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Abstract

Field experiences have shown that when the retrograde gas reservoir is produced, there will be one point of time, where
gas productivity declines suddenly. The decrease in productivity is caused by a phenomenon so called as condensate
blocking.

During initial period when the reservoir pressure above the dew point pressure, all the gas in reservoir remain in gas
phase, but as the production begin, pressure drop occurs. Moreover if the pressure continues to fall below dew point
pressure, there will be some liquid forms inside the rock’s pore space. Initially this liquid is immobile, but as soon as
the critical liquid saturation has been exceeded, the liquid can eventually flow toward the wellbore. The utmost pressure
drop will take place in the vicinity of the wellbore. Therefore, the liquid buildup develops mostly near the wellbore.
This increasing saturation of liquid will eventually reduce gas relative permeability.

Compositional simulation study in this paper was conducted to gain more understanding about retrograde gas
reservoir’s performance, especially the parameters that affect condensate blocking. It has been found that gas
production rate, gas composition, critical liquid saturation, absolute permeability and rate scheme are all influencing the
condensate blocking, with permeability and critical liquid saturation affecting the most. It was also found that even if
the maximum liquid drop out derived from traditional CVD analysis is very small, the maximum liquid saturation in the

pore space could be several times higher.
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I. INTRODUCTION

As hydrocarbon exploration is aimed to deeper
geological layers, the trend to discoveries was
toward reservoirs of the gas and gas-condensates
type!. A rough estimation is that oil discoveries
are predominated at depths less than 8,000 ft, but
gas and gas-condensate discoveries predominated
below 10,000 ft'. Mostly, in many discoveries it
was found that the initial pressures are slightly
above the dew point pressure.

At initial condition the reservoir fluid remain in
gas phase but due to gas production the pressure
will start to drop. As soon as the pressure drops
below dew point, there will be some liquid formed
inside the rock’s pore. Whereas the liquid formed
this way is called condensate?. At first this liquid
is immobile since its saturation is small and below
the critical saturation. The longer the production
time, condensate saturation increases and at one
point it exceeds the critical saturation. If that
condition occurs, the liquid will be mobile and it
can also be produced to the surface. Fevang and
Whitson® have characterized the retrograde gas

reservoir to exhibit 3 different regions. Region 1
is the part around wellbore where condensate can
flow. Region 2 is the part of the reservoir where
condensate begins to form but cannot flow. Lastly
region 3 is the mid to the outer boundary of
reservoir where only single phase gas exists.

Due to its complexity, retrograde gas reservoir
demonstrates different characteristics from an
ordinary the dry gas reservoirs. Many field
experiences with this type of fluid have shown
that during production, there will be one point of
time when a sudden decline occurs.*® This
phenomenon has been long identified as
condensate blocking. During production, the area
that undergoes the greatest pressure drop is in the
vicinity of the welbore. Therefore liquid buildup
develops mostly surrounding this area. This
increasing saturation of condensate eventually
reduces gas relative permeability.

This so called condensate blocking is actually a
bank of liquid around the wellbore, forming a
ring-like shape which eventually covers the path
of gas. Many authors have connected this
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blocking with the concept of skin factor.®” Others
tried to identify and evaluate the liquid buildup by
means of pressure transient analysis.®®

Nevertheless, to understand the parameters that
affect condensate blocking such as gas production
rate, gas composition, critical liquid saturation,
absolute permeability and rate scheme, a
compositional simulation study was conducted.
The fluid data were gathered from real retrograde
gas field, whereas the bulk reservoir model was
built hypothetically. Throughout the study, fluid
and reservoir parameter were varied to make the
results as general as possible. This is to cover a
variety  reservoir  properties and  fluid
compositions.

Il. MODELSUSED IN THE STUDY

Like noted before, there are two models built for
this study. The first is the fluid model, constructed
using a set of real fluid data obtained from
retrograde gas field. The second model
incorporated the bulk reservoir, including its
petrophysical properties, as the container for the
fluid. During the whole study, a set of constraints
were chosen to idealize the model and help us to
focus on the main problem. Those constraints are:
B Homogeneous and isotropic reservoir
B Gas composition at initial condition are
the same in the entire reservoir
B Initial Pressure is the same in the entire
reservoir

B EOS is valid in the whole reservoir
B Capillary pressures are neglected
B Non-Darcy Effects are neglected
B Constant temperature

2.1. Fluid Model

The commercial compositional simulator in this
study was set to employ the Peng-Robinson
Equation of State (PR EOS) to calculate the gas
and liquid volume at any given pressure starting
from the initial pressure, and also reservoir
temperature.

The retrograde gas from the field had also been
checked in the laboratory, and as the results are
the gas composition, the heptane-plus properties,
and lastly the Constant Volume Depletion (CVD)
calculation for pressure-volume relationship.

When the fluid data were exported to the
simulator, un-match results were observed
between the real field pressure-volume
relationship and the one computed using the PR
EOS. This occurrence is a common thing
experienced in dealing with compositional

simulation, since EOS cannot be instantly valid
for each fluid composition. Moreover the
properties of heptane-plus display some
uncertainty to the total fluid properties. The
common solution is to apply heptane-plus
characterization and EOS tuning to compensate
with the matter. After many regression
procedures, the fluid was able to be matched.
Parameters used to validate the result are CVD-
liquid saturation, phase envelope and pressure—
volume relationship calculated using EOS. For the
base case fluid model, it was observed from CVD
to have a maximum liquid drop of 2.5% liquid
volume per initial gas volume, or 0.025 in
saturation fraction.

2.2. Reservoir Bulk Model

The bulk model for the reservoir is generated
using hypothetical data only, which includes grid
blocks, petrophysical properties, initialization, and
adding well along with its constraints. The grid
blocks used Cartesian model with 21x21x10 grid,
which were set to be smaller around the wellbore.
The purpose of this grid refining is to capture the
events around the wellbore more detail and
accurate. The reservoir area covers 59,506 acre
with 100 ft thickness, with a porosity of 0.2 and
permeability of 5 mD homogeneously distributed
in the entire reservoir. Only single vertical well
were created in the middle of the reservoir model
to study the effect of condensate blocking. At the
completion of building the two models
simultaneously, plenty of simulation scenarios
were simulated using the compositional simulator.

I1l. RESULTS AND DISCUSSIONS

The reservoir and the fluid models were simulated
using some different scenarios. The complete list
can be seen in Table 1, with the major scenarios
are including gas plateau rate, reservoir fluid
composition (C7+ composition), critical liquid
saturation, absolute reservoir permeability, and
the selection of rate scheme. As were mentioned,
the objective was meant to examine the reservoir
behavior. The scenarios selected include the
parameters that are predicted to influence
reservoir performance.

3.1. Productivity Index

For each major scenario, the simulation results
were calculated to examine the Productivity Index
(P). The calculation done was using the
transformation real gas pseudo  pressure
introduced by Al Hussainy, Ramey, and
Crawford. The real gas pseudo pressure were
normalized using the initial gas properties (p/ugz);.
The idea is to check the PI of the single gas phase
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and to observe the effect of liquid accumulation to
the decreasing gas flow. Therefore, when the
liquid has caused severe blocking in pore space
around the wellbore, the gas PI could be observed
to have falling down.

PI calculation is done for each time step in the
simulation. These Pl plots for each scenario can
be found in Fig. 1 to Fig. 5. From those plots, it
can be observed that at one certain time point, the
P1 will decline suddenly.

Some interesting facts can be derived from these
figures, which are:

B At lower gas rate, the productivity will
stay high for a longer time. This can be
seen from Fig. 1.

B From Fig. 2, retrograde gas having
heavier component in a higher quantity,
represented by higher C7+ mole fraction,
give poorer productivity and experience
early Pl drop.

B From Fig. 3, higher critical liquid
saturation also means early PI drop. In
the lowest critical liquid saturation of
0.2, the PI remains relatively high even
though sudden P1 drop still occurs.

B From Fig. 4, higher permeability would
mean greater Pl from the beginning.
Although a sudden PI drop occurs for the
high permeability reservoir, the Pl value
is still high. A logic conclusion is
because higher permeability would result
in better deliverability since the path
needed for the gas to flow is wider,
although condensation takes place.

B The sudden PI drop was observed to be
delayed when the increasing-rate-
gradually scheme was used. In contrary,
if we use the decreasing-rate-gradually
scheme, a sudden Pl drop occurs
prematurely.

Further examination can be done using the plot of
condensate saturation changes at certain grid
block. Several grid blocks at the reservoir model
were chosen to represent the whole model,
starting from the block that is perforated (block
11,11,5) until the boundary of the reservoir (block
21,11,5). In these blocks the condensate saturation
changes along with time. The plot for the base
case side by side with PI plot such as in Fig. 6
shows that it is true that sudden Pl decline is
caused by the increasing condensate saturation
around the wellbore.

3.2. Condensate Saturation
From the simulation, the condensate saturation
can also be plotted versus the distance from the

wellbore, like that in Fig. 7. Such plot is useful in
knowing how much the maximum condensate
saturation circling the wellbore is. And it also can
be used to interpret the radius of the condensate
ring, or how far region 1 extent, in the same
characterization manner used by Fevang and
Whitson.

Figure 7 depicts the saturation—distance plot for
the base case only, changing with time. The other
cases were also checked for the condensate ring
radius and maximum saturation. All of which
display the same typical curves. To make a
connection between how each case responds to
the buildup of condensate saturation, a plot for
every one of the scenarios can be made like in
Figure 8 to Figure 12.

From these figures, several conclusions can be
delivered, such as:

B Higher gas rate causes pressure drop to
be higher. If the starting pressure is
already near dew point pressure, then
there will be more condensate liquid
formed. Observing Fig. 8; at higher rate
the condensate ring radius and maximum
saturation both are higher. At rate above
3.5 MMSCF/D the trend seems to be
constant, whereas the truth this is caused
by the limitary of the reservoir model. In
the case of 7 MMSCF/D gas rate, the
reservoir model is too small since it can
not support a long plateau for greater rate
than the base case (3.5 MMSCF/D).
Therefore, the result for 7 MMSCF/D
gas rate case is almost similar like the 3.5
MMSCEF/D case.

B From Fig. 9, retrograde gas having
heavier component in a greater gquantity,
both the condensate ring radius and
maximum saturation will also be higher
since the gas has a higher content of
liquid in it. Also related to gas
composition; it is very advantageous if
the sampling of reservoir fluids are done
as early as possible to prevent
composition change. If the sampling
processes are done after lots of liquid
condense from the gas, then the sample’s
composition would not display the real
behavior at the initial reservoir fluid.

B From Fig. 10, higher critical liquid
saturation means the reservoir permits
more condensate saturation to be formed
in the pore space, before able to be
produced. This suggests that condensate
blocking is worsen because there is more
liquid that plug the pore space. In spite of
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it, the ring radius seems to be not
influenced.

B Higher permeability results in less
condensate ring radius and also less
maximum condensate saturation, as can
be seen from Fig. 11. This is because the
pressure drop is lesser.

B From Fig. 12, in every gas rate scheme
tried here, the ring radius and maximum
condensate saturation seemed not to be
affected.

As it was previously thought, condensate blocking
is caused by liquid saturation in pore space,
reducing gas effective permeability and ultimately
causing production decline. So there is a strong
relationship between blocking and condensate
ring radius along with its maximum saturation.
The higher the ring saturation means that blocking
is worsen, while its radius implies how far from
the wellbore this phenomenon occurs.

Also it was observed that in the simulation, the
average condensate saturation is about 0.45, 18
times greater than predicted using the CVD which
is only 0.025. This is due to the fact that CVD
uses a constant volume of gas source in the PVT
cell, while in reality gas continuously flows into
the near well region (as “PVT-cell” analogy) and
condenses liquid along with it. This implies that
one must not ignore the liquid drop from CVD
however small it is.

3.3. Recovery Factors

The Recovery Factors (RF) were all calculated at
a gas rate of 0.5 MMSCF/D, which is an
assumptions of an economic gas rate.

There are 4 types of RF computed which are
residue gas-RF, wet gas RF, condensate RF, and
the dry gas RF (dry gas produced divided by total
initial wet gas). The first three are based on RF
counting as in a CVD analysis." Residue gas RF is
total dry gas produced divided by initial dry gas in
place. Wet gas RF is total wet gas produced
divided by initial wet gas in place. Condensate RF
is total condensate produced divided by initial
condensate in place.

All calculations were plotted in clustered bar
column plot. These plots can be seen in Fig. 13 to
Fig. 17. Conclusions that can be brought are:

B From Fig. 13, all the RF are higher for
lower production rate.

B From Fig. 14, all the RF are higher for
low heavy-component gas.

B From Fig. 15, all the RF are higher for
lower critical liquid saturation.

B From Figure 16, all the RF are higher for
higher permeability. But the significant
change in RF is for permeability below
10 mD.

B From Figure 17, all the RF the highest
RF will be for the increasing-rate-
gradually  scheme, although the
difference is not much.

The percentage of RF changes is plotted in Fig.
18. The highest influence of retrograde
condensation is absolute permeability. Meanwhile
critical liquid saturation, C7+ mole fraction,
plateau rate, and rate scheme respectively rank the
2" until the 5™,

In field practice, it is easier to control the gas rate
and the rate scheme. The best way to avoid or to
delay condensate blocking as soon as possible is
by applying low rate and also using the
increasing-rate-gradually ~ scheme.  However,
producing low gas rate may not be economical.
More study is needed in the future to relate this
rate choosing from engineering point of view and
economics.

If an operator is dealing with the gas component
problems, such as the gas is very rich, or contains
too much intermediate and heavier components,
the remedial action known to handle it is by
applying lean gas recycling. The lean gas that is a
product from the separator is injected back to the
reservoir, to keep the sub-surface gas composition
the same as long as possible and also giving
pressure support in order to retard the retrograde
condensation. This method will be successful in
gaining more liquid content of the gas, since the
condensate is the most valuable part of the
reservoir fluid, however more investment is
needed to drill more wells for injection, and to
install the facilities needed.

When the field problem is critical liquid saturation
which happened to be too high, another method of
injecting chemicals such as methanol or any other
solvent is worth to be tried. The chemical will
reduce the reservoir’s critical liquid saturation by
somehow affecting its wettability to condensates.
Another method to deal with this problem is by
applying hydraulic fracturing, which will increase
the permeability around the wellbore. Since
condensate blocking does not affect high
permeability reservoirs, more gas will be
recovered from here. This method is also
applicable in  repairing  tight-permeability
reservoirs.
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IV. CONCLUSIONS

B The main cause of condensate blocking
is pressure decline around the wellbore
below dew point pressure.

B Gas rate, gas composition, critical liquid
saturation, permeability, and rate scheme
are all influencing condensate blocking.

B Sudden Productivity Index decline is
caused by pore plugging due to liquid
condensation.

B The higher the plateau rate, the more
condensate ring saturation and radius
will increase until a certain limit.

B The more the heavier components are,
the worse condensate blocking will be
for the same pressure decline.

B Condensate ring maximum saturation is
influenced mainly by critical liquid
saturation.

B For retrograde gas that has a small value
of maximum liquid drop, the maximum
condensate ring saturation can be several
times greater.

B Liquid condensation effect on production
is very significant for reservoir with
permeability less than 10 mD.

B The increasing-rate-gradually scheme
could exhibit longer plateau time and
could be implemented easily in the
fields.
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Table. 1. Simulation Scenarios

Scenarios Specific Cases

1. Gas plateau rate e Plateau rate = 0,8 MMSCF/D

variation e Plateau rate = 3,5 MMSCF/D (Base Case)
e Plateau rate = 0,8 MMSCF/D
2. Reservoir fluid e Base Case Composition
variation (C7+ mole fraction = 0,0123576450)

e (C7+added 0,01

(C7+ mole fraction = 0,0223576450)
e C7+ added 0,02

(C7+ mole fraction = 0,0323576450)
e (C7+ added 0,03

(C7+ mole fraction = 0,0423576450)
e C7+ added 0,04

(C7+ mole fraction = 0,0523576450)
e C7+ added 0,05

(C7+ mole fraction = 0,0623576450)
e C7+ added 0,06

(C7+ mole fraction = 0,0723576450)
e C7+ added 0,07

(C7+ mole fraction = 0,0823576450)

3. Critical liquid e Critical liquid saturation = 0,5 (Base Case)
saturation variation

e  Critical liquid saturation = 0,4
e Critical liquid saturation = 0,3
e Critical liquid saturation = 0,2

4. Absolute e permeability =1 mD
permeability

variation e permeability =5 mD (Base Case)

e permeability = 10 mD

e permeability = 20 mD

e permeability =50 mD

e permeability = 100 mD

5. Gas rate scheme e Plateau Rate = 3,5MMSCF/D (Base Case)

variation e Increasing rate gradually: 1; 2; 2,5; 3; 3,5
MMSCF/D
e Decreasing rate gradually: 4; 3,5; 3; 2,5
MMSCF/D
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plateu rate = 7MMSCF/D

Normalized Productivity Index (MSCFD/psia

0.01 0.1 1 10 100 1000 10000
timestep (days)

Figure 1. Normalized Productivity Index for Plateau Rate Variation

——Base case
—=— C7+ added 0.01
C7+ added 0.02
—« C7+ added 0.03
—— C7+ added 0.04
—— C7+ added 0.05
—— C7+ added 0.06
—— C7+ added 0.07

Normalized Productivity Index (MSCFD/psia)
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timestep (days)
Figure 2. Normalized Productivity Index for Gas Composition Variation

—&— Base case, S critical =0.6
—#— S| critical = 0.5

Sl critical = 0.4
—— Sl critical = 0.3

Normalized productivity index (MSCFD/psia)

0.01 0.1 1 10 100 1000 10000
timestep (days)

Figure 3. Normalized Productivity Index for Critical Liquid Saturation Variation
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—®@—k=1md
Base case, k = 5md
%~k =10md
—*—k = 20md
—&—k =50md
—+—k =100md

normalized Productivity Index (MSCFD/psia)

=

0.01 0.1 1 10 100 1000 10000
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Figure 4. Normalized Productivity Index for Permeability Variation

—— Q=3.5MMSCFD (Base case)

—+— Q=1--1.5--2--2.5--3--3.5MMSCFD

Q=4--3.5--3--2.5MMSCFD

Q/delta m(p) normalized (MSCFD/psia)

0.01 0.1 1 10 100 1000 10000
timestep (days)

Figure 5. Normalized Productivity Index for Rate Scheme Variation

—— Normalized Productivity Index

—e— Oil Saturation: Block 11,11,5
—=— Oil Saturation: Block 12,11,5
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—— Oil Saturation: Block 14,11,5
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—e— QOil Saturation: Block 16,11,5
—— Oil Saturation: Block 21,11,5

Normalized Productivity Index
(MSCFD/psia).
oil saturation
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timesteps (days)

Figure 6. Productivity Index and Grid Block Saturation — Base case
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Figure 14. Recovery Factors; Gas Composition Variation
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Figure 15. Recovery Factors; Critical Liquid Saturation Variation
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Figure 16. Recovery Factors; Permeability Variation
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Figure 17. Recovery Factors; Rate Scheme Variation
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Figure 18. Percentage of Recovery Factor Changes (Cumulative Dry Gas

at Economic Rate Divided by Total Initial Wet Gas).
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