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Abstract: This study examines the influence of permeability variations on the performance of polymer flooding in
an enhanced oil recovery with the use of ECLIPSE simulator. A synthetic reservoir model (10x10x1) was
constructed for two reservoir models, a heterogeneous system (Reservoir X-A) and a homogeneous system
(Reservoir X-B).Both cases were simulated at same reservoir conditions by polymer injection at a rate and
concentration of 200STB/day and 50Lb/STB and analyzed at a time stepping of 10days over a 10years field life.
The parameters analyzed were water relative permeability, oil relative permeability, oil-water capillary pressure,
equivalent mixture viscosity, permeability reduction coefficient, block polymer adsorption, field pressure, field oil
production rate and well flowing bottom hole pressure. Results revealed a fast reduction in the oil phase mobility
for the heterogeneous system for high permeability above 25md and a water breakthrough for the producer in the
homogeneous reservoir. Polymer adsorption rates in higher permeable zones are lower than the low permeable
zone. The heterogeneous reservoir has the highest pressure decline while the homogeneous system has a better
production rates. The influence of permeable channels is more pronounced in the injection well vicinity.

Keywords: Polymer, Flooding, Heterogeneous, Homogeneous, Permeability, Channels, Relative Permeability,
Oil-Water, Capillary Pressure, Mobility.

1. INTRODUCTION

Rock properties variation with their location in the reservoir is an important consideration in fluid
flow characterization. Reservoirs with strong heterogeneity usually have a fast decline in the
formation pressure when naturally driven [1,2].The use of pressure maintenance schemes such as
water or gas injection is a global practice employed in fields to boost the pressure to enhance flow of
fluid. Water or gas injection helps to revive the formation pressure of the reservoir within a short
period of injection. However, the subsequent presence of high permeability streaks within the
reservoir heterogeneity results in the formation of dominant channel after a long period of injection.
This ultimately results to issues such as viscous fingering and area sweep inefficiency [3,4].Hence, it
is necessary to plug the highly permeable channels where a dominant channel exist [5].The
application of polymer flooding as an enhanced oil recovery(EOR) technology has superior advantage
over normal water injection in terms of improved sweep efficiency and better mobility control[6-10].
Polymer flooding is very widely applied globally as an efficient EOR technique that dated back to
over 40years with China currently leading in the polymer flooding EOR technology [11]. Several
attempts have been made to study the contribution of certain physiochemical properties that
characterizes the efficiency of polymer flooding to include viscosity, rheology, inaccessible pore
volumes (IPVs), polymer adsorption and degradation [12-19].Knowledge of the extent of the
influence of these parameters on the performance of polymer flooding is very integral to designing an
efficient polymer EOR project. The underlying principle of EOR by polymer flooding is essentially
based on water mobility alteration for more efficient volumetric sweep. This effect is more
pronounced in heavy oil reservoirs where water phase mobility extremely high. In a very highly
heterogeneous system, a preferred flow path (channel) often exist which facilitates increment in water
phase mobility and subsequent bypassing of the oil bank [20]. This ultimately results to low oil
recovery from the reservoir. However, with the application of polymers, there is incremental oil
recovery that could be attributed to better volumetric sweep or microscopic sweep efficiency. The
various field success stories associated with the polymer flooding EOR technology and the need to
expand its scope of application has led to a wider spectrum of modifying polymer flooding schemes.
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This assertion and several other studies, and knowledge of empirical polymer science have shown that
heterogeneity is a very important factor in the overall design, performance and analysis of any EOR
polymer flooding project. Despite notable success stories with polymer flooding across the globe, it
should be noted that it is relatively capital intensive and hence would require thorough and rigorous
candidate screening to minimize failure risk [21,22]. Commercial reservoir simulation is an important
tool that has been employed in the industries in screening, characterization and prediction of the initial
performance of a waterflooding project in the presence of reservoir heterogeneity [23, 24]. In this
study, a commercial reservoir simulator (Eclipse) is used to analyze the performance of case study
Reservoir X-A and X-B. The analyses were focused on the influence of permeability variations in X
and Y directions of the heterogeneous and homogeneous local grids.

2. METHODOLOGY
2.1. Fundamental Mathematical Formulations

The major fluid systems present in the reservoir undergoing polymer injection are oil, water and
polymer solution. The mass conservation equation of each component can be written by applying
Darcy equations as follows:

For oil;
Kkyo a (8S,
v. [E (VP — PogVZ)] +qo = 5(3) D)
For water;
Kkry — 9 (95w
V. [m (VB, — pwgVZ)] T qw = 3 (BW ) (2

For polymer component;
i High molecular weight polymer
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Where;

k = absolute permeability tensor (um?), k,,, k., = relative permeability to oil and water respectively,
U,= oil viscosity (mPa-s), u,.= effective water viscosity (mPa-s), By, B,, = oil and water FVF
respectively (m3/m?3), p,,, p,= water and oil densities respectively (kg/m3), Z = vertical depth (m),
4o, Qw = 0il and water flow rates respectively (m3/day), @= porosity (fraction), S,, S,,= oil and
water saturations respectively (fraction), ¢, = polymer concentration (kg/m3), fipv = inaccessible
pore volume factor, p,= rock density (kg/m?3) and Cpq = adsorption concentration.

Polymer adsorption is an important process that directly affects the permeability reduction and is
related by the following equations [25-27].

_ by Cp
Cap - C”'pmax (1+prp) (5)
Ry =1+ (RRF — 1) —2— (6)
ap max
Where;

Cop = adsorbed polymer concentration (kg/kg), Cqp - maximum adsorbed polymer concentration
(kgrkg), b, = adsorption coefficient, Cp= polymer concentration (kg /m3), R, = permeability reduction
factor and RRF = residual resistance factor.

The equation (5) above is analogous to rate growth saturation model. This therefore explains where
there is high rate of polymer adsorption at the early stage of injection until an optimum rate is reached
towards a longer injection period when high permeability streaks are more efficiently plugged off.
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2.2.Simulation Process

This study uses a commercial reservoir simulator, ECLIPSE 100 to generate the synthetic reservoir model
used in this study. The simulation option was based on a black oil model with in-situ fluid phases identified
as water and oil phase. The reservoir model was calibrated to represent a heterogeneous system and the
corresponding homogeneous counterpart was built by averaging the permeability of the heterogeneous
system. The heterogeneous sample typically represents a local grid refinement of the coarse homogeneous
Reservoir X-B as presented in Figurel. The solution scheme was IMPES implemented on a block centered
rectangular reservoir. The reservoir grid parameters and well completion data are shown in Tables 1 and 2.

Tablel. Reservoir Grid Definitions

S/IN Property Description/Unit
Grid type Cartesian (Block Centered) Ft
Grid Dimension 10x10x1
Number of Cells 100
Permeability(Avg) 25 Md
Porosity 0.2 Fraction
Dx 75 Ft
Dy 75 Ft
Dz 30 Ft
NTG Ratio 1 Dimensionless
TOPS 4000 Ft
Table2. Well Specification and Completion
Location/ Control Parameter INJ1 PROD1
i-location 1 10
j-location 1 10
k-upper 1 1
k-lower 1 1
Preferred Phase Polymer Oil
Well type Injector Producer
Well Control Mode Liquid Rate/BHP BHP
Wellbore radius 0.33ft 0.33ft

3. RESULTS AND DISCUSSION

The Reservoir X considered in this work is a 2-D 10x10 uniform and isotropic grid system as shown
in Figure 1 .Reservoir X-A is a heterogeneous with permeabilities randomly distributed in both the X
and Y plane while Reservoir X-B is a corresponding homogenous system with averaged permeability
of 25mD. Both cases were simulated at same reservoir conditions by considering a polymer injection
option at a rate and concentration of 200STB/day and 50Lb/STB respectively. The entire field was
analyzed at a time stepping of 10days over a 10years field life. To understand the influence of the
reservoir heterogeneity on the predicted performance of the polymer flooding option diagonal grid
cells and those of injection and production well vicinity was analyzed comparatively. The analyses
were focused on the relative permeability to oil/water phase, the oil-water capillary pressure, polymer
adsorption in the reservoir matrix, resulting permeability reduction, equivalent mixture viscosity, oil
production potential and field pressure response.

Figurel. Reservoir X Layout in 2-D (A = Heterogeneous System; B = Homogenous System)
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3.1. Gridblock Phase Mobility

The target for most polymer flooding operation is to reduce the mobility of the water phase thereby
minimizing the tendency of viscous fingering and early water breakthrough that is observed as in
increase in water cut. The result of Figure 2 compares the relative permeability to the oil phase
(assuming a binary mixture of oil and water with polymer in solution) of the two reservoir systems.
Since the viscosity of the fluids is constant, the phase relative permeability was used to assess the
mobility of each distinct phase of the binary mixture.
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Figure2.Relative Permeability to Qil in the Main Diagonal Grids

There is fast reduction in the oil phase mobility in the heterogeneous system due to high permeable
channels (with permeability above 25md) where there is high chance of water phase by-passing the oil
phase as shown in Figure 2. However, the mobility of the oil bank at the producer gridblock was
relatively sustained because of low polymer injection rate that was insufficient to displace the oil
banks at the (10, 10, 1) grid cell. For the homogeneous system at a permeability of 25md, there is
water breakthrough through the producer which causes the mobility of the oil phase in the (10, 10, 1)
cell to drop earlier than nearest grids, (8, 8, 1) and (9, 9, 1). This indicates the oil phase by-passing by
the water phase. The result presented in Figure 3 affirmed the former. Despite low mobility of oil
phase in the producer grid, higher water phase mobility was attained much earlier in the
heterogeneous system than the homogeneous system.

W b b
i Heterogen eous ii Homogeneous

Figure3. Relative Permeability to Water in the Main Diagonal Grids

Due to area sweep effect, the major differences in fluid mobility occur in the production well area
where high oil saturation exists (the un-swept oil banks).Figure 4 shows that the grid cells
(10,10,2)with high permeability streaks has the highest water phase mobility in the heterogeneous
system whereas in the homogeneous system, the most remarkable difference was in the (8, 8, 1) grid
cell due its relatively far distance from the well. Hence, the grid cell (8, 8, 1) has more effect of water
during polymer injection than the other grids analyzed for both systems of the reservoir.

The effect of high permeability streaks was not so much felt in the grid cells at the center of the
reservoir as illustrated in Figure 5. Hence, the similarity of the results obtained in both cases of the
reservoir (Reservoir X-A and Reservoir X-B) showed that mobility control could be easier in
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reservoirs with high permeability streaks by considering a polymer flood option. However, the effect
of drawdown in the wellbore vicinity creates a difficult scenario that may result to difficult mobility
control which can be solve by increasing the polymer viscosity through either concentration or
injection rate/pressure.

i Heterogeneous ii Homogen eous

Figure4. Relative Permeability to Water in the Producer Cell and Nearest Neighboring Grids
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Figureb. Relative Permeability to Water in the Centre Grid Cells

3.2. The Oil-Water Capillary Pressure

From empirical relationships, the oil-water capillary pressure of a binary oil-water mixture is directly
related to the phase saturation. In polymer flooding /water injection, the water saturation increases
while those of the in-situ displaced fluid decreases due to withdrawal. The presence of high
permeability channels in the reservoir system which results to higher water phase mobility increases
water saturation in the affected grids.

There is higher oil-water capillary pressure in the grid cells nearest to the producer (where water
breakthrough occurs) than those farthest as shown in Figure 6. However, only the producer grid and
its immediate neighboring diagonal grids were affected in the homogeneous system. A clearer
illustration of this process is shown for the grid cells of production well neighborhood in Figure 7.

o [

i Heterogeneous ii. Homogeneous

Figure6. Oil-Water Capillary Pressure of the Diagonal Grid Cells
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Figure7. Oil-Water Capillary Pressure of the Producer Grid and Immediate Neighboring Grid Cells
3.3. Effect of Polymer Injection on Mixture Viscosity and Permeability Reduction

One remarkable effect of most chemical EOR methods is increase in the flood water —polymer
mixture viscosity. This eventually aids better in-situ fluid displacement through good mobility
control. Reservoir heterogeneity does not have direct remarkable influence on the effective mixture
viscosity (EMVIS) of the reservoir system as seen in Figure 8.

Start of flooding — Reservoir X-A Start of flooding — Reservoir X-B
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Figure 8.Equivalent Mixture Viscosity at selected Timesteps
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Unlike as shown in Figure 8, the result presented in Figure 9 indicates the influence of reservoir
permeability on permeability reduction coefficient. It shows a uniform progression in permeability
reduction in the homogeneous system. The non-uniform progression in Reservoir X-A
(heterogeneous) signifies the complexity of the reservoir heterogeneity existing in Reservoir X-A.
However, the chart bar presented in Figure 9 shows a faster permeability reduction in the
homogeneous system than the heterogeneous system. This is due to high permeable zones in the

heterogeneous system that requires plugging for better mobility control.

Start of flooding — Reservoir X-B

Start of flooding — Reservoir X-A

— ——— L

100days of flooding — Reservoir X-A

1 vear of flooding — Reservoir X-A 1 vear of flooding — Reservoir X-B

Figure9. Permeability Reduction Coefficient at selected Timesteps

The result of polymer adsorption due to permeability reduction in both reservoir systems is shown in
Figure 10. It shows that the polymer adsorption rates in high permeable zones are quite lower than
those of low permeable zone. This is attributed to the possibility of high oil saturation in these
permeable streaks. The zero value at the producer grid blocks and the two nearest grids (in the
heterogeneous system) affirmed the result. In addition, there is high water phase mobility in these
regions due to the effect of the producer located at (10, 10, 1) which is the same with the homogenous
system. Minimum polymer adsorption was seen in gridblock (9, 9, 1) while that of the producer grid
was zero (case of heterogeneous system) caused by the combined effect of pressure drawdown and

increase in water phase mobility.
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Figurel0. Grid Block Polymer Adsorption

International Journal of Petroleum and Petrochemical Engineering (1JPPE) Page 7



The Influence of Permeability Variation in a Heterogeneous and Homogeneous Reservoir during Polymer
Flooding

3.4. The Influence of Reservoir Heterogeneity on Field Pressure and Flowing Bottomhole Pressure

Figure 11 and 12 shows the influence of reservoir heterogeneity on field pressure and well bottomhole
pressure (WBHP) respectively. The heterogeneous reservoir has the highest pressure decline than the
homogeneous system. There is a sharp increment in pressure that was succeeded by a decline in both
reservoir systems. The future trend indicates a rise in pressure up to initial condition for the
homogeneous case and relatively stabilized pressure curve for the heterogeneous system. Similarly,
the flowing bottomhole pressure is higher for the homogeneous system than the heterogeneous
system. There will be more continual WBHP increment in the homogeneous Reservoir X-B than the

heterogeneous system.
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Figurell. Field Pressure Profile
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Figurel2. Flowing Bottomhole Pressure

3.5. Field Oil Production Rate for both system

The homogenous system has better oil production rate than the heterogeneous system resulting from
lower pressure profile of the heterogeneous system and the combined effect of mobility challenges
posed by the extremely highly permeable zones as presented in Figure 13.
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Figurel3. Field Oil Production Rate
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4. CONCLUSION

This study has investigated the impact of permeability variation in heterogeneous and homogeneous
system during polymer flooding. Two synthetic reservoirs have been thoroughly analyzed — Reservoir
X-A (heterogeneous) and Reservoir X-B (homogeneous) systems.

The following conclusions were drawn;

e Reservoir heterogeneity remarkably impacts fluid mobility. The extent of this impact is
directly related to the degree of heterogeneity of the system.

e The presence of high permeability streaks (permeable channels) is more pronounced in the
production well vicinity. It is therefore relatively easier to manage when located far from the
producer using polymer flooding option

e Reservoir heterogeneity impacts fluid saturation distribution which changes oil-water
capillary pressure.

o High reservoir permeability causes a reduction in polymer adsorption

e Reservoir heterogeneity does not have direct effect on the mixture viscosity. However, this
changes as polymer front advances closer to the producer

o Polymer flooding causes a remarkable permeability reduction which makes it an excellent
option for plugging off thief zones (high permeable streaks.
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