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ABSTRACT

Enhanced oil recovery consists of three major methods which are miscibie
method, thermal method and chemical method. Polymer flooding is considered as one
of the chemica! method which is inexpensive compared to other methods. The main
objective of this project is to determine the optimum polymer concentration that will
bring in the most recovery of oil in Angsi Field. Thus, the (1) polymer concentration,
(2) polymer solution viscosity, and (3) polymer injection rate effects towards oil
recovery are investigated. This investigation will solely base on the outcome from
simulator. The principal difficulty in the recovery of oil is the viscosity of oil is higher
than injection fluid viscosity, which makes displacement by a cheap fluid, such as
water or gas, inefficient on account of the “unfavourable™ mobility ratio (i.e. mobility
of the iniccted fluid is greater than the mobility of the oil). Since improvement in the
mobility ratio is the ultimate goal, viscosity of the injected fluid is increased by
addition of soluble polymer. The polymer concentrations were varied so that different
polymer solution viscosity can be injected into the model. Apart from improvement in
the mobility ratio, average pressure of the reservoir will also be maintained for as long
as possible, which would lead to an improvement in the oil recovery. In accordance to
that, the iniection rates of displacing fluid play an important role in maintainin

average veservoir pressure and also the poriod of polymer flooding.

study will mainty he focnging on the mobility relationchip but alen will be revalving

around capﬂlazy retention forces and  reservoir  hoterogencity. The  rescarc
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

Recently, there has been growing interest in this technique for heavy oil
reservoirs. At the end of economical life of primary production, waterflooding is
performed as a secondary recovery process. It is the most widely used secondary
recovery technique. It involves injection of water into the reservoir to improve the
recovery of oil. Several successful waterflooding projects in heavy oil reservoirs have
been reported, and they show economical incremental o1l recovery at high water cut.
However, the range of reported recovery is large. Waterflood recoveries of 1% up to
20% original oil in place (OOIP) have been reported for these reservoirs !, Miller has
discussed the condition of Canadian heavy oil waterflooding projects and has
observed that insufficient literature related to this subject has been published. Miller
states that the process of assessing performance of waterflooding generally is
empirical rather than theoretical; meaning much of the understanding of
waterflooding in heavy oil reservoirs is based on observation of the process in the
field rather than understanding the fundamental processes involved ) Investigation
of many waterflooding projects in Canadian heavy oil reservoirs has revealed that
these waterfloods exhibit very poor sweep efficiency because of extreme adverse

mobility ratio.

In order to improve the mobility ratic hetween the injected water and heavy oil,

polymer flooding can be used to increase viscosity of water. High molecular weight

S T e TR VTS i i o cari ettt feoveiny et TR I
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water viscosity significantly. Conventionally, polymer flooding has been implemented
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Figure 1: Classification of EOR methods
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of the injected fluid is greater than the mobility of the oil). Since improvement in the
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produced oil’s cost becomes more than its real price in the market. Under normal
conditions, oil production is halted and well is abandoned. Except for brief periods,

which EOR becomes economical, there is no good reason for EOR operations.

Appreciable decline in the new reservoirs discovery and increase in the petroleum
demands, has forced oil companies to develop EOR methods. Thermal, chemical and
miscible gas flooding are three major EOR methods, which have been developed
during the last years. Polymer flooding has found considerable increments during the

last years.

This project will determine the design of the polymer flood that will bring in the
most recovery of oil. This will be investigated by learning the polymer concentration
effect on oil recovery, the effect of type of polymer on oil recovery as well as their
economical, the effect of injection rate on the oil recovery, and also reservoir

heterogeneity effects towards oil recovery.

1.6  Feasibility of Project

The project is planned and scheduled to be done in a period of at most 12 months.
The approach that the author used is by using simulation to determine the oil recovery
for each case and set of circumstances. The investigation involves around the
improvement on mobility ratio by increasing the viscosity of displacing fluid, i.e.
water, by addition of polymers, at an amount that are to be determined, and type of
polymers, that are also yet to be determined. In addition, the injection rate of these

polymers will also be determined to give the highest recovery of oil.



CHAPTER 2

LITERATURE REVIEW

2.1  Polymer Solution Viscosity

Polymer solution viscosity is one of the important parameters to improve the
mobility ratio between oil and water. The effectiveness of polymer flooding increases
as the injection viscosity increases. The viscosity can be affected by some factors.
First, solution viscosity increases with the increase of polymer molecular weight.
Second, increased polymer concentration leads to higher viscosity. Third, polymer
solution viscosity decreases with increase of temperature. Fourth, increased salinity in

the formation water decreases solution viscosity.

o
o o
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Figure 2: Viscosity vs. concentration for different salinities with medium Mw

polymer !



2.2  Polymer Molecular Weight

The effectiveness of a polymer flood is affected significantly by the polymer
molecular weight (Mw). Poiymers with higher Mw provide greater viscosity. For
many circumstances, larger polymer Mw will lead to improved oil recovery. This is
confirmed by a laboratory test with a fixed volume of polymer solution injected, oil
recovery increases with the increase of polymer Mw Pl This is because for a given
polymer concentration, solution viscosity and sweep efficiency increases as the
polymer Mw increase, This means, less polymer is required using a high Mw polymer

than a low Mw polymer to recover a given volume of oil.

80
—a— 38 million datons
-~ 25 nillion dattons

8
)

Poymer wviscosity, mPa.s
3
\.

0 1 i I Fl rl
] L) T L] L}

400 800 800 1007 1200 1400 1600
Polymer concentration, mglL

Figure 3: Viscosity versus concentration and Mw for polymers used in the central part
of Xing 4-5 !

But the levels of mobility and permeability reduction (i.e. resistance factor and
residual resistance factor) for polymer with a given Mw can increase with decreasing
permeability [''). This effect is highlighted as Mw increases. Mechanical entrapment
can significantly hold back polymer propagation if the permeability and pore throat
size are too small. So, depending on Mw and permeability differential, sweep
efficiency may be reduced by this effect. Thus it is crucial to choose the highest Mw
polymer that will not exhibit pore plugging or significant mechanical entrapment.



24  Polymer Injection Rate

Another important factor in the design of polymer flood project is the polymer
injection rate. It determines the oil production rates. However, the magnitude of the
injection rate has little effect on the final recovery and also on the fraction of injected
polymer mass that is ultimately produced. But, the injection rate has a significant
effect on the cumulative production time. Higher injection rate will lead to shorter
production times. So, the injection rate shouldn’t be too small during the polymer

flood design.

Conversely, higher injection rates will cause a large disparity between injection
and production. Injection rates must be controlled (i.e. not too high, kept below
reservoir fracture pressure) so that the polymer flow out of the pattern (out of target
zone) can be minimized. Fig. 4 shows the effect of injection rates towards oil
production rate. Other than that, it also exhibit how the term of economic production

varies injection rate.
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Figure 4: Changes in oil production rate vs. injection rate '

10



3.1.2 Polymer Solution Viscosity

Amount of polymer concentration will correspond to the polymer solution
viscosity. Higher polymer concentration will give higher polymer solution viscosity.
Polymer solution viscosity factor used in this study are as in table below.

Table 3: Polymer viscosity factor

Polymer Concentration Viscosity
(lblft’) Factor
0.0 1.0
70.0 20.0

This polymer viscosity factor can be entered into ECLIPSE under the keyword
“PLYVISC” in the “PROPS” section. Polymer viscosity factor used in this study is
obtained from ECLIPSE Polymer Injection Tutorial, but the viscosity factor at
polymer concentration of 70.0 1b/bbl was slightly changed from 10.0 to 20.0. This is
because when the range is small, the resulting viscosity will be much closer to each
other. This will not clearly show the effect of polymer solution viscosity on oil
recovery. As to get clear results on the effect of polymer solution viscosity on oil

recovery, the range had been slightly widened.

3.1.3 Injection Rate

Due to time constraint, polymer injection rate used in this study was the optimum
rate. This is achieved by using pressure control mode “THP” in ECLIPSE. The
injection rate will be adjusted automatically to maintain average reservoir pressure
determined by user and as well as the well bottom-hele pressure. If the injection rate
is to be varied, the rate control mode “RATE” should be used instead of pressure
control mode “THP” in ECLIPSE. Then the required rate could be entered and the
resulting oil recovery can be obtained. Not to forget, the average reservoir pressure
and well bottom-hole pressure must be monitored closely, as the pressure is very

likely to increase with increment in polymer injection rate.

12



3.1.4 Simple Model Polymer Injection

A simple model is also used to compare the results to the actual model. The

10x10x1 model obtained from ECLIPSE Polymer Injection Tutorial is used to

conduct this study on them. The same polymer solution concentration and the same

polymer solution viscosity are used in this model.

3.2

Project Activities

Reading journals and papers published on the related topics.

Search and survey the standard uses of polymers’ concentration in
industries.

Search and survey the usual type of polymers and their properties/benefits.
Review and study on the simulator manuals/tutorials.

Obtain a base case model, generate all the results for base case model and
use that as the reference in comparison of results,

Carry out the experiment (with the use of simulators) to obtain the
effectiveness of polymer flooding based on the polymer concentration,
types of polymer and injection rate of polymer.

Discuss on the resuits obtain with supervisors and senior lecturers/staffs,
experts.

Improve on the experiment (with the use of simulators) to get a better
results, or to get a better outcome on the investigation.

Discuss and organize all of the results in a presentable form to be
presented.

Compile all the methods, results, and discussion into a nicely organized

report for future references.

13
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CHAPTER 4

RESULTS & DISCUSSIONS

4.1  Model Description

4.1.1 Angsi Model

In this study, the actual model used is from Angsi Field. This model has a total of
16 wells, 4 wells are water injector wells (B-22A, B-06, B-08 and B-17), 6 wells are
oil producer wells (B-02, B-04, B-09, B-14, B-15 and B-10), and 6 wells are initially
oil producer wells, after reaching well economic limits, switched to water injector
wells (B-01, B-03, B-05, B-07, B-13 and B-EIl). The initial reservoir pressure for this
model is 2369.7 psia. The stock tank oil initially in place (STOIIP) of this model is
231.14 MMSTB. The investigation period is 25 years.

B-01  B-15

0 0 o40120 060179 080239

Figure 5: Angsi Field actual model at initial state
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4.1.2 Simple Model

As a comparison to the actual model, the simple model was developed based on
ECLIPSE Tutorial. The simple model has 1 injector well (I) and 1 producer well (P).
The initial reservoir pressure for this simple model is 4005 psia. The stock tank oil
initially in place (STOIIP) of this model is 470 472 STB. The period of investigation
for this simple model is 1700 days (equivalent to 4.6 years). In this model, polymer
was injected for the first 200 days and then injection was continued by using water.

0.29%8 oan 052516 063N 075067

Figure 6: Simple model at day 200

4.2  Polymer Solution Concentration

There are a total of four cases run in this study concerning the polymer solution
concentration. For Case 1, polymer concentration is set to 0.0 1b/bbl, which means
there is no polymer concentration, only water is injected into the well. For Case 2, the
polymer concentration is set to 20 1b/bbl. For Case 3, the polymer concentration is set
to 50 Ib/bbl, and for Case 4, the polymer concentration is set to 80 1b/bbl. The results

for each case are shown in the table below.

17



Table 4: Results from the simulation concerning polymer solution concentration

Polymer Total Polymer Total Oil

Case Concentration Injected Production Rec‘? very
(Ib/bbl) (10%1b) (MMSTB) (%)
1 0.0 0.0 103.54 44.80
2 20.0 154.16 109.85 47.53
3 50.0 192.70 89.58 38.76
4 80.0 238.39 85.19 36.86

From the results above, it proves that the addition of polymer concentration can
give additional recovery up to a certain level, before it decreases. From the results
obtained (refer to figure 7 in the next page), it is significant that there is a limit for
optimum polymer concentration. If the concentration is too high, polymer flooding

will be ineffective. This is due to some reason.

The first reason is as polymer concentration increases, polymer solution viscosity
will increase as well. So as polymer solution viscosity increases, it cannot navigate
effectively through pores and it takes a longer time to sweep the oil. If the oil moving
to producer well is faster than polymer moving from injection well, this will make

polymer flooding not efficient.

The second reason is as polymer concentration increases, it will create higher well
bottom-hole pressure that will restrict polymer injection rate. So to counter that
problem, for each of these cases, polymer injection rate is different as to make sure
well bottom-hole pressure does not exceed the reservoir fracture pressure (refer to
figure 8 in the next page). Hence the average reservoir pressure cannot be well
maintained when injecting with higher polymer concentration solution. This too will

lead to unsuccessful polymer flooding.

18



4.2.1 Results from Angsi Model

Oil Recovery vs. Polymer Concentration
100

80
5\: 60 Ccasel Case 2
= 47.53%
5 44.8% 3C8357e 6536 Caieid
= .
36.86%
E 40
20
0
0 20 40 60 80 100
Polymer Concentration (Ib/bbl)

Figure 7: The effect of polymer concentration on oil recovery in actual model

——WBHP vs. YEARS (POLYMER_CASE1) —— WBHP vs. YEARS (POLYMER_CASE3)
——WBHP vs. YEARS (POLYMER_CASE2) —— WBHP vs YEARS (POLYMER_CASE4)

5000 T

:
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Figure 8: Maintained well bottom-hole pressure for Well B-22A in actual model by

controlling the injection rate at each case
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4.2.2 Results from Simple Model

Oil Recovery vs. Polymer Concentration

40.0

39.0 Cased
§ Case 3 39.24
= Casel 38.40
v
2 38.18
5 37.0
(S

36.0

350

[{] 10 20 30 40 50 o0 70 80
Polymer Concentration (Ib/bbl)

Figure 9: The effect of polymer concentration on oil recovery in simple model

— WBHP:| vs. TIME (POLYMER_0) —WBHP1 vs. TIME (POLYMER_50)
— WBHP"l vs. TIME (POLYMER _20) = WBHP I vs. TIME (POLYMER_70)

7000 —]

WBHP:I PSIA

TIME DAYS

Figure 10: Well bottom-hole pressure for injector well in simple model by using the

same injection rate at each case
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The results from the simple model give the same attribute or trend. As the
polymer solution concentration increases, the oil recovery increases. But in this
simple model, there is no decrease in the oil recovery aithough the polymer
concentration of 70.0 Ib/bbl is used (refer to figure 9 in the previous page). This is
may be due to the constant injection rate used in this simple model (rate control

mode).

However, the well bottom-hole pressure showing an increasing trend as the
polymer solution concentration increased (refer figure 10 in the next page). This
agrees with the results in the actual field, which gives a lower oil recovery when
polymer concentration higher than the optimum concentration is used. Restriction in
the injection rate due to the well bottom-hole pressure in the actual field causes the
injection rate to be lowered as the concentration increase. This is why the pressure
maintenance when using higher polymer solution concentration is not good hence the

lower oil recovery percentage.

4.3  Polymer Solution Viscosity

Due to time constraint, there is only one set of polymer viscosity is used in this
study. This polymer viscosity factor is taken from ECLIPSE Tutorial and the viscosity
factor at a concentration of 70 1b/bbl has been slightly changed from 10.0 to 20.0.
This is to see the effect of polymer solution viscosity on oil recovery more clearly, as

very close polymer viscosity factor will not give a clear result.

From the actual model, it shows that increment in polymer solution viscosity
(increment in polymer solution concentration) increases the il recovery, but when it
exceeds its optimum point, oil recovery decreases (refer to figure 7). However,
changes in polymer solution viscosity doesn’t affect much on the total oil production,
whereas changes in polymer solution viscosity will greatly affect the well bottom-hole
pressure, as the higher viscosity solution needs more energy to move. In order to
supply more energy for high viscosity solution to move, higher injection rate must be

applied, and this will result in rapid increment of the well bottom-hole pressure.

21



4.3.1 Results from Simple Model

~—EQPT v, TIME (VISC_10) —FOPT vs. TIME (VISC_20) ——FOPT vs. TIME (VISC_30)
——FOPT vs. TIME (VISC_15) — FOPT vs. TIME {VISC_25)

140000
120000

106600

FOPT 578

Il‘TrT#il‘!llIllIjll!lilll]t'lt'lll‘!lll‘llll.l‘llll
Q 200 430 600 800 106G 1200 1400 1600
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Figure 11: Cumulative oil production by using different polymer viscosity factors

~WHBHP{ vs. TIME (VISC_10)—WBHP: vs. TIME (VISC_20)—— WBHP| vs. TIME (VISC_30}
—— WBHP:| vs. TIME (VISC_15)——-WBHP vs. TIME (VISC_25}
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Figure 12: Well bottom-hole pressure for simple model using various viscosity factors
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APPENDICES

Appendix 1

Cumulative oil production for Angsi Field

——FOPT vs. YEARS (POLYMER_CASE1) ——FOPT vs. YEARS (POLYMER_CASE3)
——FOPT vs. YEARS (POLYMER_CASE2) —— FOPT vs. YEARS (POLYMER_CASE4)
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Cida Polymer Concentration Cumulative Oil
(Ib/bbl) Production (MMSTB)
1 0.0 103.54
2 20.0 109.85
3 50.0 89.58
4 80.0 85.19
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Appendix 2

Average Reservoir Pressure for Angsi Field

——FPR vs. YEARS (POLYMER CASE1) = ——FPR vs. YEARS (POLYMER_CASE3)
——FPR vs. YEARS (POLYMER_ CASE2) —— FPR vs. YEARS (POLYMER_CASE4)
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Appendix 3

Total Polymer Injection for Angsi Field

——FCIT vs. YEARS (POLYMER_CASE1) ——FCIT vs. YEARS (POLYMER_CASE3)
——FCIT vs. YEARS (POLYMER_CASE2) —FCIT vs. YEARS (POLYMER_CASE4)
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0 5 10 15 20 25 30
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Cda Polymer Concentration  Total Polymer Injected
(Ib/bbl) (10°1b)
1 0.0 0.0
2 20.0 154.16
3 50.0 192.70
4 80.0 238.39
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Appendix 4

Field Water Cut for Angsi Field

——FWCT vs. YEARS (POLYMER_CASE1) ——FWCT vs. YEARS (POLYMER_CASE3)
—FWCT vs. YEARS (POLYMER_CASE2) —— FWCT vs. YEARS (POLYMER_CASE4)
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Appendix 5

Well Bottom-Hole Pressure for Well B-06 in Angsi Field

——WBHP vs. YEARS (POLYMER_CASE1) ——WBHP vs. YEARS (POLYMER_CASE3)
——WBHP vs. YEARS (POLYMER_CASE2) —— WBHP vs. YEARS (POLYMER_CASE4)
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Appendix 6

Well Bottom-Hole Pressure for Well B-08 in Angsi Field

~——WBHP vs YEARS (POLYMER_CASE1) ——WBHP vs. YEARS (POLYMER_CASE3)
——WBHP vs. YEARS (POLYMER_CASE2) ——WBHP vs. YEARS (POLYMER_CASE4)
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Appendix 7

Well Bottom-Hole Pressure for Well B-17 in Angsi Field

——WBHP vs. YEARS (POLYMER_CASE1) ——WBHP vs. YEARS (POLYMER_CASE3)
——WBHP vs. YEARS (POLYMER_CASE2) ~—— WBHP vs. YEARS (POLYMER_CASE4)
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Appendix 8

Well Bottom-Hole Pressure for Well B-22A in Angsi Field

——WBHP vs. YEARS (POLYMER_CASE1) ——WBHP vs. YEARS (POLYMER_CASE3)
——WBHP vs. YEARS (POLYMER_CASE2) —— WBHP vs. YEARS (POLYMER_CASE4)
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