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ABSTRACT

Pressure depletion in gas-condensate reservoirs create two-phase flow. It is pertinent to
understand the behavior of gas-condensate reservoirs as pressure decline in order to develop
proper producing strategies that would increase gas and condensate productivity.

Eclipse 300 was used to simulate gas-condensate reservoirs, a base case model was created
using both black-oil and compositional models. The effects of three Equation of States (EOS)
incorporated into the models were analysed and condensate dropout effect on relative permeability
was studied.

Analysis of various case models showed that, gas production was maintained at 500MMSCF/D for
about 18 and 12 months for black-oil and compositional models, respectively. However, the
compositional model revealed that condensate production began after a period of two months at
50MSTB/D whereas for the black oil model, condensate production began immediately at
32MSTB/D. Comparison of Peng-Robinson EOS, Soave-Redlich-Kwong EOS and Schmidt Wenzel
EOS gave total estimates of condensate production as 19MMSTB, 15MMSTB and 9MMSTB and
initial values of gas productivity index as 320, 380 and 560, respectively. The results also showed
that as condensate saturation increased, the relative permeability of gas decreased from 1 to 0
while the relative permeability of oil increased from 0.15 to 0.85.
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the behaviour of gas-condensate reservoirs.

The reservoir simulation results showed that compositional model is better than black-oil model in
modelling for gas-condensate reservoirs. Optimal production was obtained using 3-parameter
Peng-Robinson and Soave-Redlich-Kwong EOS which provide a molar volume shift to prevent an
underestimation of liquid density and saturations. Phase behaviour and relative permeability affect

Keywords: Gas reservoir; gas-condensate reservoir; equation of states; reservoir simulation.

1. INTRODUCTION

Gas-condensate reservoirs are often
encountered in most gas reservoir assets
globally and have become a major trend of
focus for the energy industry in recent times.
According to Ifeanyi and his co-worker [1],
efficient and cost-effective reservoir
management of gas-condensate reservoirs
requires meeting the unique accurate well
deliverability and liquid recovery predictions
challenges posed by these assets.

The factors  contributing to  optimum
development strategy of condensate recovery
are the: phase behaviour, relative permeability
and production scheme. These factors are also
liable for the damage of well deliverability near
the wellbore, hence, safe modelling of flow
behaviour will address this deliverability
problem. Well producing scheme may impose
significant influence on the phase behaviour i.e.
pressure depletion creates two phase flow
which impacts reservoir performance [2,3]. In
2017, Ifeanyi and co-researcher [1] in their work
showed that heavier hydrocarbon components
in the gas, during the production of a gas-
condensate reservoir, drop out as liquid as
reservoir pressure drops below the fluid dew
point pressure. The constant compositional
changes in the gas condensate reservoir,
makes it a complex system thereby
requiring compositional simulation to be able to
model the phase behavior of the fluid and
evaluate the recovery processes properly
[4].

The main objective of the work described
in this paper therefore is to: predict the
performance of a gas condensate
reservoir; study the effect of the two parameter
and three parameter equations of state in
predicting the performance of a gas condensate
reservoir and determine the effect on
relative permeability and well deliverability of
pressure depletion in a gas condensate
reservoir.

2. GAS-CONDENSATE PRODUCTION

Gas-condensates are single-phase gaseous
hydrocarbon in the reservoir with considerable
liquid hydrocarbon content dissolved in them at
a particular reservoir condition. Gas-condensate
production is mainly gas from which more or
less liquid is condensed in the surface
separators, hence the name gas-condensate
[5]. Isothermal production of the reservoir
results in an attendant pressure decline which if
not controlled in a condensate system, will drop
beyond the dew point with the emergence of a
two-phase scenario. The heavier fractions of the
previously single phase fluid begin to condense
out at this point [6]. This retrograde condensate
formation results in build-up of a liquid phase
around the wellbore, leading to a decrease in
the effective permeability to gas into the
wellbore.

3. PROPERTIES OF GAS CONDENSATE
FLUIDS

3.1 Behaviour of Gas Condensate Fluids

A gas condensate is a single-phase fluid at
original reservoir conditions. It consists
predominantly of methane (C1) and other short-
chain hydrocarbons, but it also contains long
chain hydrocarbons, termed heavy ends. Under
certain conditions of temperature and pressure,
this fluid will separate into two phases, a gas

and a liquid that is called a retrograde
condensate.
As reservoir is being produced, formation

temperature usually doesn’'t change, but
pressure decreases. The largest pressure drops
occur near producing wells. When the pressure
in a gas-condensate reservoir decreases to a
certain point, called the saturation pressure or
dew point, liquid phase rich in heavy ends drops
out of solution; the gas phase is slightly
depleted of heavy ends. A continued decrease
in pressure increases the volume of the liquid
phase up to a maximum amount; liquid volume
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then decreases. This behaviour can be
displayed in a pressure-volume-temperature
(PVT) diagram (Fig. 1).

3.2Phase Envelope of Gas-condensate
Fluids

The phase envelope of a gas-condensate has a
critical temperature less than the reservoir
temperature and a cricondentherm greater than
the reservoir temperature [9]. In gas-
condensate phase envelope (Fig. 2), the
reservoir temperature lies between the critical
point temperature and the cricondentherm.
Initially, the fluid in the reservoir consists of a
single vapour phase, as the reservoir is
depleted, the vapour expands until the dew
point line is reached, after which increasing
amounts of liquid are condensed from the
vapour phase [8]. Forecasting and production

analysis of a gas condensate reservoir is
difficult due to this complex multiphase
behaviour; a portion of gas with heavier

hydrocarbons condenses out and gets trapped
in the subsurface porous network. This process
is called the isothermal retrograde
condensation; as pure substances are expected
to evaporate when pressure is reduced. Such
condensation could be significant near the
wellbore due to the large drop in pressure
compared to the reservoir [8,10].

The major characteristic feature of a gas
condensate fluid is the Gas-Oil Ratio (GOR).
The condensate fluid can be further classified
into four categories: Lean, medium, rich and
very rich condensate. As the isothermal
condition of the reservoir fluid approaches the
critical point, in the phase envelope, the
richness of the fluid is increased (Fig. 3).
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Fig. 1. Phase diagram of a gas condensate system (Source: Fan et al., 2005) [7]
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Fig. 2. Phase envelope of a gas condensate reservoir (Source: Aaditya, 2014) [8]
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Fig. 3. Rich and Lean Gas Condensate Behaviour (Source: Akpabio et al., 2015) [4]

3.3 Condensate Blockage

Gas condensates exhibit complex phase and
flow behaviours due to the appearance of
condensate liquid when the bottom-hole
pressure drops below the dew point pressure.
The accumulated condensate in the vicinity of
the wellbore causes a blockage effect and
reduces the effective permeability appreciably,
depending on a number of reservoir and well
parameters, and also causes the loss of heavy
components at surface [1].

Condensate blockage is one of the major
problems that have been addressed in the
industry  [10,11,12,13]. As reservoir fluid
pressure declines below the dew point pressure
during the production process, the liquid drops
out of the gas phase and forms condensate in
the formation. There are two scenarios that can
result in a pressure drop. The first one is the
pressure drop due to the flow of the reservoir
fluid. The reservoir fluid flows from a high
pressure of the reservoir to a lower pressure of
the separators at the surface. The second
scenario is the drop in reservoir pressure due to
pressure depletion. During the production of gas
and condensate, the reservoir pressure will
decrease with time and when it drops below the
dew point pressure, condensate forms
everywhere inside the reservoir, as condensate
increases gas permeability decreases [14]. A
key factor that controls the gas-condensate well
deliverability is the relative permeability, which
is influenced directly by the condensate
accumulation. The accumulated condensate
bank not only reduces both the gas and liquid

relative permeability, but also changes the
phase composition of the reservoir fluid, hence
reshapes the phase diagram of reservoir fluid
and varies the fluid properties [10]. The impact
of condensate blockage is very sensitive to the
gas and oil relative permeabilities in the region
around the wellbore. Several laboratory
experiments [10,12,15] have demonstrated an
increase in mobility for gas-condensate fluids at
the high velocities typical of the near-well
region, a mechanism that would reduce the
negative impact of condensate blockage.

4. THREE REGION THEORY

As the average pressure in a gas-condensate
reservoir continues to decline on production,
condensate dropout occurs across the
reservoir. In 2003, Rajeev [16] gave an accurate
yet simple model of a gas condensate well
undergoing depletion which consists of three
flow regions (Fig. 4).

* Single-Phase Gas Region 3: This is a region
that is far away from the well and has reservoir
pressure higher than the dew point, and hence
only contains single phase gas [15]. This third
region includes most of the reservoir away from
the producing wells. Since it is above the dew
point pressure, there is only one hydrocarbon
phase (which is gas) present and flowing. The
interior boundary of this region is not stationary,
but moves outward as hydrocarbons are
produced from the well and the formation
pressure drops, eventually disappearing as the
outer-boundary pressure drops below the dew
point [7].
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Fig. 4. Schematic gas condensate flow in three regions [15]

* Condensate build-up Region 2: In this region
reservoir pressure drops below the dew point,
and condensate drops out in the reservoir.
Though, the accumulated condensate
saturation is not high enough for the liquid
phase to flow. The accumulation of condensate
is not sufficient to be mobile because it has not
reached the critical condensate saturation [15].
As the condensate build-up occurs in Region 2,
a short period of transition time is needed to
build up Region 1. The condensate build-up is
mainly caused by: the bulk volume depletion of
the reservoir and the pressure gradient imposed
on the flowing reservoir gas within Region 2. If
the build-up of condensate is caused by the
pure pressure depletion, the condensate
saturation is calculated from the liquid dropout
curve from a constant volume depletion (CVD)
experiment corrected for water saturation [17].

* Near Well Region 1: Here reservoir pressure
drops further below the dew point, the critical
condensate saturation is exceeded, and part of
the condensate build-up becomes mobile. The
mobility of the gas phase is greatly impaired
due to the existence of the liquid phase [15].
The condensate blockage mainly occurs in
Region 1 because condensate impairment
restricts the flow of gas to the well. Depending
on the richness of the gas-condensate the
relative permeabilities of gas and condensate
change as a function of time and the pressure in

Region 1 contributes to condensate blockage.
The existence of condensate blockage region
will vary depending on richness of the gas-
condensate. In rich gas-condensate reservoirs,
condensate  blockage is an important
phenomenon because of the highest liquid
dropout which in turn serves as condensate
impairment to the gas flow [17].

4.1 Pressure and Temperature Ranges of
Gas-Condensate Reservoirs

According to Bradley et al. [18] pressures and
temperatures of retrograde gas-condensate
reservoirs are in the range of 3,000 to 8,000 psi
and 200 to 400°F, respectively. These pressure
and temperature ranges, together with wide
composition ranges, provide a great variety of
conditions for the physical behaviour of gas
condensate deposits. Pressure depletion in gas-
condensate reservoir can be modelled in the
laboratory using constant volume depletion and
constant composition expansion tests; also by
various correlation [18,19].

4.2 Constant Volume Depletion Test

During the CVD test, pressure is decreased at
regular intervals by releasing small amounts of
gas from a pressurized gas sample while
keeping the volume of gas in the cell constant,
thereby emulating the behaviour of producing
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gas reservoirs. The main objective of this test is
to measure the relative volume of liquid
condensing (liquid saturation or liquid dropout)
from natural gas as the field pressure declines.
Results of this test give operators an estimate of
the condensates/gas ratio and the volumes of
liquids that need to be handled by surface
production facilities for the field [10,20].

4.3 Constant Composition
Expansion Test

(mass)

The constant composition expansion (CCE)
test, sometimes referred to as a constant-mass
expansion test, is used to measure dew point
pressure, single-phase gas compressibility
factor, and oil relative volume below the dew
point [10]. A sample of reservoir fluid is charged
in a visual PVT cell and brought to reservoir
temperature and a pressure sufficiently high to
ensure single-phase conditions. Pressure is
lowered by increasing cell volume until a liquid
phase is visually detected (through a glass
window). Total cell volume and liquid volume
are monitored from the initial reservoir pressure
down to a low pressure [10,21].

4.4 Modelling Condensate Blockage

Reservoir simulation models [22,23,24,25] are
commonly used to predict the performance of
gas-condensate reservoirs. Study has shown
that coarse grid model may significantly
overestimate well deliverability, hence, the most
accurate way to determine near well behaviour
of a gas-condensate reservoir is by using a
simulator with a fine grid [7]. To accurately
model gas-condensate fluid behaviour and
capture condensate banking phenomena in the
vicinity of the well, it is proper to select
reasonable grid block size. It is stated by
Fevang et al. [26] that the multiphase pseudo
pressure method treats the more important
Region 1 accurately in coarse grid simulation.
They also claimed that the size of the well grid-
cell must be chosen properly in order not to
overestimate pressure losses in Region 1.

The comparison of the Modified Black-Oil
(MBO) and compositional approach in full-field
simulation studies was made in some papers.
According to Ahmed et al. [27] the MBO
approach proved to be sufficient for modelling
gas-condensate behaviour below the dew point
and instead of using a fully compositional
approach. It was proposed by Fevang et al. [26]
that a modified oil viscosity should be used in

Black-Oil model in order to obtain the same
result as a full compositional model [17].

4.5 Equations of State

An Equation of State (EOS) is a semi-empirical
functional relationship  between pressure,
volume and temperature of a pure substance. It
is a thermodynamic equation describing the
state of matter under a given set of physical
conditions [28]. According to Duan and Hu [29]
EOS is the relationship between the Pressures
(P), Temperatures (T), Volumes (V) and
Compositions(x) of components, used to
compute various thermodynamic properties. It
represents the phase behavior of the fluid, both
in the two-phase envelope (that is, inside the
binodal curve), on the two-phase envelope, and
outside the binodal curve.

Numerous EOS have been proposed to
represent the phase behavior of pure
substances and mixtures in the gas and liquid
states since van der Waals [30] introduced his
expression in 1873. These equations were
generally developed for pure fluids and then
extended to mixtures through the use of mixing
rules [31]. The van der Waals EOS was the first
equation to predict vapor-liquid coexistence
[28]. Later, the Redlich-Kwong EOS [31]
improved the accuracy of the van der Waals
equation by introducing temperature-
dependence for the attractive term. Soave [32]
and Peng and Robinson [33] proposed
additional modifications to more accurately
predict the vapor pressure, liquid density, and
equilibria ratios. Other authors [34,35,36] in the
late twentieth century modified the repulsive
term of the van der Waals EOS to obtain
accurate expressions for hard body repulsion;
while according to Wei and Sadus [37] both the
attractive and repulsive terms of the van der
Waals EOS was modified by Chen and
Kreglewski [38], Christoforakos and Franck [39]
and Heilig and Franck [40].

In 1972, Soave [32] proposed an important
modification to the Redlich-Kwong Equation of
State (EOS), his modification fitted experimental
vapor-liquid data well and could predict phase
behavior of mixtures in the critical region. Until
the work of Soave (1972), modifications to the
van der waals EOS focused on temperature
dependency of the attractive parameter [28].
The Soave-Redlich-Kwong EOS (equations 1-2)
has become the most popular equation of state
for natural gas systems in the petroleum
industry.
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RT  a(T) @)

P= -
v-b v(v+b)
Where
212 2)
a(T)=0.42747 RPTC a(T)
b = 0.0867 0
P

c

Another important variation of the van der
Waals EOS was introduced in 1976 by Peng
and Robinson (PR-EOS) [33]. Improved density
prediction was the main motivation of the
authors which in general is superior in density
predictions of reservoir fluid systems. Although
this equation improves the liquid density
prediction, it cannot describe volumetric
behavior around the critical point. The Peng and
Robinson EOS (equations 3-4) is perhaps the
most popular and widely used EOS [41].

RT a(T) €)
P = —
v, —b v (v, +b)+b(v, —b)
Where
2 (4)
a(T,)= 0.45724@
b =0.07780 RT,

c

Schmidt and Wenzel [42] incorporated the
acentric factor as the third parameter in the
attractive term (equation 5) [41] as:

_RT a.a )
v—b V2 +(1+3w)bv - 3ab?

P

4.6 Three Parameter Equation of State

Redlich—-Kwong (RK) cubic EOS have been
proved to be very reliable tools in the prediction
of phase behavior. Despite their good
performance in compositional calculations, they
usually suffer from weaknesses in the
predictions of saturated liquid density [43]. A
two-parameter EOS predicts the same critical
compressibility factor, Z, for all substances
while the inaccuracy of predicted volume at the
critical point, not necessarily leads to unreliable

volumetric data at all conditions, it demonstrates
the inflexibility of two-parameter EOS for
matching both the vapor pressure and volume.
The inclusion of a third parameter relaxes the
above limitation. Ashour et al [41] postulated
that the third parameter is generally determined
by employing volumetric data.

5. METHODOLOGY

The analysis of pressure depletion for a gas
condensate reservoir in this work was done with
the use of Eclipse 100 [44] and Eclipse 300 [44]
reservoir simulators to generate production and
pressure data. The simulator selected for use is
a standard industry Black-oil and Compositional
reservoir simulators, they are proven to be
robust and reliable with many ancillary
packages to facilitate data preparation and
processing of results. The Compositional
simulation model recognises that the reservoir
is quite close to the critical point and thus
represents the oil and gas phases as a multi-
component mixture, at all temperatures and
pressures. Each component (C;, C,, etc.) is
tracked in the simulator. It also accounts for
changes in the fluid behaviour and properties
with changes in pressure in an isothermal
environment.

The procedure for this study is outlined as
follows:

e Data assembly and analysis (primarily
aggregate data from existing gas
condensate fields).

e Construction of a simulation model to
accurately represent a gas condensate
field/reservoir.

e Simulation of production and pressure
data for analysis and further study.

e Interpretation of results to analyse and

understand the effect of pressure
depletion on well deliverability,
condensate vyield and condensate

blockage. Also, the effect of condensate
dropout on the relative permeability
function is analysed.

e Sensitivity analysis on
models, and modelling  approach
(compositional versus black oil) and
comparison of results for various PVT
observed data.

various EOS

5.1 Data Assembly and Analysis

The model was built using data from existing
gas condensate fields. The data includes fluid
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PVT data (Figs. 5-7), saturation versus relative
permeability curve (Figs. 8-9), porosity,
permeability and well data. The EOS model
used here is a derivative of the Peng-Robinson
Equation of state and the Peng-Robinson
correction parameter using laboratory PVT data.
This equation of state is solved to obtain the Z-
factors for the liquid and vapour phases and
phase fugacities which are necessary for inter-
phase equilibrium calculations and fluid
densities (important for material balancing). Of
the 3 solutions obtained for the Z-factor, the
largest is taken for the vapour phase and the
smallest for the liquid phase.

As shown in the figure 5 above the dew point
pressure is 4800psia, average reservoir
temperature is 320°F and initial reservoir
pressure is 5400psia.

5.2 Reservoir Model Description

The model is a three-phase 3D model of a gas
condensate reservoir initially above the dew

point line. The simulation grid contains 648
active cells with the dimension 9 x 9 x 8 in the
X, Y and Z directions (Fig. 10). The grid type
used is the Block-centred Cartesian grid. This
grid system averages reservoir properties at the
centre of the grid cell. Block-centred geometry
uses the DX, DY, DZ and TOPS keywords to
specify the size of each grid cell in the X, Y and
Z directions and the top of the reservoir
respectively. The cells are rectangular and have
horizontal upper and lower surfaces and vertical
sides. The reservoir heterogeneity was captured
by varying permeability in the X, Y and Z
directions using the keywords PERMX, PERMY
and PERMZ respectively. There are six
components considered namely; Ci, Cs, Cio,
Ci5, CO2 and Nz in the primary base case
model. The thickness of each cell in the X and Y
and Z directions are 1200ft, 1000ft and 30ft
respectively. Average cell porosity is 25% and
net-to-gross is 1.0. Permeability varies in each
layer, the ratio of vertical to horizontal
permeability is 0.2.
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Fig. 11. Vertical well used within the skeletal grid structure

5.3 Well Model

The well in this model is a vertical well (Fig. 11)
with a radius of 0.33ftand zero skin. The
equivalent grid-block radius is calculated in the
reservoir simulator by Peaceman’s formula.

The model contains one gas producer
positioned at the centre of the reservoir
controlled in bottom-hole pressure mode and
regulated to produce 500,000Mscf/day of gas
with a minimum BHP of 100psia. The produced
fluids are separated at the surface in a 3-stage

separation  with  varying  pressure and

temperature conditions.

6. RESULTS, ANALYSIS AND
DISCUSSION

6.1Black Oil Versus Compositional
Modelling

The results obtained for the black oil and
compositional models were compared and the
plots are shown below (Figs. 12-12). Although
the results were similar in trend, the values
obtained were different with the results of the
compositional simulation clearly more accurate
and representative of the gas condensate
reservoir.

The results indicate that the black oil modelling
of gas condensate generates more optimistic
results than the compositional modelling for the
gas phase. However, the black oil model is still
representative of the gas condensate because
they generally produce the same trend and thus
can be used as a quick test. Analysis of various
case models show that the black oil gas

condensate model shows more optimistic
results for gas production and less optimistic
results for condensate production with pressure
depletion, than the compositional model. This is
due to the fact that the compositional model
accounts for the various components and their
respective compositions which affects the
phase behaviour of the fluid system, unlike the
black oil model which represents the phases as
one component. The black oil model simply
accounts for the condensate production from
the vaporized oil as one component, hence the
tendency to wunder estimate condensate
production. This can be seen in Fig. 13 where
the compositional model produces a much
higher estimation of the vaporized oil-gas ratio
than the black oil. Ultimately, the quantity of
reservoir volume produced affects the pressure
profile and this can be seen in Fig. 14 as the
pressure profile for the compositional model
arrives at the minimum BHP earlier (13months)
than the black oil model (20months) due to
greater withdrawal at the same conditions.

6.2 Results and Analysis from

Compositional Model

The results from Fig. 16 showed that gas
production rate was maintained at
500,000Mscf/day until the minimum BHP of
100psia was reached, when it began to decline.
Also at this same point, the condensate
production rate and oil-gas ratio which had
previously followed the same plot took different
directions. The condensate production rate
tailing off to zero due to insufficient drawdown
for production. The oil-gas ratio was maintained
relatively constant due to the lack of condensate
production/drop out from the produced gas.
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Fig. 16. Plot of bottom-hole pressure, condensate production rate, average reservoir
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At the time the well BHP drops to the minimum
value of 100psia which also coincides with a
drop in oil productivity index to zero, the
decreasing gas productivity index can be seen
to take a gentler decline for the next 2.5 years
of production. Which highlights the effect of
condensate production on the gas deliverability
of the well.

The gas productivity index as seen here was
increasing steadily at pressures above the dew
point after the initial stabilizing stage. On
reaching the dew point, the gas productivity
index curve can be seen to decrease over time
(after 10 months). The post-dew point curve can

be seen to have two different gradient lines.
The first being at increasing condensate drop
out and the second at decreasing drop out.
The second gradient line can also be
explained by the drop in the condensate
production rate at the same time. This is due to
the typical occurrence in gas condensate
reservoir where below the dew point,
condensate drop out/yield increases to a
point, and then subsequently decreases due to
a re-vaporizing of the liquid in the gas phase.
This is confirmed in Fig. 19 where we see an
increase in the OGR at around 1400
psia reservoir pressure (at approximately 2
years).
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Fig. 19. Plot of condensate production, gas productivity index, average reservoir pressure,
and condensate-gas ratio versus time

FOVFR ws. YEARS (GASCOND_COM)
FOPR vs. YEARS (GASCOND_COM)
10000 70000
G000
5OA00
5000
7000 50000
g o 40000 %
2 a000 <
o [is}
2 4000 o000 2
® 3000 20000 o
Z  Z00o 10000 S
[ [
1000
o T T T T T a
0.00 1.00 2,00 2,00 4.00
TIME YEARS
FOVFR vs. FFR (GASCOND_COM)
FOPR vs. FFR (GASCOND_COM)
10000 70000
G000
50000
5000
7000 0000
F oo apgoc %
2 a000 <
o m
2 4600 o0 2
® 3000 20000 &
2 zhon 10000 5
fra 2
1000
o T T T T T T T a
G00 5000 4000 3000 2000 1000 [l
FRFR F3lA

Fig. 20. Plot of Surface and Reservoir condensate production rate versus average reservoir
pressure and time
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Fig. 21. Plot of oil and gas relative permeability versus condensate saturation

Fig. 20 showed both surface and reservoir oil
production variation with time and average
reservoir pressure. While oil production at the
surface is evident from the onset, reservoir
production of condensate is zero. This
continues until the dew point pressure of
4800psia (as shown in the phase envelope in
Fig. 5) when condensate starts to drop out of
the gas phase. However, this condensate was
still immobile until the saturation exceeded
critical saturation when the condensate began
to flow in the reservoir. This happened at
around 4200psia (at about 5 months) as seen
on the plot. The effect of condensate dropout on
relative permeability is shown in Fig. 21. With
increasing condensate saturation, particularly
around the well bore, the gas relative
permeability can be seen to decrease. This
demonstrates the effect of condensate blockage
around the well.

6.3 Comparison of Results

Different EOS

using

Comparing the results for the three different
models using the Peng-Robinson 3-parameter
(PR3), Soave-Redlich-Kwong  3-parameter
(SRK3) and the Schmidt-Wenzel 2-parameter
(SW2) Equations of state, a pattern can be
shown.

From Fig. 22, the total gas production from the
field can be seen to have similar results for all
three EOS. However, the total field condensate
production recorded were very distinct, with the
PR3 model showing the highest estimate while
the SW2 showed the lowest estimate. This
highlights the limitation of the 2-parameter EOS
models i.e. their inability to accurately predict
liquid properties (density and saturation) and
thus lower estimates of the vaporized oil in the
gas phase, from which condensate emerges,

and lower condensate production is predicted.
PR3 and SRK3 on the other hand, compensate
for this limitation with the introduction of a third
parameter, the molar volume correction and
thus record higher. This is also evident from the
GOR plot, as the lower condensate production
estimate (and OGR), the higher the GOR
estimate.

The gas production rate and total volume is not
particularly affected by the EOS model used.
However, the gas deliverability is greatly
affected (Fig. 23). The 2-parameter SW model
shows much greater estimates of gas
productivity index, compared to the PR3 EOS
model for the first few years. Subsequently, the
values become very similar due to generally
reduced production activities at the latter stages
when the well BHP reaches the minimum value
of 100psia. The converse is true for the oil
productivity index.

6.4 Comparison of Results using Base
Case Model against Akpabio et al.’s
and Shi’s Models

The works of Akpabio et al. [4] and Shi [15]
were analysed and their PVT data consisting of
the various components (Cl1l, C6 etc.), their
compositions, molecular weight, acentric factors
(where available) etc. was converted into a
workable model in PVTi [44]. Complete Eclipse
input files were created for both models with the
models maintaining the same input data as the
base case model in describing the reservoir
rock properties (porosity, permeability,
thickness, Area etc.), rock-fluid interaction
characterisation (capillary pressure, saturation
functions etc.), well information etc. but with a
different PVT section to analyse the observed
trends and to check consistency with theoretical
expectations of gas condensate reservoirs.
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Fig. 22. Plot of vaporized condensate and dissolved gas ratios and total gas and condensate
production versus time for the three EOS used
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Fig. 23. Plot of gas and condensate productivity index, bottom-hole pressure and wet gas
production rate versus time
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Fig. 24. Plot of total gas production for all three models against time (at the same initial
average reservoir pressure)
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Fig. 25. Plot of condensate in place for all three models against time (at the same initial
average reservoir pressure)
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Fig. 26. Plot of gas productivity index against time for all three models at the same initial
reservoir conditions (Pressure=5400psia) and at different initial reservoir conditions
(Pressure=5400psia, Pressure=3500psia)

From the plot it can be seen that the cumulative
gas production result for the base case model
has the least value compared to the others. This
is expected given that the phase envelope
obtained for all PVT data show a closeness to
the critical point (thus lower proportion of gas
and consequently higher proportion of liquid).
The phase envelope obtained for the Akpabio
PVT data is farther away from the critical point
than either of the other models and thus at
similar reservoir and operating conditions,
produces the highest amount of total gas.

The results show that for the same operating
conditions and at the same initial reservoir
pressure of 5400psia (Plot 1), the well gas

productivity index for the base case model gives
the lowest values while the values for Akpabio
et al. [4] and Shi [15] are considerably higher.
This is expected because the phase envelope
profiles for the PVT data for all 3 models show
that the base case model is closer to the critical
point i.e. higher proportion of condensate which
means lower proportion of produced gas than
the other two models. Results from Plot 2 for all
three models with different conditions of initial
reservoir pressure (5400psia for the base case
model and 3500psia for the models of Akpabio
et al. [4] and Shi [15] show that the well gas
productivity index for the base case model still
has the lowest recorded values compared to the
others, irrespective of the conditions. This
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confirms the value of fluid PVT characterisation
and the influence on reservoir fluid behaviour
and production.

For the results of Akpabio et al. [4] and Shi [15],
we can see that at pressures below the dew
point (2400psia and 2800psia, respectively) the
condensate production recorded at the surface
decreases. This is due to the effect of
condensate drop out in the reservoir. However,
the reservoir condensate production is still zero
until the condensate saturation in the reservoir
exceeds the critical saturation and begins to
flow. All production recordings at both reservoir
and surface conditions terminate at the
minimum BHP of 100psia as seen in Fig. 26.

7. CONCLUSION

In line with the objectives of this work, the
behavior of gas condensate reservoirs was
analyzed from a compositional perspective and
the study was done through theoretical and
numerical simulation work.

The changes in the liquid and vapor phases,
performance of a gas condensate reservoir in
terms of production rate and index with
condensate drop out and the effect of pressure
depletion on relative permeability and well
deliverability (productivity index) observed in
this study are presented as follows:

e Analysis of various case models show
that the black oil gas condensate model
shows more optimistic results for gas
production and less optimistic results for
condensate production with pressure
depletion, than the compositional model.

e The productivity of gas condensate
reservoirs can be improved by the use of
an optimum production strategy that can
keep the average reservoir pressure
higher than the dew point pressure for
longer, thus preventing drop out of
heavier components around the well bore
which causes a blockage.

o lIdentifying the average reservoir pressure
at which the condensate drop out will start
to decrease after the initial decrease
below the dew point will help to maximise
the recovery of condensate which has a
higher economic value than gas.

e Optimal results are derived in modeling
gas condensate reservoirs using 3-
parameter EOS (Peng-robinson, Redlich
kwong etc.) which provide a molar volume

shift to prevent an underestimation of
liquid density and saturations and thus
accurate condensate mass balancing.

e Higher BHP values produced less
condensate banking and a smaller
amount of heavy-component is trapped in
the reservoir. The lower the producing
rate, the lower the amount of heavy-
component left in the reservoir.

e Gas productivity can be maximized with a
proper producing strategy. The total gas
production can be increased by lowering
the BHP or optimizing the producing rate.

e Both relative permeability and absolute
permeability have effects on condensate
banking behavior through the influence of
the mobility term.
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