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1. Introduction

World energy forecast has shown that the demand for oil is ever increasing and would continue for
near decades to come owing to its biggest contribution to the global energy needs. Oil with 32.9% of the
global energy consumption is the world’s leading fuel, while other sources of energy such as renewable
in power generation and nuclear power grew below average rates [1]. It is therefore very necessary to
recoup the vast available oil reserves from the entire producing reservoir while also exploring for new
fields [2].

The growing worldwide energy demand is an indication that many hydrocarbons reserves such as
proved undeveloped reserves (conventional or unconventional) will have to developed with available

“Corresponding author at: Department of Petroleum Engineering, Rivers State University, Port Harcourt, Nigeria
Email address: Kinate.bright@ust.edu.ng



N. 0. Duruodunze et al.,, IJPGE, Vol. (2021), Article ID: IJPGE-2109182112395, 16 pages

or newer technologies. As of 2018, the world’s total proven reserves was estimated at 1,498 billion
barrels [3]. The development of conventional oil reserves is basically by natural depletion (primary
recovery) and secondary recovery mechanisms. However, these techniques can be often limited by
several factors such as reservoir and fluid properties, which could leave around 70% of the oil in the
reservoir. To recover the large fraction of unrecovered oil, enhance oil recovery (EOR) is needed hence
it is assumed necessary in most oil fields. The rise in energy demand globally has necessitated the
venture into the development of these reserves using chemical process since they are not recoverable
using conventional practice. More so, the extraction of hydrocarbon from unconventional reserves could
significantly contribute in offsetting the growing world energy demand [4, 5].

Chemical recovery process is an effective EOR process that has significantly contributed to global
daily oil production. Chemical EOR has been considered a productive oil recovery method capable of
recovering residual oil trapped and/or bypassed in the reservoir. Chemical EOR method is based on the
principle of injecting specially formulated chemicals (usually polymers, surfactants, etc) to increase oil
recovery by increasing the injection fluid (water) potency [6]. The low cost and recorded success stories
of its applications in varying fields across the globe makes them very appealing EOR method [7].
Samanta et al. (2012) identified the most widely used chemical EOR methods to include polymer
injection, surfactant and alkaline flooding [8]. For 40 years now, polymer flooding has been identified
as the most widely used chemical EOR method used in hydrocarbon recovery [9]. These chemicals are
regularly screened in the laboratory to ascertain its performance potential since each chemical has a
direct influence on oil production [10-12]. Recent studies have also shown that better mobility control,
stability and consequently, improved oil recovery can be achieved via the use of foam enhanced by
surfactants and polymers [13, 14]. The advent of nanotechnology with other fluids such as polymer and
its application to increase the productivity of various processes in different fields has stimulated its use
in the oil and gas industry [15-18]. Nanotechnology has shown positive improvements in addressing
some problems in the oil and gas industry related to drilling operations, petroleum exploration, gas
hydrate formation, EOR and hydraulic fracturing jobs [15, 19-21]. Nanofluid flooding has been assessed
and analyzed with field application reported in Columbia as a chemical process [19]. Wettability
alteration, improved viscosity of injectants and structural disjoining were established as the mechanism
of the improved oil recovery [22].

In recent time, the use of high concentration and high molecular weight polymers has been
particularly noted for improving oil recovery. These polymers are usually characterized with strong
viscoelastic effect which potentially reduces residual oil saturation at the end of water flooding
operation. Some of various fields noted for successful implementation of polymer flooding include the
Dagqing oilfield (China), East Bodo reservoir and Pelican Lake field (Canada), Marmul field (Oman) [23].
Till date polymer flooding remains increasingly relevant in the energy market. The boost in Daging field
oil production up to 3000,000 bbl/day remains the most outstanding success of polymer flooding EOR
technology [24]. To ensure optimal performance of polymer flooding for a candidate reservoir, it is
necessary to predict and monitor the variations in the fluid front advance and distribution within the
reservoir rock matrix. This study therefore seeks to investigate the phenomenon of frontal advancement
and grid cell fluid distribution using numerical simulation technique. This aimed at providing a detailed
insight into the underlying mechanism of in-situ fluid displacement and its effect on oil recovery.

2. Methodology

This study considers a composite 3D reservoir grid system with grid cell dimensions, 10x10x1 (100
grid cells). The case study reservoir was produced for 10 years using two wells - a production well
located at (1, 8) grid cell and a polymer injection well at (3, 1) grid cell. Prediction of future performance
in terms of polymer frontal advance was made using a time step of 10 days to facilitate reduced
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computational time over a 10 years production forecast. Analyses were made with respect to the
reservoir grids associated with the wells [(1, 8) and (3,1)] so as to fully characterize and predict the
performance of the polymer flooding project.

2.1. Mathematical Formulations

Manzoor (2020) developed a mathematical model for the flow of polymer that could be used to
simulate the physics of the process of polymer flooding technique [25]. In the model the following
assumptions were made:

¢ Energy exchange is neglected and fluid flow is isothermal.

¢ Only two fluid phases (oleic and aqueous) in three species (oil, water and polymer) are present
in the throughout the system

¢ There is thermal equilibrium between the oleic and aqueous phases and the oil phase
(typically heavy oil) is not dissolved in the polymer solution.

¢ There is no chemical and biological reaction between the species - oil, water and polymer.

¢ Polymer adsorption takes place on the solid matrix inside the cylindrical core, resulting from
the bulk flow and dispersion mechanism of the mass transport.

¢ The bulk flow is along the z-direction, and flow is governed by Darcy’s law in a porous medium.

¢ The bulk flow (due to diffusion) across the radial direction is neglected.

¢ The density of the oil phase is kept constant throughout the process.

¢ The porous media has uniform porosity and permeability. Hence, gravity and capillary
pressure effects are negligible.

From the underlying assumptions above, the resulting models are given in the equations below:

a. For Aqueous Phase

0S, KKy [a2p]
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b. For Oil Phase
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The resulting pressure and polymer concentration distribution are shown in the Equations (3) and

(4):



N. 0. Duruodunze et al.,, IJPGE, Vol. (2021), Article ID: IJPGE-2109182112395, 16 pages

OP KK, [azp] [ K ( NoKro cw ) ( Sy — Spr )"o‘lasoap] KK, [azp]
1

E B Ho®Cr ﬁ Ho®@Cr \1 = Syc — Sor = Swe = Sor EZ " W ﬁ
N K ( N Krw ro ) < Sw = Swe )nw_l dS,, OP
RyppCr \1 = Sy, — Sor/ \1 = Syc — Sor 0z 0z
— KKy a_Ca_P<<(kaaxbrk - bm)) (3)
Ryt @Cr 0z 0z \ \ Ry (1 + byy.C)?

N <(uwap1 + 2u,,ap,. C + 3u,ap;. cz)))
Hp

ac 9%c +DfagotCR 666P+KKrWC a%p

ot ’%|0z2 ¢ 0z0z Ryp,p |0z?

KC ( Ty Ky o )( Sw — Swe )"w‘lasw P
1

Rkﬂp(p 1= Swe = Sor = Swe = Sor E% 4
_ KKy C (a_C) (a_P) (kaaxbrk B brk) ( )
Ryupp \0z/ \0z Ry (1 + byy. C)?

N <(uwap1 + 2u,,ap,. C + 3u,ap;. CZ)>>
Hp

where:

Rk = permeability reduction factor, Rimax = maximum permeability reduction factor, bn =
permeability reduction parameter, p,, W = viscosity of polymer and aqueous solution respectively (PaS),
¢ = porosity, nw = index of water relative permeability (dimensionless), Krwro = 0il relative permeability
atirreducible water saturation, K., = water relative permeability, So- = residual oil saturation (fraction),
Swe = residual water saturation (fraction), Sw, So = water and oil saturations respectively, Cw =
compressibility factor of water (1/Pa), Cr = total compressibility factor (1/Pa), ap1, apz, aps = viscosity
parameters, o = viscosity of oil (Pas), n, = index of oil relative permeability, K..cw = water relative
permeability at residual oil saturation, C, = compressibility factor of oil (1/Pa), Cr = total compressibility
(1/Pa), D = diffusion coefficient of polymer in free solution (m2/s), C = polymer concentration.

The above equations (3-4) consider the combined effects of polymer concentration on solution
viscosity, permeability reduction, and inaccessible pore volume to enhance heavy-oil production in
polymer flooding using constant and time-varying injection pressure as well as solvent concentration.

e Permeability Reduction Factor

The term residual resistance factor (RRF) can be used to correlate the reservoir permeability
reduction factor. It is a dimensionless variable mathematically defined as:

APy rbeforepolymerfloodin
RRF = wrbeforepolymerf g

APy rafterpolymerflooding (5)

This mathematical statement is an indication that permeability reduction is created during polymer
flooding. Using an analytical approach, permeability reduction factor (F,-) can be ordinarily expressed
in Equation (6) as follows:

C
Frr =1+ (Fkr,max - 1)ﬁ (6)

where Fj; mqy dimensionless is the maximum permeability reduction factor, AdC is the maximum
adsorption capacity (gmol/m3) and Cp is the residual adsorption level (gmol/m3).
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2.2. Simulation Approach

In this study, a stepwise algorithm/ simulation flow chart presented in Figure 1 was used to ensure
consistent results with model description. The study deploys a Schlumberger Eclipse 100 black oil
model (fully implicit mode) [26].
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Figure 1. Simulation flow chart

The key assumptions employed are stated as follows:

The reservoir system is anisotropic and homogenous in X, y and z-directions
The external bounds of the reservoir are sealed

The polymer injector, INJ1(3,3) injects at constant rate

The change in fluid mobility varies across the reservoir grids

The reservoir is produced isothermally

There is no mass transfer between the fluid phases

The case study description, reservoir grid definition and well schedule for producer and injector are
presented in Tables 1, 2 and 3. The i and j location of the injector and producer were selected to minimize
boundary effects and possible impact of mobility challenges created by the high permeability streaks at
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the center grids. The diagonal axis of the grid layout represents the shortest distance of injector-
producer well spacing of the entire reservoir.

Table 1. Case Definition

S/N  Parameter Description

1 Reservoir Type Ordinary Black Oil Reservoir
2 Equation of State Peng Robinson

3 Phases Present 0il, water and polymer

4 Simulation Start Date 21st December, 2020

5 Reservoir Model Cartesian (Block Centered)

Table 2. Reservoir Grid Definitions

S/N Property Description/Unit
Grid type Cartesian (Block Centered) Ft

Grid Dimension 10x10x1

Number of Cells 100

PERMX 50 Md

PERMY 50 5md

PERMZ 5 Md

Porosity 0.2 Fraction

Dx 75 Ft

Dy 75 Ft

Dz 30 Ft

NTG Ratio 1 Dimensionless
TOPS 4000 Ft

Table 3. Well Completion Scheduling of the Producer and the Injector Wells

Location/Control Parameter INJ1 PROD1
i-location 3 8
j-location 3 8
k-upper 1 1
k-lower 1 1
Preferred Phase Polymer 0il

Well type Injector Producer
Well Control Mode Liquid Rate/BHP BHP
Wellbore radius 0.33ft 0.33ft

3. Results and Discussion

The 3-D Reservoir X model comprising of 100 grid cells, 10x10x1 with central grids, (4, 4, 1), (5, 5,
1) and (6, 6, 1) having high permeability streaks caused by fractures is shown in Figure 2. To get a closest
approximate to the reservoir geometry, Eclipse keyword, ACTINUM, was used to deactivate the cells
that were considerably outside the reservoir geological model. The synthetic reservoir was then
simulated over a 10years production period at a timestep of 10 days using two wells — an oil producer
located at (8, 8, 1) and a polymer injector placed at (3, 3, 1). As shown in the reservoir grid layer out in
Figure 1, both wells were placed two cells away from the reservoir boundary in order to minimize the
possible boundary effects. Analyses were made with respect to the diagonal cells, (1, 1, 1), (2, 2, 1), (3,
3,1),(4,4,1),(5,5,1),(6,6,1),(7,7,1),(8,8,1),(9,9,1) and (10, 10, 1). The core parameters considered
are the polymer adsorption coefficients, polymer in solution, oil and water saturation, oil-water
capillary pressure and field production outputs.



N. 0. Duruodunze et al.,, IJPGE, Vol. (2021), Article ID: IJPGE-2109182112395, 16 pages

Figure 2. Reservoir X Grid Layout

3.1. Cell Polymer Propagation

The factors and variables considered in analyzing the polymer front advancement in the reservoir
matrix are the polymer in solution, polymer adsorption and the resulting oil-water capillary pressure.
The results as presented in Figures 3, 4, and 5 shows the cell polymer in solution, cell polymer
concentration and cell polymer adsorption of the diagonal cells. An increase in the amount of polymer
in solution and the resulting polymer concentration and adsorption yields fast in the producer grid cell
(3, 3, 1) and slow in the grids at the extreme ends (1, 1, 1) and (10, 10, 1). In addition, the presence of
high permeability streaks along the central axis of the diagonal grid influences the polymer
concentration distribution and adsorption. Hence, despite the equal spatial differences of grid cells (1,
1, 1) and (5, 5, 1) from the injector grid at (3, 3, 1), the amount of polymer in solution and the actual
polymer concentration were far apart and not comparable.
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Figure 3. Grid Cell (Diagonal Grids) Polymer in Solution versus Time
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Figure 5. Grid Cell (Diagonal Grids) Polymer Adsorption versus Time

The result was affirmed by the grids in the immediate neighborhood of the injector well - (2, 2, 1)
and (4, 4, 1) with a rapid change in the fractured grid cell, (4, 4, 1). Without reservoir fractures (or
heterogeneity), the advance of polymer in water phase is relatively subject to the location of the
injection well and the producer well which resulted to the minimal cell polymer adsorption in grid cell
(9,9, 1) and (10, 10, 1) as shown in Figure 5. Figure 6 shows a 2-D flow visualization at the start of
production and at the end of 2nd, 3rd, 7th and 10th year (the end of production) production periods for
the cell polymer adsorption and cell polymer concentration. The polymer adsorption in any cell is
dependent on the amount of polymer in that cell. At the end of the first year, the aqueous polymer phase
breaks through the fractured reservoir grid (4, 4, 1) which causes it to advance faster towards the
producer well. Increment in polymer concentration along the diagonal grids influences the polymer
adsorption (PADS) on the left.
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The resulting oil and water saturations with their sweep efficiency are presented in Figure 7. The
remarkable residual oil saturation at the extreme grids indicates that moving the wells one grid apart

will result more oil recovering from the reservoir.
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Figure 7. Grid Cell Oil Saturation (SOIL) and Water Saturation (SWAT) Variations Over the Period

3.2. Reservoir Performance

The essence of any EOR technique is to maximize fluid recovery from the reservoir. The simulated
field output from the Reservoir is presented in Figure 8 to Figure 11. The results of the field oil
production potential (FOPP) showed that after 3000 days of production, the potential field useful life
was exhausted and the field produces at rates less than 5 STB/day.
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Figure 8. Field Oil Production Rate and Production Potential

Injecting at constant rate increases the polymer adsorption due to increased polymer deposition
within the reservoir pores and results in pressure increment and a recovery factor of 0.58 as shown in
Figure 9. The rate of adsorption increase if polymer is injected at higher rates until a maximum polymer
adsorption is attained. Injecting at lower rates extend the duration at which maximum polymer
adsorption is reached. The polymer been in aqueous phase with the water phase increases the field
water cut to almost 100% at 3000 days of production. This validates the assumption that the field’s
useful life may have been exhausted at this point.

11
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Figure 11. Field Water Cut and Field Oil Production Rate versus Time

3.3. The Effect of Polymer Injection on Oil Flow

The influence of the INJECTOR on the oil - water saturation, oil - water capillary pressure, relative
permeability to oil and the grid cell pressure distribution is presented in Figure 12 to 17. Spatial
differences results to decline in the oil saturation in grids (1, 1, 1), (9,9, 1) and (10, 10, 1). Similar trend
occurs for the water saturation history. In addition, at the end of the period of investigation, the residual

12
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oil saturation was 30% with a corresponding water saturation of 70% for the other grid cells apart from
grids (1, 1, 1), (9,9, 1) and (10, 10, 1).
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Figure 13. Diagonal Grid Cell Water Saturation History

Figure 14 shows the oil-water saturation of the producer and the injector grid cell. After about 2000
days of production, the water saturation equals the oil saturation for the grid cell, (8, 8, 1) bearing the
producer. In the injector well grid (3, 3, 1), the water saturation far exceeds the oil saturation just after
the production was initiated. This is attributed to the effect of the polymer injection, which is actually in
water phase. The oil-water capillary pressure and relative permeability to oil also follow the same trend
as seen in Figure 15 and 16. The capillary pressure change observed explained the alteration of
interfacial tension of the in-situ oil and the water phase mobility reduction.
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Figure 16. Diagonal Grids Relative Permeability to Oil

The pressure distribution of the diagonal grids as seen in Figure 17 shows a low-pressure
distribution in the producer grid cell caused by the withdrawal (oil production) which creates a pressure
drop especially in the immediate vicinity of the well grid cells and advances towards the reservoir
boundary following a typical pressure transient path. However, further effect of the pressure drop
caused by the production activities in grid cell (8, 8, 1) was inhibited by the injection well at (3, 3, 1)
such that there was a continuous pressure build up in each of the reservoir grid cells with highest
pressure build up at the injection well cell
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Figure 17. Selected Grid Blocks (Diagonal Grids) Pressure Distribution

3.4. Well Productivity Index and Bottomhole Pressure History

With a constant rate of polymer injection, the bottomhole pressure was constant which resulted in
a constant well productivity (injectivity) index for the injector well after an initial reduction as shown
in Figure 18. This initial reduction is due to the effect of porous filling often experienced at the onset of
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injection activities. The non-uniform trend of the well productivity index (WPI) and well bottom hole
pressure (WBHP) seen in the producer well illustrates the effect of rate changes (drop) over the period
of production. The sharp drop of WPI of the producer (PRODUCER) at 2000 days of production
rescinded the fact that oil saturation has dropped below 50% which gives more room for increased
water production/ water cut as presented in Figure 19.

5
\

WALINJECTOR WPEPIODICER  dimensicnless

o 1000 zoao ana apan

THAC  DavVS

Figure 18. Injector and Producer Well Productivity Index

H
7

3
8
|

5000

WBHEMIESTOR IB-F:RO0ICE? F3&

3000
T T T 1

TIME DS

Figure 19. Injector and Producer Well Bottomhole Pressure Profile

4., Conclusion

This study adopted numerical method to evaluate the performance of polymer adsorption and
concentration for frontal advancement during the polymer injection. A black oil reservoir simulator
(ECLIPSE 100) was used to analyze the effect of polymer concentration and injection on reservoir
performance and well productivity index. Prediction of future performance of polymer frontal
advancement was made using a time step of 10 days to facilitate reduced computational time for over a
10 years production with the following conclusion.

Increase in the amount of polymer in solution and the resulting polymer concentration and
adsorption was faster in the injector grid cell (3, 3, 1) and slow in the grids at the extreme ends
(1,1,1)and (10, 10, 1).

Injecting at a constant high rate increases the adsorption due to increased polymer deposition
within the reservoir pores and kept the bottomhole pressure constant with increase in recovery
factor

Lower rate injection extends the duration of maximum polymer adsorption

Relative spacing between the production well and polymer injector has critical effect on the area
sweep efficiency of the injected polymer.

Optimal well spacing (distance between injector and producer) is vital for maximum recovery
with polymer injection
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