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Abstract
The first-ever polymer flood pilot to enhance heavy oil recovery on Alaska North Slope is ongoing.
After more than 3 years of polymer injection, significant benefit has been observed from the
decrease in water cut from 65% to less than 15% in the project producers. The primary objective
of this study is to develop a robust history-matched reservoir simulation model capable of
predicting future polymer flood performance. In this work, the reservoir simulation model has been
developed based on the geological model and available reservoir and fluid data. In particular, four
high transmissibility strips were introduced to connect the injector-producer well pairs, simulating
short-circuiting flow behavior that can be explained by viscous fingering and reproducing the
water cut history. The strip transmissibilities were manually tuned to improve the history matching
results during the waterflooding and polymer flooding periods, respectively. It has been found that
higher strip transmissibilities match the sharp water cut increase very well in the waterflooding
period. Then the strip transmissibilities need to be reduced with time to match the significant water
cut reduction. The viscous fingering effect in the reservoir during waterflooding and the restoration
of injection conformance during polymer flooding have been effectively represented. Based on the
validated simulation model, numerical simulation tests have been conducted to investigate the oil
recovery performance under different development strategies, with consideration for sensitivity to
polymer parameter uncertainties. The oil recovery factor with polymer flooding can reach about
39% in 30 years, twice as much as forecasted with continued waterflooding. Besides, the updated
reservoir model has been successfully employed to forecast polymer utilization, a valuable
parameter to evaluate the pilot test’s economic efficiency. All the investigated development
strategies indicate polymer utilization lower than 3.5 1bs/bbl in 30 years, which is less than that of

the same polymer used in a polymer pilot in Argentina.
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1. Introduction
Fossil resources, such as crude oil and natural gas, are essential for developing the energy industry
around the world, which can improve our quality of life, create employment opportunities and
expand a vibrant global economy. The main uses of fossil resources include generating heat for
the manufacturing industry, supplying energy for the transportation industry, and fueling the
generation of electricity. With the energy mix moving forward, the utility and development of
clean energy is paid more attention, but oil and natural gas still account for 58% of the global

energy consumption, as shown in Figure 1.1.

When Chevron was founded in 1879, its primary product was kerosene for
lighting, a better alternative to whale oil. Mass production of the automobile was
years in the future. In subsequent decades, Chevron products powered Life expectancy (yrs)
5::::;'::9"“;,‘;" the first transatlantic flight in 1927, helped the Allies win WWII and propelled the (m;:"":";’::m
global economy forward. Today, Chevron's massive new liquefied natural
gas projects provide cleaner energy for growing Asian economies. Chevron will
continue its energy leadership in the transition to a lower-carbon future

1850 1900 1950 2000

Blomass (e.9., wood) w Coal - Ol Natural gas Nuclear w= Hydroelectric and Renewables Global real GDP Global life expectancy

Figure 1.1-History of the world energy transition '/

According to U.S. Energy Information Administration (EIA), the consumption of petroleum and
natural gas 1s expected to continuously increase over the next 30 years, as shown in Figure 1.2. In
addition, the forecasted world liquid fuels consumption averages about 101 MMbbls/day in 2022,

as shown in Figure 1.3. Considering the growing consumption of fossil resources over the next 2



or 3 decades, advanced technologies like horizontal well and enhanced oil recovery (EOR)
methods to increase recovery from heavy oil reservoirs are required to achieve higher production

levels.
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Figure 1.2-U.S. energy consumption by fuel I
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Figure 1.3-World liquid fuels consumption '?/




1.1. Applications of EOR methods

Previously, EOR referred to the oil recovery by injecting any material that does not normally exist
in the reservoir at the tertiary recovery stage. However, one of the EOR methods, thermal practices
are mostly implemented at the secondary recovery stage 1> or even from the beginning of
exploitation [°1. Thus, a more specific description of EOR has been proposed, and it is defined as
“injecting a fluid, with or without additives, to the reservoir to displace oil while changing the oil
and/or interfacial properties and providing extra pressure at the secondary, tertiary, or even primary
stage” 7l Figure 1.4 illustrates all EOR methods which are applied to change rock or fluids

properties to enhance oil recovery by viscous or gravity forces.

Enhanced Oil Recovery

Extra Heavy

Oil/Bitumen

CHOPS: Cold heavy oil production with sands

CSS: Cyclic steaminjection

SAGD: Steam asssted gravity drainage

TA-GOGD: Thermal assisted gasoil gravity drainage

VAPEX: Vapor extraction

CSi: Cyclic solvent injection

SOS-FR: Steam-over-solvent injection infractured resenvoirs
ES-SAGD: Expanding Solvent-SAGD

SAS: Steam alternating solvent

EM: Electromagnetic

LPG: Liquefied petroleum gases

LTO: Low temperature oxidation - HTO: High temperature oxidation
THAI: Toe-to-heel air injection

=z =

.

Lo
e}

Figure 1.4-Extended classification of EOR methods [/



EOR methods are grouped into four main categories: chemical injection, gas injection, thermal
injection, and other methods. The oil displacement mechanisms of EOR methods have been
investigated extensively in the last few decades, and different and sustainable EOR projects have
been successfully applied worldwide. Figure 1.5 illustrates the number of EOR projects and total

EOR production worldwide at different periods.

EOR Projects Operating Worldwide

Other Technologies (Microbial EOR, Combusion EOR)

Natural Gas Injection, Nitrogen Inj

o 3 2 ® 2 ® g ] 2 5
) ) a g 2 a 2 2 2 2
Year
(@)

EOR Production

Natural Gas Injection, Nitrogen Injection

Millionb/d

8 8 2 a 8 g z R g
& ] 8 & & & s ] ]
Year

(b)

Figure 1.5-(a) the number of current EOR operations worldwide, and (b) total EOR production worldwide
and future prospect I’/



Among the various EOR techniques, the chemical injection can effectively enhance oil recovery
compared to conventional waterflooding by adding chemical additives to injected fluids. Generally,
the polymer is added to increase the viscosity of the displacing fluid, thereby improving the
mobility ratio *1%1 In addition, surfactant and alkali can be added to reduce the interfacial tension
(IFT) between oil and displacing fluids !'"1*]. Moreover, the injected alkali is able to change the
wettability of the rock matrix ['*. The combined alkali-surfactant-polymer (ASP) EOR method
can increase sweep efficiency through mobility control and improve displacement efficiency by
decreasing IFT, resulting in a more significant ultimate oil recovery. Some of the sustainable
chemical flooding applications are listed in Table 1.1. Note that the “at least” in end date is put

based on the publication date of literature.

Table 1.1-Selected field cases of chemical injection

Case Start-end
Field name (country) Application Reference
# date
C1 Pelican Lake (Canada) Polymer 2005-at least 2014 Delamaide et al. !
C2 Mooney (Canada) ASP, Polymer 2008-at least 2014 Delamaide et al. !
C3 Seal (Canada) Polymer 2010-at least 2013 Delamaide et al. !
C4 Taber South (Canada) ASP 2006-at least 2013 Delamaide et al. !
Suffield Upper Mannville
Cs ASP 2007-at least 2013 Delamaide et al. [
(Canada)
ce Dagqing (China) ASP 1994-today Wryatt et al. [¢]

The gas injection, including miscible and immiscible flooding, can increase displacement
efficiency for many different types of reservoirs. The injected gas composition is typically

hydrocarbon gas, carbon dioxide, nitrogen, or acid gas (CO2 and H2S) -1, For miscible flooding,



the fundamental principle is to achieve the miscibility between the oil phase and injected gas,
reducing the IFT between oil and displacing fluids to improve displacement efficiency [2!. The
miscibility of oil and injected gas is significantly affected by the pressure, temperature, and
composition of fluids. So minimum miscibility pressure (MMP), the lowest pressure at which the
miscibility of residual oil and injected gas is achieved after multiple contacts at the reservoir
temperature, is proposed to evaluate the miscibility. In general, liquefiable petroleum gas (LPG)
or enriched gas can be used to improve the miscibility and reduce the MMP [22. However,
applications of miscible displacement to heavy oil reservoirs are hampered by the complex phase
behavior. Immiscible flooding, especially CO2 immiscible flood, plays a significant role in
ol23.241

enhancing heavy oil recovery, which can reduce oil viscosity and improve the mobility rati

A number of gas injection applications are summarized in Table 1.2.

Table 1.2-Selected field cases of gas injection

Case Start-end
Field name (country) Application Reference
# date
Midale-Weyburn
Gl CO2 miscible 2000-today Bamhart and Coulthard 2!
(Canada)
1998-2000 Davison et al. 2
G2 Zama (Canada) Acid gas - miscible
2004-today Trivedi et al. "]
Prudhoe Bay Enriched gas (65%) 1997-1998
G3 McGuire and Holt [
(USA) and CO2 (35%) 1999-at least 2000
G4 Ula (Norway) Miscible gas 1997-at least 2013 Zhang et al.
G5 Handil (Indonesia) Lean gas 1995-at least 1998 Gunawan and Cale B%
Wasson Denver Unit
G6 CO2 miscible 1983-at least 2000 Thai et al. B!
(USA)




The thermal injection is mainly applied to enhance heavy oil recovery, achieving a higher oil
recovery factor by raising the reservoir temperature and reducing the oil viscosity. The well-known
thermal recovery methods are steam injection, cyclic steam injection, in-situ combustion, and

32341 In the last few years, unconventional thermal

steam-assisted gravity drainage (SAGD)
approaches that heat the reservoir using electrical energy have been investigated to improve oil

recovery, which can be applied to cases that conventional thermal methods are not commercially

economical *°. A few long-term ongoing thermal injection applications are listed in Table 1.3.

Table 1.3-Selected field cases of thermal injection

Case Start-end
Field name (country) Application Reference
# date

Fuaadi et al.

T1 Duri (Indonesia) Steam 1985-today
Nath et al. 3%

T2 Cold Lake (Canada) Steam 1985-today Stark 37

T3 Kemn River (USA) Steam 1964-today Williams et al. ¥

Other methods include microbial injection, foam injection, sonic method, etc. So far, they are

limited to small-scale field applications 3421,

1.2. Heavy oil recovery on Alaska North Slope

Prudhoe Bay Unit (PBU) and Kuparuk River Unit (KRU) on Alaska North Slope (ANS), as shown
in Figure 1.6, are two of the largest oil fields in North America [** % The Schrader Bluff reservoirs
in Orion and Polaris fields within the PBU, the West Sak and Ugnu heavy oil formations within
the KRU, and the Schrader Bluff reservoir within the Milne Point Unit (MPU) form a heavy oil

belt, as shown in Figure 1.7, which holds 20 to 25 billion barrels of heavy oil in place *°I. The



various oil bearing formations are illustrated in Figure 1.8. The sands of interest in the Schrader
Bluff reservoir consist of the N-sands and O-sands, which are poorly consolidated. The porosities
range from 25% to 35%, and the permeabilities vary from 100 mD to 2 Darcy. The initial reservoir
pressure is approximately 1600 psi at 3500 ft true vertical depth subsea (TVDSS), and the reservoir
temperature is about 80 °F. The oil gravity ranges from 14 to 22 °API with in-situ viscosity greater

than 300 cP, as shown in Figure 1.9.

Alaska North Slope

e\°°z
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Figure 1.6-PBU and KRU location indicator [
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Figure 1.7-The heavy oil belt within PBU, KRU, and MPU 4]
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Figure 1.8-Schrader Bluff reservoir with multiple commercial horizons 17!
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Figure 1.9-Viscosity of various ANS oils vs. depth [*7]

West Sak heavy oil was first developed using vertical wells with waterflooding; these wells
produced only up to 400 bopd. Starting from 1998, horizontal single or multi-lateral wells were
drilled, significantly increasing the oil rate to between 1000 and 3000 bopd per well 471 As a
result, the total well count increased remarkably to improve heavy oil recovery through 2010, as
shown in Figure 1.10. Despite that, cumulative Schrader Bluff/West Sak heavy oil production to
date only represents about 1% of the heavy oil in place from the North Slope. Due to the low oil
recovery factor, high operation costs, and arctic conditions, new approaches to unlock the heavy

oil resources on ANS are warranted.

10
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Figure 1.10-Heavy oil production history in Schrader Bluff reservoir 7]

Thermal recovery methods and gas injection have been widely applied globally as effective heavy
oil recovery techniques. However, these methods are impractical on ANS. The close vertical
proximity of ANS heavy oil reservoirs to the nearly 2000 ft continuous permafrost makes thermal
methods, such as steam injection, impractical. This is because the thermal methods could melt this
permafrost body, leading to subsidence and irreversible damage to development infrastructure and
the environment. Miscible flooding is not adopted because the MMP between the heavy oil and
the solvent (hydrocarbon-based or CO2) is much higher than the reservoir pressure. Although the
immiscible enriched gas injection has been applied in the West Sak heavy oil reservoirs via the
viscosity reducing water-alternating-gas (VR-WAG) process ¥l the expected incremental oil
recovery is relatively small compared with the miscible process. Given the poor volumetric sweep
efficiency of water flooding, polymer flooding can increase sweep efficiency by improving the
mobility ratio, which has been considered to be the most promising technique to enhance oil
recovery from heavy oil reservoirs on ANS [*’I. Thus the ongoing first-ever polymer flood pilot,
shown on the map in Figure 1.11, has been conducted to validate the polymer EOR benefit in the

Schrader Bluff heavy oil reservoir at the MPU 331 Positive effects have been proven, observable

11



from the decrease in water cut from 65% to less than 15% after more than 2.5 years of polymer

injection P4,

Beaufort Sea
‘w ) Pro;ect area IN

|0
]
g
|

Modified from
AK DNR, Div. of Oil & Gas July 31, 2006

Figure 1.11-Map of the project area for the first-ever polymer flood pilot *°1

1.3. Field-scale polymer flooding simulation
A reliable reservoir simulation model plays an important role in predicting the oil recovery
performance of the EOR pilot and evaluating the success of the proposed technique. Calibrating

the reservoir simulation model through history matching (HM) has always been a great challenge

12



for polymer flooding in heavy oil reservoirs. In particular, viscous fingering effects are difficult to
capture in the simulation since the grid block size is larger than the viscous finger wavelength. A
number of approaches to this problem have been proposed. Mostaghimi et al.>*! used an adaptive
mesh control volume finite element (CVFE) method to represent this physical phenomenon by
optimizing the mesh resolution based on fingering structures, as shown in Figure 1.12, incurring a
high computational cost. Luo et al.[* applied an effective-fingering model, as shown in Figure
1.13, to a synthetic polymer flooding case in a heavy oil field; this was able to capture the
improvement of local displacement efficiency and model the field-scale unstable flows. However,
model parameters of the effective-fingering model need to be adjusted and fitted by history
matching displacement experiments with different oil viscosities, injection rates, and core
diameters. Considering the unstable floods in the heavy oil reservoirs, the oil/water relative
permeabilities determined by the analytical method from displacement experiments cannot be
directly applied to the field-scale models, which require modification to history match the lab-
scale and field-scale production data [°”*®l Besides, history matching the polymer flooding pilot
data should be conducted by verifying the laboratory properties of the polymer solution with
consideration of its behavior under reservoir conditions °?1. Once an accurate, history-matched

simulation model has been calibrated, it can be used to optimize the development strategy.

13
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Figure 1.13-Schematic of the effective-fingering model 136
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In this study, a reservoir simulation model for the polymer flooding pilot in the Schrader Bluff
heavy oil reservoir at the MPU has been developed and calibrated so that it is capable of predicting
future polymer flooding performance and evaluating the economic success of the proposed EOR
technique. The reservoir simulation model was developed based on the geological model and
available reservoir and fluid data (i.e., PVT data, relative permeability, and polymer properties).
Instead of directly simulating viscous fingers using fine grids, high transmissibility strips were
introduced to connect the injectors and producers, simulating the short-circuiting flow behavior
explainable by viscous fingering and reproducing the water cut history more efficiently. The
validated simulation model has then been employed to investigate the oil recovery performance
under different development strategies, with consideration for sensitivity to polymer parameter

uncertainties. A polymer utilization parameter was used to evaluate the pilot’s economic efficiency.
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2. Polymer flooding
2.1. Relative permeability and capillary pressure curves
Petro-physical parameters such as porosity and permeability are important to understand the fluids
saturation distribution and fluids flow behavior in the hydrocarbon reservoirs. More precisely, for
reservoir simulation, relative permeability and capillary pressure curves are indispensable

parameters to determine the multi-phase flow behavior in the reservoir model.

Porosity is defined as the fraction of the rock void space over the total volume. Permeability is
defined by Darcy’s Law (as shown in Equation 2.1) to measure the rock ability to transmit fluids

when the porous media is completely saturated by a single fluid phase.

q= - — " — Equation 2.1

where q is the flow rate; K is permeability; A is the cross-section area; u is the fluid viscosity; P

is pressure; and L is length.

The porous media are generally saturated with two or more fluids in the hydrocarbon reservoirs,
while each fluid phase will present a different effective permeability associated with a given
saturation distribution. Relative permeability is defined as the ratio of the effective permeability
to a base permeability (i.e., the absolute air permeability or the permeability of the oil phase at
connate water saturation) for each fluid phase. When displacing a fluid phase by another, the
saturation distribution changes, and the effective permeability of each fluid phase will
correspondingly change, resulting in a relative permeability versus saturation curve. The relative

permeability curve is usually measured from the core flooding experiments and then mapped into
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the field-scale simulation model. Figure 2.1 presents the typical oil/water relative permeability

curves for oil-wet and water-wet cores.
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Figure 2.1-Typical oil/water relative permeability curves !5/

Capillary pressure is defined as the pressure difference across the interface of two immiscible
fluids in the porous media, resulting from the interactions of forces between the fluids and rock. It
can serve as a driving force when the rock is water-wet or an opposing force when the rock is oil-
wet for waterflooding in the reservoir. The capillary pressure curve is measured on core samples
by deploying porous plate (PP), centrifuge (CF), or mercury injection capillary pressure (MICP)
test [®1, which can give insight into the pore structures such as degree of sorting and pore throat

distributions. Figure 2.2 shows a typical capillary pressure curve. However, laboratory tests are
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expensive and time consuming. Only a limited number of core samples are used for testing,
resulting in an incomplete reservoir description. Thus, the mathematical capillary pressure models
have been developed over the last decades; the well-known capillary pressure model is J-function
1623 semi-empirical relationship incorporating the porosity and absolute permeability, as shown

in Equation 2.2.

P.(Sy K .
J(Sy) = % s Equation 2.2

where J is Leverett J-function; P is capillary pressure; ¢ is IFT; K is permeability; and ¢ is porosity.

ce

0 S,%

Figure 2.2-A typical capillary pressure curve (03

2.2. Mobility and mobility ratio
The mobility ratio is widely used to measure the relative movement of fluids and describe the

efficiency during a displacement process. It is defined as the ratio of the mobility of displacing
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phase to the mobility of the displaced phase. Mobility of a fluid is defined as the effective
permeability of the fluid divided by the fluid viscosity. The mobility ratio for waterflooding can

be described as:

M= e = S B Equation 2.3

where M is mobility ratio; Kw is the effective permeability of water phase; Ko is the effective
permeability of oil phase; pw is the water viscosity; o is the oil viscosity; krw is the relative

permeability of water phase; and ki is the relative permeability of oil phase.

The displacement process is considered stable if the mobility ratio is less than one, leading to an
efficient recovery. Otherwise, it is considered unstable if the mobility ratio is greater than one, and
viscous fingering is likely to take place during the unfavorable displacement process. Viscous
fingering is a physical phenomenon that the arbitrary perturbation grows in the displacement front
if the displacing phase is less viscous than the displaced phase. It can be visualized by monitoring
the two-dimensional (2D) flood experiments in Bentheimer outcrop slabs through X-ray scanning
1641 Figure 2.3 illustrates the 2D X-ray images of viscous fingering for various oil-water viscosity

ratios at different pore volume (PV) of injected water.
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Figure 2.3-2D X-ray images of viscous fingering (¢4

Numerical studies have also been conducted to understand the initiation and propagation of viscous
fingers during the unstable displacement processes. Kumar et al.[*! employed fine-scale simulation
models to investigate the effects of viscous fingers on field performance during waterflooding.
The simulation results reveal that viscous fingers dominate oil recovery response at a higher
mobility ratio, and the oil recovery reduces significantly at large adverse mobility contrast. The
viscous fingers for different oil-water viscosity ratios using the fine-scale model are presented in

Figure 2.4. As can be seen from this figure, multiple fingers have developed at the waterflood front

20



during the displacement processes, and the viscous fingers are likely to move faster at the higher

viscosity ratio.
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Figure 2.4-Simulation results of viscous fingering [6°]

2.3. Polymer rheology
The sweep efficiency of waterflooding in heavy oil reservoirs is impaired by flow instability due
to the unfavorable mobility contrast. Adding polymer can be used to increase water viscosity and

improve mobility ratio, which reduces viscous fingering and enhances oil recovery.

In general, two types of polymer (i.e., synthetic polymers and biopolymers) have been applied to
enhance oil recovery over decades. Partially hydrolyzed polyacrylamide (HPAM) is the most
commonly used synthetic polymer, whereas xanthan gum is a typical biopolymer. Both HPAM

and xanthan exhibit complex rheology when flowing in porous media, which is reported to show
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almost stable viscosity at low shear rates, and shear-thinning behavior at moderate shear rates [*

671 Shear-thinning is that fluid viscosity decreases with increased shear rate, while shear-
thickening is that fluid viscosity increases with increased shear rate. Xanthan is still shear-thinning
at high shear rates. However, HPAM shows shear-thickening behavior at high shear rates, resulting

from the viscoelastic response as polymer molecules flow through pore throats (8],

Many approaches have been developed to model polymer rheology in the past > 7l The most

common model to describe shear-thinning behavior is the Carreau model:

)/2

.24 .
Happ ~ My + (“g B “w)[l + ()\”Yeff) ] Equation 2.4

where Lapp 18 the apparent polymer viscosity, uw is the water viscosity; y_, is the effective shear
rate; A and n are fitting parameters; ug is the polymer viscosity at the absent of shear rate, which is

modeled using the modified Flory-Huggins equation ["1I:

0— 2 3y .
W, = u [T+ (A Cp+ ARCo + Ap3Cp)CS§p] Equation 2.5
where C, is the polymer concentration; Csep 1s the effective salinity; S; is the salinity exponent;

Ap1, Ap2, and Apz are empirical constants obtained from laboratory data.

HPAM solution shows shear-thickening behavior at high shear rates in porous media, which
cannot be characterized by the shear-thinning model. Delshad et al.l”?! proposed a unified viscosity
model for HPAM, covering a wide range of shear rate. The unified viscosity model consists of

shear-thinning and shear-thickening:

)/2

.o @-l . -1 .
Mapp = My T (0 - HOIT + (7 ) ] + . A1 -expl- oty )71} Equation 2.6

app
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where A2, T, and n2 are fitting parameters obtained by matching experimental data; pumax 1S given

as

Sp

= maX[uW(AP“ + AP22 In Cp )Csep7 O] Equation 2.7

lILIIIE‘.X

where AP11 and AP2; are fitting parameters obtained from laboratory measurements.

Figure 2.5 represents the apparent viscosity of HPAM as a function of shear rate, which is

calculated from Equation 2.6.
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Figure 2.5-Schematic of rheology functions for HPAM solution at different polymer concentrations 73]

2.4. Polymer retention
Polymer retention is the effect of irreversible polymer adsorption, mechanical entrapment, and

hydrodynamic retention in porous media " which can cause the reduction of polymer
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concentration and affect the efficiency of polymer flooding. The

mechanisms in porous media is shown in Figure 2.6.

Adsorbed polymer

schematic of polymer retention

Mechenically entrapped
polymer In narrow pore
throats

Flow paths through
the porous medium

Hydrodynamicelly
trapped polymer
in stagnant zones

Figure 2.6-Schematic of polymer retention mechanisms in porous media !4

Polymer adsorption is a physical phenomenon that polymer molecules bind and attach to the rock

surfaces driven by van der Waal’s and hydrogen bonding . It occurs instantaneously when

polymers flow into porous media and then diminish dramatically as maximum adsorption is

satisfied. The Langmuir isotherm is commonly used to model polymer adsorption, which is a

function of polymer concentration and water salinity:

a,C
Cads = —E
1+b,Cp
a, =a; +2Cyp

Equation 2.8

Equation 2.9

where Cags 1s the adsorbed polymer concentration; Cp is polymer concentration; Csep 15 the effective

salinity; a1, a2, ap and by are empirical constants.
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Mechanical entrapment refers to the larger polymer molecules that are lodged in the narrow pore
throats. Hydrodynamic retention occurs at the stagnant zones, which is related to flow rate and
tortuosity. The contribution of mechanical entrapment and hydrodynamic retention to total

polymer retention is significantly affected by the pore structure.

2.5. Permeability reduction
Permeability reduction, mainly caused by polymer adsorption, has been observed in porous media
during polymer flooding, which directly affects the flowability of the water phase [®l. The effective

permeability of the water phase is expressed through the permeability reduction factor [77- 78l:

Ky .
Ki;ff == Equation 2.10
Ry
Cads .
R, =1+ (RRF-1) cmix Equation 2.11
ads

where Kiff is the effective permeability of water phase, Kw is water permeability, R is the

permeability reduction factor; Cads is the adsorbed polymer concentration; Cgj; is the maximum

adsorbed polymer concentration; RRF is the residual resistance factor, which is a measure of the

decrease in mobility of water phase after polymer injection [°,

RRF=—==—=— Equation 2.12
where Aw, Kw, and APy are the mobility, permeability, and pressure drop of water phase before

polymer injection, respectively; Ay, Ky, and AP, are the mobility, permeability, and pressure drop

of chase water after polymer injection, respectively.
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2.6. Inaccessible pore volume

It has been reported that polymer molecules transport faster in porous media than the inert tracer

species when there is no polymer retention *% #1_ This phenomenon, referred to as inaccessible

pore volume (IAPV), happens because large polymer molecules are not able to get in small pores

during polymer flooding processes. IAPV is defined as the fraction of pore volume that polymer

molecules cannot access. It depends on porosity, permeability, polymer molecular weight, and

pore throat distribution. In terms of IAPV, large polymer molecules have negative effects on the

sweep efficiency, which leave some oils unswept in the inaccessible pores. However, Seright et

al 2.8 reported that polymer can access all the aqueous pore space in high permeability (>1 Darcy)

sands, and APV is assumed to be zero in designing the polymer flood.
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3. Reservoir modeling and validation

3.1. Pilot description

The polymer tlooding pilot is located at the J-pad of the Milne Point field on ANS, as shown in
Figure 3.1. The pilot program targets an isolated fault block in the Schrader Bluff NB-sands with
two horizontal injectors (J-23A and J-24A) and two horizontal producers (J-27 and J-28), shown
in Figure 3.2. The producing lengths of the horizontal wells range from 4200 to 5500 ft, and the
average inter-well distance is 1100-1500 ft. The project wells were first put on waterflooding
starting in June 2016, recovering about 7.6% of the original oil in place (OOIP) with a cumulative
water injection of 0.09 PV. In August 2018, polymer solution injection commenced. Polymer
solution, with a target viscosity of 45 cP, was introduced to both injectors by means of a polymer
injection unit (PIU). By the end of December 2020, a total of 1.7 MMSTB of polymer solution has

been injected, representing 0.08 PV in the flood pattern.

Beaufort Sea

Milne Point Unit

5 miles
Figure 3.1-Location of the pilot area J-pad in MPU 1*°)
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Figure 3.2-Polymer field pilot area boundary and injector-producer well patterns °°!

The water cuts and oil production rates of the two producers are depicted in Figures 3.3 and 3 4,
respectively. A significant benefit of polymer flooding has been observed from the decrease in
water cut from 65% to less than 15% in both producers. The oil production rate of producer J-27
(supported by both injectors) has increased continuously from 500 to 800 bopd in April 2019. The
oil production rate of producer J-28 (supported only by J-23 A to the north) also increased to about

700 bopd in late 2019, and stabilized at approximately 500 bopd in 2020.
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3.2. Reservoir modeling

3.2.1. Base reservoir model

A three-dimensional (3D) reservoir model including 193%221x8 grid blocks, as shown in Figure
3.5, has been developed for the pilot fault block, where the grey grid blocks are inactive, and the
colored grid blocks are active to simulate the polymer flooding in the pattern. The selected active
reservoir simulation model, including 23848 active grid blocks, covers the potential sweep area of
our project wells. The 3D view of the selected active reservoir simulation model is shown in Figure
3.6. The approximate dimensions of the active reservoir simulation model are 6900 ft, 4100 ft, and
15 ft in the x, y, and z directions, respectively. The reservoir simulation model consists of eight
layers in the z-direction. Each layer’s basic properties are listed in Table 3.1, and other common

reservoir properties are listed in Table 3.2.

Grid Top (ft)
3802.15 - gy - 3800.00
l - 3750.00

- 3700.00

- 3650.00

B - 3000.00

- 3550.00

- 3500.00

- 3450.00

339267~ - 3400.00

Figure 3.5-The grid top diagram of the entire J-pad reservoir model (Courtesy of Dr. Radu Girbacea with Hilcorp)
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Table 3.1-Basic properties for the eight layers

Layer Thickness (ft) Permeability (mD) Porosity (%)

1 2.0 1791 346
2 1.8 1958 347
3 2.0 2000 35.0
4 1.9 1826 349
5 1.8 1935 353
6 1.8 1668 347
7 1.9 1572 347
8 1.8 1510 342

Table 3.2-Common reservoir properties

Parameter value
API® 154
Oil viscosity (cP) 332
Reservoir depth (ft) 3600
Reservoir thickness (ft) 15
Initial reservoir pressure (psi) 1600
Bubble point pressure (psi) 1303
Reservoir temperature (°F) 70
Rock compressibility (1/psi) 30E-6
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Figure 3.6-3D view of the selected active reservoir simulation model

3.2.2. High transmissibility strips

The early water breakthrough and high water cut during the pre-polymer waterflooding period
indicate strong communication and short-circuiting behavior between the injecting and producing
wells. Pre-polymer tracer studies confirm this. To simulate this short-circuiting effect, four high
transmissibility strips at different locations and with different widths were introduced to “connect”
the injectors and producers in the reservoir simulation model. Each strip is present in all eight
layers of the model such that the strips in each layer are identical. As an example, the high
transmissibility strips in layer 1 are illustrated in Figure 3.7. The high transmissibility strips are
divided into twelve zones (a-1). In the base model, the initial transmissibility multiplier values are

set to 1; these transmissibilities will be tuned respectively to conduct the history matching process.
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Figure 3.7-High transmissibility strips in layer 1

3.2.3. Rock-fluids data

Cores and fluid samples were collected from the Schrader Bluff formation near the project area.
The cores and fluids samples were used to obtain PVT properties, relative permeability curves,
and capillary pressure curves through laboratory tests. The oil/water relative permeability curves
are presented in Figure 3.8. The Leverett J-function, which was converted from the measured

capillary pressure curve, is shown in Figure 3.9.
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Figure 3.8-Oil/water relative permeability curve (Courtesy of Hilcorp Alaska)
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Figure 3.9-Leverett J-function (Courtesy of Hilcorp Alaska)
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3.2.4. Polymer flooding data

HPAM polymer, in this case, Flopaam (FP) 3630s, was selected and used to prepare the polymer
solution. The relationship of polymer viscosity with polymer concentration and shear rate,
presented in Figure 3.10, was measured at 25°C in the laboratory. The injected polymer
concentration was initially set to 1800 ppm with a target viscosity of 45 cP. After 600 days of

polymer injection, the concentration was reduced to its current 1200 ppm target.

As can be seen from Figure 3.10(b), the viscosity of polymer solution has a high Newtonian plateau
when the shear rate is very low, and then decreases under shear strain, which is modeled by the

piecewise function:

Happ = Hw for v<v,s Equation 3.1

v \I 1
llé‘-PP - llSWX (V_f) for Vref <v< Vupper Equation 3.2
Happ - l’lw for v > Vupper Equation 3.3

where papp 1s the apparent viscosity of the polymer solution; psw is the polymer-water mixture
viscosity in the absence of shear thinning; pw is the water viscosity in the absence of polymer; vret
and vupper are the lower and upper velocity boundaries of the shear thinning regime, respectively;

v is the shear velocity; and n is the exponent.
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Figure 3.10-Polymer solution properties: (a) polymer loading curve (Courtesy of Hilcorp Alaska) and (b) shear
viscosity curve (Courtesy of Dr. Dongmei Wang with University of North Dakota)
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In the reservoir simulation model, the viscosity of the polymer solution as a function of polymer
concentration and shear rate, as shown in Figure 3.11, was generated using vret =0.83 and n=0.71,

which were obtained by fitting the polymer shear viscosity data measured in the laboratory.
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Figure 3.11-Shear effect on polymer solution viscosity at different polymer concentrations

Polymer retention experiments on the NB-sand in the Schrader Bluff formation have been carried
out in the laboratory using the nitrogen chemiluminescence analysis method. The results indicate
that the polymer retention values range from 28 to 533 pg/g [*¥l; a moderate value of 153 pug/g was
used in the simulation model. The polymer retention can also decrease the mobility of the aqueous
phase, reducing its effective permeability. This is described through RRF in the simulation process.
Laboratory experiments indicated that this effect is negligible for the NB-sand, so a value of 1 for

RRF was adopted in the simulator.
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3.3. Model validation

The developed reservoir simulation model has been calibrated by history matching. During the
simulation, the oil production rates for both J-27 and J-28 were constrained to honor the measured
oil production rates shown in Figures 3.3(b) and 3.4(b). This is because the oil production rate is
measured the most accurately by the operator and will have the greatest impact on the economics
of the project. The injection rates for both J-23A and J-24A were constrained to honor the actual
injection rate profiles, as shown in Figure 3.12. In addition, the maximum bottom-hole pressures
(BHPs) for both injectors were set to 2700 psi, while the minimum BHPs for both producers were

set to 500 psi in the waterflooding and polymer flooding periods.

Water Rate SC - J23A
2600 -,

2400 - waterflooding  {» polymer flooding
O Water Rate SC, injection.fhf
2200
2000 -
1800
>
©
T 1600 - ?
o
2 !
o 1400 @Ay N—
-4 €8 0% 6 “‘;m-mum;ul:
[} >
£ 1200 - o)
& 1000 - o
L
=
800 - @)
A °® o)
400 5© & O
o) o) o o) o
200 o o
0 : @ . im 1o Wore W er, o : o o, 7oy (r'\l.
2017 2018 2019 2020
(@

Figure 3.12-Injection rate profiles for (a) J-23A and (b) J-24A
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Figure 3.12 continued-Injection rate profiles for (a) J-23A and (b) J-24A

We conducted a comprehensive sensitivity analysis and found that the water cut behavior is highly
sensitive to the transmissibility contrasts introduced by the high transmissibility strips. Thus, the
transmissibility multipliers of the twelve high transmissibility strip zones (a-1), as shown in Figure
3.7, were manually tuned individually to match the water cut in the history matching process. The
measured relative permeability curves, as shown in Figure 3.8, were also slightly tuned to adjust

the mobility of the aqueous phase.

3.4. Performance prediction

After history matching, the validated reservoir simulation model was employed to forecast the oil
recovery performance of the polymer flooding pilot under different development strategies, with
consideration to sensitivity to polymer parameter uncertainties. The tested development strategies

are listed in Table 3.3.
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Table 3.3-Tested development strategies

Test #1 Test #2 Test #3
Polymer concentration (ppm) 300 - 2700 1200 1200
Polymer retention (ug/g) 153 50 - 400 153
Injection rate (bbl/day) 1950 1950 1450 - 2450

3.5. Polymer EOR efficiency

Polymer EOR efficiency analysis was conducted to assess the economic feasibility of the polymer
flooding pilot and identify the most beneficial development strategies (listed in Table 3.3). The
incremental oil production and injected polymer amount are significant to the polymer EOR
efficiency. The polymer utilization parameter is useful in evaluating these two parameters in
relation to each other. Polymer utilization is defined as the ratio of cumulative polymer injection
to cumulative incremental oil production, as shown in Equation 3.4. This represents how much
polymer must be injected in order to produce an additional barrel of oil and thus is a measure of

the efficiency of the polymer.

cumulative polymer injection (1b)

polymer utilization= Equation 3.4

cumulative incremental oil production (bbl)

Polymer utilization has been studied to evaluate the performance of a polymer flood in different
polymer pilots around the world. It is reported that polymer utilization ranges between 3.86 lbs/bbl
and 5.37 Ibs/bbl in the heavy oil Tambaredjo field in Suriname **]. In the Pelican Lake field, the
polymer utilization is approximately 2.93 1bs/bbl 351, What’s more, the polymer utilization of FP
3630s, the same polymer used in this project, is about 3.81 1bs/bbl for a polymer pilot in Grimbeek

I field in Argentina 371
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4. Reservoir simulation results and discussion
4.1. Initial simulation results
An initial run was conducted to compare the unconstrained (not history matched) simulation results
with the actual production data; the water cuts of both producers obtained from the initial run are
depicted in Figure 4.1. The open circles are field observations, and the solid lines represent the

simulation results.
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Figure 4.1-Initial simulation results of water cut for (a) producer J-27 and (b) producer J-28
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As can be seen, during the water flooding period, the water cuts show sharp increases after water
breakthrough in the producers, while the simulated water cuts increase more gradually. After
injecting polymer, the actual water cuts reduce considerably, falling from 65% to less than 15% at
both producers by June 2019. This field behavior is a result of the lower mobility polymer solution
reducing the short-circuiting effects and restoring injection conformance, consistent with the
concept of a reduction in viscous fingering effects. Although the simulated water cuts also decrease
in the corresponding timeframe, the reduction is much less dramatic, demonstrating that the

simulator is not accurately capturing the phenomenon behind the actual conformance restoration.

4.2. History matching results

4.2.1. Water cut

The HM results for the producing water cut from both J-27 and J-28 are presented in Figure 4.2.
The open circles are field observations, and the solid lines represent the history matching results.
It can be seen that the sharp increase in water cut after water breakthrough observed at both
producers has been accurately reproduced by employing the high transmissibility strips in the
reservoir simulation model. In the polymer flooding period, the transmissibility multipliers of the
strips have been tuned with the polymer injection time to improve the HM results. This approach
leads to the simulated results that match the field observations and achieve the extremely low water

cuts in the polymer flooding period.
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Figure 4.2-HM results of water cut for (a) producer J-27 and (b) producer J-28

4.2.2. Relative permeability modification

In the HM process, the oil/water relative permeability was modified using the power-law equations,
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* Sw - ch Cw :
K = K (m) Equation 4.1

% f1-8y- S \%
ko =k (ﬂ) Equation 4.2
WC or

where krw and kyo are water and oil relative permeability, respectively, Sw is water saturation, Swc

and Sor are critical water saturation and residual oil saturation, kfw and k:o are the endpoints of
water and oil relative permeability curves, respectively, and ew and e, are exponents that determine

the curvature of water and oil relative permeability curves.

The updated oil/water relative permeability curves, shown in Figure 4.3, were generated using the
power-law model parameters listed in Table 4.1. As can be seen, the updated water relative
permeability is slightly less than the measured data, reducing the mobility of the aqueous phase in
the model. Additionally, the updated critical water saturation is increased from the lab data in order

to increase the oil phase mobility.

Table 4.1-Coefficients of power law model for oil/water relative permeability

Variable Swe Ser K, K, Cw Co
Lab data 0.22 0.355 0.181 1 1.95 2.15
Updated data 0.28 0.355 0.14 1 2 2
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4.2.3. Transmissibility contrast
Mass conservation equation, as shown in Equation 4.3, describes the flow of fluids through the
porous media in the reservoir.

. n+l .n
AT (APY! 4 IAD) + Q- %[(%S) - (%s‘;) ] =0 Equation 43

where T is fluid transmissibility; P is pressure; v is specific gravity; D is depth; Q is well rate; V
is reservoir volume; t is time; ¢ is porosity;, S is saturation; B is formation volume factor; the
subscript 1 represents water phase or oil phase; and superscripts n and n+1 represent old time level

and new time level, respectively. Fluid transmissibility in the different directions is defined as,

T = L= - _ * T pult Equation 4.4
i
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where K is permeability; ki is relative permeability; p is fluid viscosity; B is formation volume
factor; A is the cross section area; L is length; Tmur 1s the transmissibility multiplier; subscript 1

represents water phase or oil phase; and subscript j represents the x, y, and z directions.

During the HM process, the transmissibility multipliers of the high transmissibility strips
connecting adjacent injectors and producers were tuned individually; the relationships of the
updated transmissibility multipliers with time are presented in Figure 4.4. As can be seen, higher
transmissibilities, especially for the narrower strips (a, e, and 1), have been obtained for the entire
waterflooding process to achieve the exact water breakthrough and the sharp rise of water cut. The
time-dependent transmissibilities of all the strips show a similar declining tendency in the polymer
flooding period, slowing the polymer propagation to reduce the water production in the simulation

process.
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Figure 4.4-Updated transmissibility multipliers of the high transmissibility strips
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4.2.4. Water saturation

Representative simulated water saturation maps at the end of waterflooding and polymer injection
of 0.03 and 0.08 PV are presented in Figure 4.5, and the corresponding water phase streamlines
are depicted in Figure 4.6. As can be seen, water breakthrough occurs in the high transmissibility
strips between injector-producer well pairs during the waterflooding period. With the polymer
injection, the water saturation between adjacent high transmissibility strips keeps increasing near

both injectors, and the water flow has been arrested in the high transmissibility strips, replicating
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the restoration of injection conformance observed during polymer flooding. The short-circuiting
behavior observed during the waterflooding period can be explained by viscous fingering effects,
and the following reduction in this behavior during polymer flooding seems to corroborate this

hypothesis.
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Figure 4.5-Water saturations at polymer injection of (a) 0 PV (b) 0.03 PV and (¢) 0.08 PV in layer 4
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Figure 4.5 continued-Water saturations at polymer injection of (a) 0 PV (b) 0.03 PV and (c) 0.08 PV in layer 4
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Figure 4.6-Streamlines of water phase at polymer injection of (a) 0 PV (b) 0.03 PV and (c) 0.08 PV
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Figure 4.6 continued-Streamlines of water phase at polymer injection of (a) 0 PV (b) 0.03 PV and (¢) 0.08 PV
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4.3. Performance prediction results

The validated reservoir simulation model was employed to forecast the production performance of
polymer flooding for an additional 30 years starting from January 2021. During the polymer
flooding prediction period, the maximum BHPs for both injectors are set to 2700 psi, while the
minimum BHPs for producers J-27 and J-28 are set to 700 and 500 psi, respectively. To evaluate
the EOR benefit, the simulation model is also forecasted on a continued waterflooding without
polymer injection, targeting a total water injection rate of 3600 bbls/day starting from August 28,
2018. For the waterflooding forecasts, maximum BHPs for the injectors are set to 2700 psi, while

the minimum BHPs for the producers are set to 500 psi.

4.3.1. Polymer concentration

Simulated forecasts with injected polymer concentrations ranging from 300 to 2700 ppm have
been conducted to investigate the effects of polymer concentration on the oil recovery factor (RF)
and the polymer utilization. The polymer retention is fixed at 153 pg/g, and the total injection rate
is fixed at 1950 bbls/day for these cases. The oil RFs for different polymer injection concentrations
are listed in Table 4.2. The oil RF is plotted against time in Figure 4.7. The oil RF of continued
waterflooding is 18.4% in 30 years; even a lower polymer concentration of 300 ppm markedly
improves upon this. The oil RFs of polymer flooding increase with higher polymer injection
concentration when the injected polymer concentration is less than 1800 ppm. If the polymer
injection concentration is raised above 1800 ppm, almost no production benefit will be observed
since the injectors are forced to operate under the maximum BHP constraint, resulting in a total

injection rate less than 1950 bbls/day.
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Figure 4.7-Oil RF profiles of polymer flooding with different polymer concentrations

Table 4.2-0Oil RFs of simulations with different polymer concentrations

Polymer concentration
WF 300 600 900 1200 1500 1800 2100 2400 2700
(ppm)

Oil RF
18.4 31.8 342 35.6 36.5 38.4 39.6 39.8 39.7 394
(%0)

4.3.2. Polymer retention

The effects of polymer retention on the oil RF and polymer utilization have been investigated at
the current pilot polymer injection concentration of 1200 ppm. The oil RFs for different polymer
retention values are given in Table 4.3, and the oil RF is plotted against time in Figure 4.8. The oil
RFs decrease with higher polymer retention, suggests that this is caused by the adverse mobility
ratio. More polymer is trapped in the formation if the higher retention value is used in the reservoir
model, resulting in a lower polymer solution concentration propagating in the reservoir. The

polymer solution can sweep more regions in the reservoir model with lower polymer retention
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since the effective viscosity of the polymer solution is higher, which can displace more oil from
the reservoir. For the reservoir model using higher polymer retention, the maximum polymer
retention can be achieved at the swept zone after a period of time in predicting producer
performance, then the sweep regions have been enlarged, reducing the difference of oil RF

compared with the model using lower retention value.
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Figure 4.8-0il RF profiles of polymer flooding with different polymer retention

Table 4.3-0Oil RFs of simulations with different polymer retention

Polymer retention
WF 50 100 153 200 250 300 350 400
(ug/e)

Oil RF
18.4 373 36.9 36.5 36.3 36.0 35.6 353 349
(Y0)
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4.3.3. Injection rate

The effects of injection rate on the oil RF and polymer utilization have been investigated through
reservoir simulation. The polymer concentration is held constant at 1200 ppm and the polymer

retention at 153 pg/g for these cases. The oil RFs achieved for different target injection rates are

listed in Table 4.4. The relationship of oil RF with polymer injection time are depicted in Figure

4.9. The oil RFs increase with injection rate, and the increase in the rate of oil recovery is generally

reduced with injection time at different injection rates.
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Figure 4.9-Oil RF profiles of polymer flooding with different polymer injection rates

Table 4.4-0Oil RFs of simulations with different injection rates

Injection rate
WF 1450 1950 2450
(bbl/day)

Oil RF
18.4 35.6 37.6 38.4
(%)
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4.3 4. Incremental oil recovery

The relationships of incremental oil RF after 10, 20, and 30 years at different polymer
concentrations, polymer retention values, and injection rates are shown in Figure 4.10. As can be
seen, the incremental oil RFs range from 10% to 13% at different polymer concentrations in 10
years. As the polymer continues to be injected, the incremental oil RFs increase with polymer
concentration and reach up to 19% and 21% at the injected polymer concentration of 2100 ppm in
20 years and 30 years, respectively. However, the incremental oil RFs are almost the same for the
cases using higher polymer concentrations, which is caused by the decrease in the injection rate.
This was observed at the cases of the injected polymer concentration larger than 1200 ppm in the
reservoir simulations. The incremental oil RFs vary from 10% to 14% at different polymer
retention in 10 years. And the difference in incremental oil RFs between the lowest and highest
retention values decreases to 2% in 30 years, which is due to the maximum adsorption is
continuously satistied. What’s more, the differences in incremental oil RFs between adjacent time
intervals decrease from 4.5% to 2% for different injection rates. Under the condition that the
injection rate is satisfied, the incremental oil RF can achieve up to about 20% by injecting polymer
concentration of 1200 ppm with injection rate of 2450 bbls/day for 20 years, which consumes a

minimum amount of 7,500,000 lbs polymer.
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4.3.5. Polymer utilization

Time profiles of polymer utilization at different polymer concentrations, polymer retention values,
and injection rates are illustrated in Figure 4.11. As can be seen, the polymer utilization increases
with injection time at different polymer concentrations but remains lower than 3.5 Ibs/bbl in 30
years. The increase in the polymer utilization for polymer concentration larger than 1500 ppm is
slower than that for 1200 ppm from the end of 2030 which corresponds to the decrease in injected
polymer amount. The polymer utilization 1s reduced for lower polymer retention values which
indicates that the polymer is more efficient at displacing the oil if less polymer is lost to the
formation rock. Similar polymer utilizations are observed at different injection rates during the
early forecast times. However, the difference in polymer utilization grows with injection time, and
the increase in the polymer utilization at a higher injection rate is faster than at a lower injection

rate.
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5. Conclusions and recommendations
This thesis research aimed to develop a robust history-matched reservoir simulation model, which
can effectively simulate the flow pattern of fluids in the reservoir and reproduce the ongoing
polymer pilot production history. The reservoir simulation model was first built based on the
geological model and available rock and fluids data. Then, the developed reservoir simulation
model was calibrated by constraining the production wells to honor the measured oil production
rates and matching the water cut observations during the HM processes. At last, the validated
reservoir simulation model was employed to forecast the well performance under different

development strategies.

The HM processes were implemented by introducing high transmissibility strips to connect the
injector-producer well pairs in the reservoir simulation model. The HM results reveal that higher
strip transmissibilities can match the water breakthrough and sharp increase of water cut well
during the waterflooding period. At the later stage of polymer flooding, the strip transmissibilities
need to be reduced with time to match the significant water cut reduction. The viscous fingering
effect during waterflooding and the restoration of injection conformance during polymer flooding

are effectively represented by tuning the strip transmissibilities.

The performance predictions were conducted to investigate the effects of polymer concentration,
polymer retention, and injection rate on oil recovery and polymer utilization. The prediction results
indicate that the oil RF of continued waterflooding is 18.4% in 30 years. The oil RF of polymer
flooding with polymer concentration larger than 1500 ppm can more than double compared with

waterflooding. The oil RF of polymer flooding decreases with higher polymer retention and reduce
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to 34.9% with polymer retention of 400 pg/g. The oil RF increases with injection rate and up to
38.4% with an injection rate of 2450 bbls/day. Moreover, polymer utilization generally increases
with increasing polymer concentration, retention, and injection rate. Among the investigated
scenarios, the maximum forecasted polymer utilization was 3.5 lbs/bbl in 30 years, which is still

less than the polymer utilization of the same polymer used in a polymer pilot in Argentina.

The author recommends reservoir simulations to select the slug size and timing of the polymer
injection, which promotes oil recovery with less polymer consumption. Further improvement on
the reservoir model by history matching the production profiles after polymer breakthrough is also

suggested as future work.
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