich gas condensate reservoirs, well productivity initially decreases and
then increases again as the reservoir is depleted (13). This is controlled primarily by
the condensate saturation near the wellbore. As both liquid and gas around the
wellbore change in composition, the liquid becomes heavier and the gas becomes
leaner. As a result, the viscosity of the liquid becomes higher, and viscosity of the gas
becomes lower with production. This improves the mobility of gas with respect to oil.
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Figure 3. Condensate saturation profile with a desaturation condensate (3)
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The increase in gas mobility zone or velocity-stripping zone has been found
recently in the actual well test data (3,4). Figure 4 indicates the physical behaviour in
gas condensate reservoir as suggested in experimental studies (14). When the
bottomhole pressure drops below the dew point pressure and the reservoir pressure is
still above the dew point, the reservoir is divided into four radial zones. In terms of
pressure derivative, the second zone and third would not show different mobilities.
This is due to two reasons: (1) both zones will have high condensate saturation, and (2)
the size of the second zone diminishes when the third zone is formed. When the
velocity-stripping zone does not exist, there are only the two mobility zones as shown
in Figure 5. The outer mobility zone indicates a gas reservoir with initial condensate
saturation whereas the inner zone represents a mobility zone with high condensate
saturation. In the near wellbore region (the third zone), where high velocity and low
interfacial tension exist, the increased gas mobility zone occurs which is called the
velocity-stripping zone. A three-mobility zone radial composite model can be used
to represent this behaviour which yields three stabilisations on the derivative, as shown
in Figure 6. The third stabilisation represents gas with lower condensate saturation.
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Figure 4. The four-radial composite model in a gas condensate reservoirs (3)

Well Test Analysis
Methodology

First, a comprehensive and systematic interpretation procedure was used to analyse
eight Drill Stem Tests (DST s) and three production well tests from an actual gas
condensate field. A single-phase pseudo pressure introduced by Al-Hussainy et al (15)
was used to plot pressure changes, and pressure derivatives because by this method
different mobility zones, i.e. velocity-stripping, condensate bank, and the reservoir gas
could be identified. Wellbore dynamics or phase redistribution is the main problem in
the well test analysis of gas condensate reservoirs. This effect occurs when different
phases flow in different directions in the wellbore (3). It increases wellbore storage in
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both drawdown and build-up periods. It may dominate the test for many hours, and
can be mistaken for a reservoir or condensate bank effect. Distinguishing wellbore
phase redistribution effect from condensate bank effect is important in the analysis of
gas condensate reservoirs. In this study, a normalised pressure and pressure derivative
was used to plot different drawdown and build-up together (16). This method helps to
compare pressure and pressure derivative of different flowrates in the same graph so
that a final stabilisation representing the reservoir gas zone can be identified correctly
using this plot.

Two-mobility zone radial composite model

1%

10 - High condensale
saturation (i quid droput)

10
_— - - —
Gas with initial

condensate salurat iI:T

'] | | 1 1 ]
108 107 102 1 10 108 10

Elapsed time (hours)

m{p} change and derivative (psi)

Figure 5. Two-mobility zone radial composite models generated by using analytical
solution (3)
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Figure 6. Three-mobility zone radial composite models generated by using analytical
solution (3)
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The velocity-stripping zone was then identified from the actual well tests. The
near-wellbore, reservoir, and boundary behaviours were selected from the diagnostic
plots of build-up and drawdown periods. Other tools such as analytical and numerical
simulators can be used to distinguish between reservoir fluid effects and multi-layered
or boundary effects.

Well Test Analysis Results in Actual Gas Condensate Reservoirs

The velocity-stripping zone was identified in three drill stem tests (DST'’s)
and one production well test, an example of which is shown in Figure 7. A three-
mobility zone radial composite model presented by Satman (17) was then used to
analyse these well tests. The radius of the velocity-stripping zone (I} ) was in the
range of fifty to one hundred fifty feet, whereas the condensate bank radius (I, )
varied from fifty to one thousand two hundred feet. In five DST s and one production
well test, only the decreased gas mobility zone due to condensate bank could be
noticed, as shown in Figure 8. Thus, a two-mobility zone radial condensate reservoir
was used to analyse these tests.
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Figure 7. Example of the actual well test data in which the velocity-stripping zone can
be identified in pressure derivatives
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Figure 8. Example of the actual well test data in which only the condensate bank can
be seen in pressure derivatives

Numerical Simulation

Methodology

A single well model with 40 grid blocks the size of which increases
logarithmically was simulated with the compositional simulator TechSim from AEA
technology. One-dimensional flow was assumed in the reservoir. Wellbore storage and
skin factor were not included in this model since the main concern for this simulation
study was the effect of the condensate bank on pressure derivatives. The model with
and without capillary number effects was simulated with a sequence of drawdown and
build-up periods, as shown in Figure 9 (a). The basic reservoir rock and fluid
properties are given in Table 1. Two fluids were used in the simulation. Fluid A was a
lean fluid which had a maximum liquid drop-out in constant volume depletion (CVD)
of 1.5%. Fluid C was a rich fluid with a maximum liquid drop out of 15%. The
compositions of fluids A and C are shown in Table 2. The lean gas condensate (fluid
A) was modeled using the Soave-Redlich-Kwong (SRK) equation of state with 12
components including water while the rich gas condensate (fluid C) was modeled
using the same equation of state with only 10 components
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Figure 9. An example of pressure-rate history and relative permeability curves

Table 1. Basic reservoir rock and fluid properties for the simulation run

Characteristic Value
Porosity 0.1
Absolute permeability 10 mD **
Net to Gross ratio 1
Connate water saturation 0.15
Wellbore radius 0.25 Ft
Top depth 8500 Ft
Initial reservoir pressure (fluid A) 3600 ** Psia
Initial reservoir pressure (fluid C) 6400 **  Psia

The star sign (**) in Table 1 indicates the parameters that are changed in
some simulation runs so as to see the effects of initial reservoir pressure.

The effects of interfacial tension were included into the compositional
simulator Techsim by implementing the method proposed by Coats (18). Coats
suggested that the gas/oil interfacial tension could be calculated from the Macleod-
Sugden correlation.

1/4 ) (

S =acr,

where P, is the parachor of component i and density is in the units of g—mol/cm3. X

rx-r yy,_) Equation 1

and Y, are the liquid and gas mole fraction of component i, respectively. The liquid
and vapour phase molar density is converted to g—mol/cm3. In order to calculate the
interfacial tension using Equation 1, the flash calculation using the pressure from each
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gridblock was performed when the gas and liquid molar density, and the composition
of each component were obtained using the PVT software PVTSim (CalSep A/S).

Table 2. Fluid composition of fluids A and C. (Al-Lamki , 1999).

Fluid A Fluid C
Component Mole Fraction Component Mole Fraction

N2 0.0158 - -
CO2 0.0241 CO2 0.0353
Cl1 0.796 C1+N2 0.6596
C2 0.0687 C2 0.1008
C3 0.0357 C3 0.0462
n-C4 0.0189 n-C4 0.0267
n-C5 0.0088 n-C5 0.0334
PCl1 0.0262 PC1 0.0709
PC2 0.0046 PC2 0.02241
PC3 0.0012 PC3 0.00469
PC4 0 - -

pseudo components

PC1 C6to C10 PC1 C6to C10
PC2 Cl1toC15 PC2 C11to C20
PC3 C16 to C29 PC3 C20+

PC4 C30+

Capillary number (N ) is a function of fluid viscosity (IT), velocity N) and the
interfacial tension (S) as shown in the following equation:

S Equation 2

If the fluid viscosity is assumed not to change much with pressure, the
capillary pressure is only a function of fluid velocity and interfacial tension. In
addition, fluid velocity increases towards the wellbore in inverse proportion to the
radial distance.

0

y=
2prh Equation 3

where Q is the flowrate, r is the wellbore radius, and / is the reservoir thickness.
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Simulation Results and Discussion

The first model was run with capillary number effect using lean fluid A,
relative permeability no. 2, and the initial pressure was much higher than the dew point
pressure, as shown in Figure 10. As to be expected, there was no condensate drop-out
in the near wellbore region since the flowing bottomhole pressure was much higher
than the dew point pressure. The log-log plot of all build-up and drawdown periods is
shown in Figure 11. The gas effective permeability stabilised at the input value (10
mD). This result confirmed that the simulator calculates the correct pressure transient
data. In addition, the liquid saturation was found to be zero at the end of all drawdown
periods. The liquid saturation was zero for all gridcells since the bottomhole flowing
pressure (BHFP) was higher than the dew point pressure. The vapour and water
saturations were constant for the entire radial distance. The capillary number was
found to be zero in all gridblocks because only gas was present. In other words, the
interfacial tension for each gridblock could not be calculated since there was only a
single phase in a system. Next, the simulation was run with lower initial reservoir
pressure (Figurel2). From this figure, the first drawdown and second build-up period
was higher than the dew point pressure. The drawdown period pressure in the third
period droped below the dew point pressure at about 500 hours. Pressure derivative of
the first drawdown and second build-up was located at the gas effective permeability
(10 mD) similar to Figure 11. As soon as the BHFP droped lower than the dew point
pressure, the condensate started to form in the reservoir. Figure 13 shows pressure as a
function of radial distance in a semilog scale. At the of about 20 ft from the wellbore,
pressure droped below the dew point pressure and the liquid phase occured in the
system. As a result, the vapour phase saturation decreased and the liquid phase
increased near the wellbore. Figure 14 shows that the capillary number is at the
maximum point in the near wellbore region. This figure also shows that the velocity is
at the maximum at the near wellbore region (Equation 2). The interfacial tension was
found to increase at the distance near the wellbore (Figure 15). Figure 16 shows the
plot between the interfacial tension and gridblock pressure. The interfacial tension
increased as the gridblock pressure decreased. This is because more condensate drop-
out at the near wellbore region results in a greater difference in liquid and vapour
terms, as shown in Equation 1. As a result, a higher interfacial tension was seen in the
near wellbore region. The capillary number was found to increase with decreasing
gridblock pressure, as also shown in this figure.
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Figure 10. Pressure and flowrate profiles of lean fluid A when the flowing bottomhole

pressure is much higher than the dew point pressure
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Figure 16. Interfacial tension as a function of pressure

Effect of Capillary Number (N_)

Two simulations were run for fluid A with the initial reservoir pressure of
3600 psia, and the BHFP dropped below the dew point pressure as soon as the well
started to produce. The flowrate of DD1, DD3, DD5, DD7, and DD9 are 30, 2.5, 5, 10,
and 15 MMSCEFD respectively. The capillary effect was the control parameter in these
two runs. The results generated from the model without and with the capillary number
effect are shown in Figure 17 and Figure 18 respectively. Since the BHFP droped
below the dew point pressure as soon as the well started to produce, a condensate bank
was formed straight away, as can be seen at 0.1 day (Figure 17). The condensate
saturations at time 0.1, 1, 10 and 100 days of the 1DD are plotted in these two figures.
The condensate saturation was found to increase with the production time. A model
without the capillary number effect indicated higher condensate saturation than that of
one with the Nc effect. The saturation profile without the capillary number effect was
characterised by a bell shape (Figure 17) where the highest condensate saturation was
located at the region nearest to the wellbore. In contrast, the saturation profile of a
model with the Nc effect was found to increase in a direction approaching the
wellbore, decreasing again in the near wellbore region (Figure 18). The saturation
profile of a model with capillary number effect can be best characterised by a donut
shape. As shown in Figure 18, a diagnostic log-log plot of three-radial composite
reservoir on the right-hand side (3) indicates a similarity in the shape of the condensate
saturation (as shown in the left hand side). A three-mobility zone radial composite
model can be identified in both figures. The outer zone represents the gas with the
initial condensate saturation. The second zone indicates a zone with high condensate
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saturation. The near wellbore shows the zone with increasing gas mobility or ‘velocity—
stripping zone .
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Figure 18. Effect of the duration of the first drawdown period (lean fluid, with Nc)

As expected, the model without capillary number yielded more reduction in
reservoir pressure, and a greater reduction in the gas relative permeability.
Consequently, it can be concluded that with velocity-stripping effect, a smaller
condensate bank forms in the reservoir, as can be seen in the log-log plots in Figure 19
and Figure 20, respectively. The derivative from the simulation with the capillary
number effect also displayed the three stabilisations (Figure 20).
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Figure 20. Log-log diagnostic plot of 1DD of a lean fluid with Nc effects
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Figure 21 and Figure 22 indicate saturation profiles of the simulation using
rich gas condensate fluid with and without capillary number effect. Similar to the lean
fluid A, the model with Nc effect resulted in a lower condensate saturation near the
wellbore compared to that from a model without capillary number effect. The log-log
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plots of these two runs are shown in Figure 23 and Figure 24. Both log-log and
saturation profile plots for the rich fluid indicate different shapes from the plot of the
lean fluid. For the rich fluid, even though the capillary number was included in the
model, the increased gas mobility zone could not be seen in either the log-log or
saturation profile plots.
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Figure 23. The Nc effect on log-log plot of Rich Fluid, with Nc effect
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Figure 24. The Nc effect on log-log plot of Rich Fluid, without Nc effect

In order to explain why the velocity-stripping zone can be seen in the lean gas
condensate fluid, but not in the rich one, the saturation and relative permeability curves
were plotted on the same graphs in Figure 25 and Figure 26 for fluid A and C
respectively. For the lean fluid, the condensate saturation increased towards the
wellbore until it reached the maximum point and then decreased again near the
wellbore. The gas relative permeability decreased to a minimum value before
increasing again. The maximum and minimum points of the condensate saturation and
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the gas relative permeability could not be noticed in the rich fluid. The saturation
profile of these two fluids using the relative permeability curve no. 2 with capillary

number effect and a 1DD of 30 MMSCFD is shown in Figure 27.

It can be seen

clearly that the rich fluid had greater condensate saturation than the lean fluid. In
addition, the shapes of saturation profiles were different. Figure 28 shows the capillary
number as a function of radial distance of fluid A and fluid C at the time of 100 days.
It is clear in this figure that even though capillary number effect in the rich fluid was
higher than that in the lean fluid, the capillary number effect could not compensate for
the effect of fluid richness in the system. As a result, rich fluid C had higher
condensate saturation than the lean fluid (Figure 27).
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Figure 25. Saturation profile and gas relative permeability curves of lean fluid A
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Figure 26. Saturation profile and gas relative permeability curves of rich fluid C
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Fluid A & C, Model 2, N, 1DD=30MMSCFD @ 100 days
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Figure 27. Saturation profile between two fluids with Nc
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Figure 28. Capillary number of two fluids with N¢

Simulation Results for the Actual Field Data

1000 10000

110

A single well compositional simulation model was constructed using the
actual reservoir fluid which was provided from a fluid sampling from the actual well
testing. The reservoir fluid of this selected field was characterised as relatively lean gas
condensate since the maximum liquid drop-out in two production areas was not large,
between 8% and 5.6%. The input parameters are shown in Figure 29. The simulation
results are then compared with the actual well test data. Five DST were selected from
twelve actual well tests according to the existence of a condensate bank and data
availability, i.e. wells 1 to 5. Two production well tests were also simulated, i.e. wells

6to7.
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Figure 29. Input parameter for a single well simulation

In all these seven well tests, the simulation model with capillary number
effect could match the actual test better than the model without capillary number
effect. The latter model caused too high a pressure drop in the reservoir, which made
it impossible to match the actual tests. This finding confirmd that the velocity-stripping
effect exists in both production areas in this selected gas condensate field. In all
simulated pressure transient tests, the velocity-stripping zone could be seen in the
condensate saturation curve plotted versus the radial distance. However, only three sets
of simulated data, which include one production well test (well 6), and two DST tests
(wells 2, and 3) showed the presence of an increased gas mobility zone in the
derivative plot. Another production and three DST pressure transient tests were found
not to show a zone with increasing gas mobility in the log-log plot. In these wells, the
condensate saturation was not significant enough and the velocity-stripping zone could
not be observed in pressure derivatives. It was concluded that the oil saturation needs
to be equal or higher than 20% in order to see the increased mobility zone in the
pressure derivative data. Table 3 shows the condensate saturations from the simulation
of seven pressure transient tests.

Table 3. The simulation result for the actual gas condensate field

Wells So So Condensate Bank radius
Condensate Bank  Velocity-Stripping WTA Simulation
4 0.09 0.07 86 10
7 0.1 0.06 0 1
1 0.2 0.15 42-65 29
2 0.35 0.31 112 5
3 0.55 0.5 52 50
5 0.10-0.15 0.2 - 30
6 0.27 0.15 1113 100
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A comparison between the actual and simulated pressure transient tests
indicated that the velocity-stripping zone should exist in all well tests in a particular
field. However, in practice, this zone could not be seen in most pressure transient
responses. The reasons for the non-appearance of this zone in the actual pressure
transient test were: (1) The maximum condensate saturation near the wellbore was not
significant enough; (2) Wellbore storage effects at early times hided the increased gas
mobility zone; (3) The duration of the test was not long enough; (4) The quality of
pressure data was not good enough; and (5) Phase redistribution effects occured the
wellbore.

Table 3 indicates that the condensate bank radii from the simulations of most
wells were underestimated compared to the actual well tests, especially in production
well 6. However, the simulated pressure transient tests in well 5 match the pressure
transient from the actual well test (as shown in Figures 30 and 31). The pink line in
these two figures indicates the simulation results whereas the blue dots represent the
actual pressure response data. Well 5 was simulated using its PVT sample. The EOS in
the simulation of well 5 provided a good match in terms of the produced gas and oil
rates. In the actual well test, the condensate bank could not be seen due to high
wellbore storage, but the simulation indicates a 80 ft radius condensate bank.
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Figure 30. A comparison between the actual and the simulated pressure transient tests

In addition, the PVT samples for the other wells were found not to be valid
when the quality checks were performed. This means that the sampling fluid did not
represent the actual reservoir fluid. It might be due to some operation problems when
the fluid sampling was taken from the reservoir or an error in the laboratory
experiment process. As a result, their PVT data could not be used in the simulation.
When the fluid from well 5, which was leaner that other wells, was used to simulate
condensate bank in other wells, the simulated fluid was underestimated. This suggested
that PVT properties were the main issue in the simulation of gas condensate reservoirs.
The fluid properties of each well are different even though all wells had the same
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originated reservoir fluid. This is due to production profile. i.e. production rate, local
reservoir pressure, etc. These parameters caused the changes in fluid properties in each
well. As a result, the validated local PVT sampling is required in order to obtain a
matching for the condensate bank radius.
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Figure 31. A log-log match between the actual and simulated pressure of DD14

CONCLUSION

The velocity-stripping zone could be identified from the actual well test data.
The results from numerical simulation also showed the existence of this increased
mobility zone. However, this zone could not be identified in all well test data due to
several reasons: (1) The maximum condensate saturation near the wellbore was not
significant enough; (2) Wellbore storage effects at early times hided the increased gas
mobility zone; (3) The duration of the test was not long enough; (4) The quality of
pressure data was not good enough; and (5) Phase redistribution effects occured in the
wellbore. The PVT properties were found to be the most important parameter in the
simulation of gas condensate reservoirs.
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