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ABSTRACT

Polymer flood has achieved technical and commestiatess, especially for its
large-scale application in the Daging oilfield irhiGa. However, previous field tests
indicated polymer flood was not economically sust@dsor high temperature reservoirs
when injected with high salinity, high hardness avatNovel thermal and salinity-
resistance polymers have been developed, and th®iperties are tested via
comprehensive lab experiments, which encouragehdurtlevelopment of polymer

flooding in high-temperature and high-salinity nesdrs.

To achieve a promising recovery effect, numeridatusation, including all
significant physicochemical phenomena, must beezhout before field implementation
to realize the reservoir response to polymer. Atindped recovery design, which
minimizes costs and increases the process effigiestould be proposed for reservoir

models representing real harsh conditions includiegere heterogeneity.

In this work, the effects of shear thinning, therrtanning, degradation of
polymer/seawater solution to oil recovery perforggam stratified reservoir are studied
in various temperature conditions. Also supportimgasures for polymer flood, such as
mechanical water shutoff and in-depth profile cohtare studied to evaluate their ability
in harsh reservoir conditions. Thermal thinning asitear thinning properties of
polymer/seawater solution were measured by a rhiswrend compared with published

data. Degradation and adsorption properties ofpitlgmers, as well as the gelation



reaction and resistance properties of the gel vweramarized from literature review

generating reasonable parameters for simulation.

Simulation results indicate that thermal thinnifigpolymers has a marginal effect
on the final oil recovery. Another property related temperature, polymer thermal
degradation, is obviously influenced by temperatigading to decrease of the final oll
recovery to different extent. Both water shutofflan-depth profile control can improve
waterflood. However deep profile control will be ra@fficient if polymer flood is applied,
and the combination of in-depth profile control gralymer flood carried out with low

injection temperature achieve the best recoverfjppeance.
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1. INTRODUCTION

1.1  Oil Recovery

Oil recovery processes are classified as primacgwery or primary depletion,
secondary recovery or improved oil recovery (IC&)] tertiary recovery or enhanced oil
recovery (EOR) (Gaillard et al. 2010). The drivilogce for primary recovery is natural
energy. Its source includes bottom and edge wsifrtion gas, gas cap, and gravity. After
primary recovery, for a while, natural energy widiplete and oil production will decline.
Therefore the primary recovery is also called prymdepletion. At this time, water or gas
are injected to increase the energy of the reserknbwn as the secondary recovery.

Waterflood is more popular due to its availabibiyd efficiency.

Even after extensive secondary recovery, large atsaf oil are still uncovered
due to reservoir heterogeneity and trapping. Terti@covery or EOR involves the
injection of gas, chemicals, hot water, or steametmver the remaining oil. The injected
fluids enlarge the sweep efficiency, decrease tlobility ratio, and/or decrease the

residual oil saturation.

Polymers are used in EOR to control the mobilitioreetween the displaced fluid
and displacing fluids as its main purpose. Polyrft@od is now considered to be a
technical and commercial success, especially stadarge-scale application in Daging
oilfield in China, resulting in about 300,000 basref incremental oil per day (Wang et

al. 2001). However there is a controversy aboutthdrethe polymer flood is an EOR



process or not. The fundamental feature of EORngdisished from IOR is that it can

significantly decrease the residual oil saturatidme conventional wisdom is that polymer
does not reduce the residual oil saturation, bexenjsction of polymer solution normally

does not increase the capillary number enoughdcesthe residual oil saturation under
field conditions (Lake 2010). However, recent expents (Wreath 1989; Lu 1994; Wang
et al. 2001; Huh and Pope 2008) and field dataz(Pual. 1988; Wang et al. 2001; Xia et
al. 2004) show the reduction of residual oil sataracaused by viscoelasticity of polymer
also contribute to increment in oil recovery, evhough this effect is not significant

according to micro-scale experimental studies (Afphor et al. 2014). In this study, the
classification of polymer flood is not consideraad the viscoelasticity of polymer and

gel is neglected.

1.2  History of Polymer Flood in High Temperature Condition

A synthetic water-soluble polymer, hydrolyzed paiydamide (HPAM) is widely
used for polymer flood at moderate reservoir caoond, resulting in an incremental olil
recovery factor of 10%-15% (Liu et al. 2009). WHeRAM hydrolyzes in water, the
negative charges in the carboxylate groups aloagadtyacrylamide chain make the chain
stretch due to electrostatic repulsion (Nasr-El-Btnal. 1991; Lee et al. 2009). The
extended polyacrylamide chain will enhance theosgg of the displacing fluid, which
also inhibits the physical entanglement of the ats chains (Khan et al. 2009). Also,
HPAM is feasible for reservoirs with temperatureshagh as 100°C if the concentration

of C&* is kept below 200 mg/L (lkegami and Imai 1962)t BIPAM degrades at high
2



temperature and will precipitate if excessive nvalent cations are present (Zaitoun and
Potie 1983), leading to loss of viscosity enhangam&though there are four main types
of degradations affecting the viscosity (thermedefradical, mechanical, and biological

degradation), only thermal degradation is explonetthis study.

Polyacrylamide (PAM) can be modified with variousmétional monomers to
protect them from degradation. The anionic monoreacrylamido-2-methylpropane
sulfonate (AMPS), also named acrylamido-tertiaryybsulfonate (ATBS), will help the
polymers increase their tolerance to salinity aivdldnt ions by substituting some of the
AM moieties (Levitt and Pope 2008). Such copolymen also tolerate temperature to a
certain extent in seawater (Schramm 2000). A sipproduct is AN125 from SNF
Floerger. It hardly loses viscosity after 220 dajsageing at 100°C with a calcium
tolerance about four times as high as that of HPABVitt and Pope 2008). Coreflood
tests also proved it can be successfully used sadwater for temperatures as high as
90°C (Bataweel 2011). But, for higher temperaturerd 05°C, AMPS polymer will meet
serious problems of degradation and precipitatiéerolen et al. 2011; Gaillard et al.
2014). Therefore, the co-polymers or the ter-polgmeith monomers of N-vinyl
pyrrolidone (NVP) are prepared to provide tolerartoehigh temperature due to a
neighboring effect between the AM and NVP unitssi@H et al. 1992; Fernandez 2005).
Polymers with AMPS and NVP (<25 mol%) can maintastosity over 60 days at 105°C.
At 120°C, with a higher NVP concentration of 35~508te polymer keeps stable in
seawater for at least one year (Vermolen et all2Ghillard et al. 2014). However, the

cost of NVP polymer is relatively high. The reatgywf NVP is lower than AM during
3



the polymerization process, leading to drifts ofmpmsition and low molecular weight,
which means more dosage and cost is required fe\acthe target viscosity (Gaillard et
al. 2010). In this study, the reservoir temperatsr#94°F (90°C), so the AMPS polymer

AN125 is selected in consideration of effectiverasd economy.

Simulation method is carried out to study polymerfgrmance such as shear
thinning, thermal thinning, retention, inaccessilpere volume and degradation in
heterogeneous multilayered reservoir (Vela et @r.61 Clifford and Sorbie 1985; Lee
2011). To realistically describe reservoir respaaspolymer, the simulation study must

include all significant physicochemical phenomemghie polymer-reservoir system.

If large amounts of cool water, such as seawatén surface temperature, are
injected into a hot reservoir, significant changedemperature could be happen and
calculations must take account of this (Brown etl8i82; Sorbie et al. 1982). In a hot
heterogeneous reservoir, the temperature distobuiecomes uneven after cold water
injected for several years. For such a reservamulation results showed the final
recovery factor for polymer with temperature-depariddegradation is between that of
ideally stable polymer and polymer with non-tempaér@dependent degradation (Sorbie
and Clifford 1988). Besides the temperature infageaon polymer, simulation study of an
Indonesian oilfield showed the incremental oil neery could also benefit from decrease
in oil viscosity caused by injected geothermal\water (Pederson and Sitorus 2001). The
key is that the viscosity of oil will drop from 1g¢to 2cp when temperature increases from
110°F to 300°F. For 20 year hot water injectiorgrémental recovery factor can be

increased by over 7.5%, compared to cold waterfitdtie same injection rate.
4



By 2013, 481 polymer flood projects were reported only 13.5% of them were
discouraging (Saleh et al. 2014). In 2008, besagsoximately 20 ongoing projects in
China, there are one field project in India, onejgut in Argentina, and two in the US.
Polymer flood contributed 22.3% of total productiarDaging Oilfield with an increase
in ultimate oil recovery by 10%, because of itsdi@ble conditions: Suitable reservoir
heterogeneity (Dykstra-Parsons coefficient rangesinf 0.4~0.7), low salinity and
hardness (formation water TDS ranged from 3000 @0607mg/L) and low reservoir
temperature (45°C) (Dong et al. 2008). The uppeptrature limit of polymer flood is
commonly believed to be 70°C. Almost all the polyrfleod tests were carried out in
reservoirs under 65°C. For higher temperature ¢mmdi polymer flooding recovery
performance is not very superior, especially whamiy is also high. A polymer flood
field test in N.E.Hallsville Carane in America wearried out in 1965 with reservoir
temperature of 109.4°C, resulting in a 3.3% incnetaerecovery factor (Moore 1969).
Another polymer flood was carried out in a thiclseesoir of Shuanghe oilfield with
reservoir temperature of 72°C in 1994, resulting ih0.4% incremental recovery factor,
mainly thanks to the fine characterization of resgrand use of high molecular weight
polymer with thermal-oxidization stabilizers (He @&t 1998). Several pilot tests of
polymer flood were carried out in Shengli Oilfiekdth reservoir temperature from 65°C
to 80°C in different blocks (Gao 2014). Shengtuacklin Shengli Oilfield has the most
harsh reservoir condition. The reservoir tempeeaisiB80°C, and the formation salinity is

21,000 mg/L. A comb polymer called KYPAM was seéettdissolved in produced water



with salinity of 12,400 mg/L. Polymer slug injectadas 0.25PV, resulting in an

incremental oil recovery of 4.655%.

1.3  History of Stratification Injection and In-Depth Pr ofile Control

Polymer may break through very quickly due to etise of high permeability
zone, resulting in poor improvement for sweep &fficy. Stratification injection, or
separate layer injection, is a method to improeestlueep efficiency when cross flow does
not occur between adjacent strata (Dong et al. RO®&ording to theoretics and pilot

application, the favorable conditions for this noathnclude:

1. The permeability differential among oil zonesver 2.5.

2. The net pay with lower permeability should camtt least 30% of the total net
pay.

3. At least one meter barrier between layers, antsistent lateral continuity

between wells.

If good barrier does not exist, gel treatments the types of profile control
methods, which can divert injection fluid to un-gwareas (Nasr-EI-Din et al. 1998), are
considered to be valuable before implementatioa pblymer flood (Sorbie and Seright
1992). A major drawback of near-wellbore gel treatis is that displacing fluid bypasses
the gel and flows back to the high permeabilityegaesulting in little effect on decrease

on water cut and increase on incremental oil regofAd-Adasani and Bai 2010). In-depth



profile control began popular in the later 1990wlan interlayer heterogeneity conflict
dominated in most of mature oilfields. Large volwnd treatment are used and much
more effective in improving the seep efficiency.eTtypical in-depth profile control
systems are colloid dispersion gel (CDG), partygks, and a polymer-crosslinker-retarder
weak gel system. Gel formed by PAM-based polymed Bolyethyleneimine (PEI)

crosslinker has been proved to be stable in 2%aQ00 °C (Al-Muntasheri et al. 2007).

Recovery effects of polymer flood and in-depth pecfontrol are compared in the
aspect of polymer viscosity, oil viscosity, gelgkize, permeability contrast and vertical
order of permeability (Okeke and Lane 2012; Seraihdl. 2012). It is found that the in-
depth profile control prefers the reservoir witglnpermeability contrasts, high thickness
ratio and low oil permeability. But such method nmaot have as high oil recovery and

monetary value as polymer flood.

1.4  Mechanisms of Polymer Flood

Polymer solution can increase the volumetric sweféipiency in heterogeneous
reservoirs, and some of the oil trapped in low pEability regions will be displaced
(Figure 1.1). Thus the final oil recovery will be increasedim economic limit. On the

other hand, polymer solution can also increasetitnawf oil in produced fluids with



relatively high mobile oil saturation in homogeneaeservoirs, which means more oil

will be recovered with in same period, comparedaberflood with low viscosity.

Unswept zone

53
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Figure 1.1: Sweep of displacing fluid in heterogermais reservoir



2. AREVIEW OF CMG STARS SIMULATOR AND MODEL

DESCRIPTION

2.1  General Description of the Simulator

CMG_STARS is a three-phase multi-component theraral steam additive
simulator. The version used for this study is 2033t supports two-dimensional and
three-dimensional configurations with grid systesh€artesian, corner point, cylindrical
and variable depth/variable thickness (STARS UsBtigle). All blocks are treated in a
fully implicit manner. The polymer models of STARSclude Viscosity vs. Polymer
Concentration, Viscosity vs. Shear Rate, AdsorptidPermeability Reduction,
Inaccessible Pore Volume and Effect of SalinitpMscosity. STARS can history match

laboratory coreflood data with very good agreenf&uudarzi et al. 2013).

2.2  Mass Conservation Equations

A conservation equation is constructed for eachpmmant of a set of identifiable
chemical components that completely describe elfithids of interest.

The general equation is

Rate of change of accumulation = Net rate of inffoemn adjacent regions + Net
rate of addition from sources and sinks

The following are the separate terms for fluid flow

The accumulation term for a flowing and adsorbedponent i:



% [Y\J'Tf (pw Sw W+ Ps SD X; + pg Sg y; ) % \'?v *L\di]

The flow term of flowing component | between twgi@ns is
PuVe W, +PV, X, +p, vV, ¥, +0p, D AW, +dp D Ay, +¢p D Ax,

The volumetric flow rates are

v, =T| — |AD, j=w.,o.g
Mt

a. T is the transmissibility.

b. Dji (j=w,0,g) are the component dispersibilitiaghe three phases and are again
the product of geometric factors and componentedspn coefficients.

c. The potential at a grid noded$ = pj - Ajgh.

The well source/sink term for flowing componert:i i

PwQwk Wi T Po ok X; T Pg gk Yi

The reaction source/sink term for component i is:

n, ]
vy (Ski —Ski J oIy
k=1

The aquifer source/sink term for water component is

ng

Z. Pw qaqwk
k=1

10



gagy is a volumetric water flow rate through a blockd& to/from the adjacent
aquifer.
The following are the separate terms for energy flo

The accumulation term for energy is:
3,
E[\"?f (pw SW UW + Po So Uo + Pe Sg Ug ) i \"?\' Cs LTS * \'TrLTr ]

The flow term of energy between two regions is
PV, H, +p,v,H +p, v, H +KAT

K is the thermal transmissibility at the interfasdvieen the two regions

The well source/sink term for energy is:
Pwdwk Hw + Podok Ho + Pg gk Hg

The reaction source/sink term for energy is:

n,

A% Z H[k l'k

k=1
a. S is the product stoichiometric coefficient of compat | in reaction k.
b. S is the reactant stoichiometric coefficient of cament | in reaction k.
c. H«is the enthalpy of reaction k.
d. « is the volumetric rate of reaction k, calculateoni a model for reaction

kinetics.

The heat loss source/sink term for energy is:

11



n,
> HLy + HL, + HL,
k=1

a. HL« is the rate of heat transfer to the region ofregethrough block face number
k, from the adjacent formation. The heat transtge rand heat accumulated in the
overburden are calculated using an analytical goidor an infinite overburden.

Heat flow back into the reservoir block may occur.

b. HLy is the rate of heat transfer calculated from aveotive model.

c. HLc represents a constant heat transfer model.

The aquifer source/sink term for the energy is:

g

> (HAcy + HAcp )y
k=1

a. HACV is a rate of heat transferred by convectafrom the adjacent aquifer.
b. HACD is a rate of heat transferred by conductaifrom the adjacent aquifer.
In summary, the (spatially discretized) conservatiequation of flowing

component | is:

;—; [Vf (Pw Sw Wi + Py 8¢ X; + Py Sy yi)+ V., Ad, ]

1

[

n, o,
[Tw Pw Wi ADy + Ty po X AD, + Tg Pe ¥i A®g]+ VZ (Skj - Ski)rk
k=1

N

=

) ng

£
+ [q)Dwi Pw AW; + q)Doi Po Ax; + ¢'Dgi Pg A yi]+ rSiw Z Pw 43qwk
=i k=1

+ Py Ay Wi + Po Aok Xj + Py g ¥y [Well layer k]

L

where ris the number of neighboring regions or grid blémées.

And the (spatially discretized) conservation equabf energy is

12



2.3

at[vf (P Sw U + poSo Ug + pgSe Uy )+ Vee, U + V, U, ]

nf nf
= [TW pwHy AD + Ty p, HoAD, + T, pg Hy A(I)g] + 3 KAT
k=1 k=1
+ Pw Qwk Hw + Po dok Ho + Pg dgk Hg [W@H layer k]
llr llf
+V> Hyrn +HL, + HL, + HL, + > (HAcy + HAcp ),
k=1 k=1

The phase transmissibilities dre

Boundary Condition

The boundary condition assumed is no convectivajispersive, and no thermal

flux through all boundaries.

2.4

Modeling of Polymer Properties

2.4.1 Polymer Solution Viscosity at Zero Shear Rate

The nonlinear mixing option partitions all the camgents into two groups: key

components and those are not. The saturatighsf(these two groups sum to 1.

T R -, .
LisXi+ Ly X;=1
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To accomplish nonlinear mixing via alternate weighfactors, xis replaced with
fi(xi) for each i=S and with N;%or each#S, where N is a normalizing factor derived as
follows.

Yi=s £i(X) + N-Zis x; = 1
N=[1-2Zsfi(x) ] /[ Zixs Xi ]

Thus the nonlinear mixing rule for viscosity isaahted as:
In(p) = Xics fi(xi) In(;) + N-Xiss x;-In(py)

The function fi(xi) has three possible distinctges of xi values:
0 <X < X £i(X0) = X5 (Fi/x000)

Xiow = Xi = Xpign:  Li(X;) from table look-up
Yhigh < Xi < L1 fi(X0) =f11 T (Xi= Xnign) (1-A11)/ (1 -Xpign)

2.4.2 Shear Thinning
A simple power law relation or a tabular inputvgagable in STARS for modelling

shear-rate-dependent viscosity relation.

The lab and modelling data from literature showed the shear thinning effect is
unobvious when divalent ions have the concentra®high as that in seawater (Kang et

al. 2013). So the shear thinning effect is not nhedien this study.
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2.4.3 Thermal Thinning

As temperature increases, the viscosity of polysodution decreases. At higher
temperature, the interaction among moieties becoveaker, and the polymer chain tends
to be more coiled. The solvation effect also becomeaker, leading to a thinner water
membrane around polymer molecular and smaller peiyoulk volume. Additionally, the
viscosity of water also decreases (Al-Shammari.€2@L1). All these factors contribute

to decreasing viscosity as the temperature incsease

Either a viscosity correlation contains two parasrebr a tabular input is available
for modelling temperature-dependent viscosity retatThe tabular input is used for this

study. The parameters are obtained from lab exgertisn

2.4.4 Polymer Adsorption and Resistance Factor

The retention of polymer has two mechanisms: machbrentrapment and
adsorption processing. Both of them depend on pmrkneability. For sandstone, the
permeability has a positive correlation to porasitgwer permeability region means the
pore there is smaller, which can entrap more potyded the surface area at that region

is also bigger and can adsorb more polymer (Chai. 014).

The Langmuir adsorption isotherm gives the adsornetes of component per

unit pore volume as

ad — (tadl + tad2 * xnacl) * ca
(1 + tad3 * ca)
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where xnacl is the salinity of the brine, and cths mole fraction of component.

At high concentrations (large ca) the maximum golson is (tadl + tad2 *xnacl)/tad3.

The maximum adsorption after flooding for a longei depends on the values of
both key words ADMAXT (maximum adsorption) and ADREsidual adsorption for a
particular component) that specified. ADRT can takg value between zero and the

ADMAXT value.

When ADRT equals zero (the default value), it medelcompletely reversible
adsorption, i.e. when the concentration of the daisg component becomes less than that
at which the maximum adsorption occurs, some o&tlemrbed component gets desorbed
and goes back into the agueous phase. When thertdoaiton of the adsorbed component
becomes zero, then complete desorption occursh®nther hand, if ADRT equals the
ADMAXT value, then the adsorption is completelyewersible, i.e. once adsorbed the
component does not get desorbed into the aquecasepdven when the component's
concentration in the aqueous phase reduces. A dlADRT that lies between 0 and

ADMAXT models a partially reversible adsorption.

Adsorption or mechanical entrapment can cause bpeEkvhich amounts to a
reduction in the effective permeability. This isaanted for by the permeability reduction

factors
RKW =1 + (RRF-1) * AD(C,T)/ADMAXT

RKO =1 + ( RRF-1) * AD(C,T)/ADMAXT
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RKG =1 + (RRF-1) * AD(C,T)/ADMAXT

which affects the permeabilities AKW(I), AKO(I), AB(l) as

AKW(I) = AK(I) * krw/RKW(])

where AK(l) is standard block permeability.

Considering the temperature effect on polymer gutgwor is very small, compared
with other effect such as thermal thinning and ddgtion, the modeling of polymer
adsorption in this study is simplified. The paraengtused are same as those in CMG
sample case for sandstone, and there's no diffefent¢ayers with various permeability.

The retention of polymer is irreversible.

2.4.5 Degradation
Degradation is assumed to be a first-order chemezadtion, and modeled with
the Arrhenius Equation. The reactants is polymed, the resultant is water. The reaction

rate depends on activation energy and reactionuémecy factor.

2.5 Relative Permeability Model
Multiphase relative permeabilities are modeled baseCorey-type functions.
Krw = Krwiro * ((Sw - Swecrit)/(1.0 - Swcrit - Soirf)” Nw
Krow= Krocw * ((So - Sorw )/(1.0 - Swcon - SoiW*Now
Krog= Krogcg * ((SI - Sorg )/(1.0 - Sgcon - SQigNog

Krg = Krgcl * ((Sg - Sgcrit)/(1.0 - Sgcrit - Solg'Ng
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2.6  Gel Modeling
2.6.1 Gelation Reaction

Similar as polymer degradation, the modeling o&gieh reaction is also based on
Arrhenius Equation. The reactants are polymer aodstinker, and the resultant is gel.

The reaction rate depends on activation energyeaxtion frequency factor.

2.6.2 Gel Retention and Resistance Factor

The same model as polymer retention is used faregehtion. Gel retains on rock
surface and slows down water phase flow velocibhe @egree of water velocity slowing
down is determined by the resistance factor ofAyéangmuir-type isotherm is conducted

and the process is irreversible.

2.7  Thermal Parameters

Yoshioka and Dawkrajai (Dawkrajai et al. 2006; Yiogla et al. 2007) simulated
the temperature change when fluids flowed to thidbaee during the depletion recovery
and water coning. The temperature change was deedry the elevational geothermal
temperature change and Joule-Thomson effect. Tlkenmnaen change of temperature was
around 2F. The value of heat capacity and thermadlactivity in the paper is similar to
that in Sorbie’s polymer flood study (Clifford aB@rbie 1985; Sorbie and Clifford 1988),

which is the default value given by CMG.
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2.8  Basic Assumption for Modeling

Very low fluid compressibility and thermal expansiare set to minimize the
change of fluid volume due to temperature varigtioaking the comparison of recovery
effect easy.

There is no heat transfer at boundary. The modil eat transfer at boundary
has been tested and found this effect is negligiether study carried out by Xingru
Wu (Wu et al. 2013) modeled the thermal retarddtonvater injection. It mentioned that
heat conduction from overburden and underburdeegdected since it is a second order
effect. The heat conduction from the overburden @amderburden can be approximated
by an error function using a concept of thermalgbetion depth. It's a slow process
compared with the conduction heat transfer. Thash#at transfer is not modeled for this
study. However, this effect could be significant é&xtremely high temperature contrast
condition such as steam flood.

Retention and resistance factor is constant fahaltocks. Although for sandstone,
retention of chemicals depends on the pore sizes@adture of rocks, the difference could

be neglected for this study.

2.9  Detail of Model in this Study

A cuboid reservoir model is built with parametebdained from literatures about
highly stratified Brent sands in the North Sea [Boet al. 1982; Clifford and Sorbie 1985;
Sorbie and Clifford 1988). The well pattern in thigdy is different from that in literatures,
which was line pattern. Although the line pattend enverted 9-spot pattern can make the
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incremental recovery a little bit higher than theg®t pattern, the line pattern has a poorer
connectivity, and the inverted 9-spot pattern hasse injection capacity (Dong et al.
2008). Therefore, the 5-spot pattern with one tgjem the center and four producers in
the corners appears attractive for polymer floodictv is used for this stud¥igure 2.1).

To model a stratified reservoir with high permeiépitontrast, 5 layers have
different permeability. From bottom to top, layeardd 5 have permeability of 12 md and
thickness of 40ft. Layer 2 and 4 have permeabdft$0 md and thickness of 30 ft. And
layer 3 in the center has permeability of 600 md #ickness of 37 ftRigure 2.2). The
porosity of each layer has a correlation to pernigalranging from 0.16 to 0.24. This
correlation is generated from the sandstone modeld un North Sea. The relative
permeability curves are shownhigure 2.3 Other critical parameters for this model are

demonstrated ifable 1
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Figure 2.1: 5-Layer 5-Spot Synthetic Reservoir Mode
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Figure 2.2: Permeability of each layer.
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Figure 2.3: Relative permeability curves used forhis study.

Table 2-1: SUMMARY OF RESERVOIR MODEL INPUT PARAMET ERS

Length, L ft 930
Width, W ft 930
Height, H ft 177
Number of grids in x, y, z 31x31x5
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Table 2-2 Continued

Cell dimensions in x direction, ft 30
Cell dimension in y direction, ft 30
Cell dimension in z direction, ft 40, 30, 37, 30,4

Components simulated

Water, oil, polymer, gel, kein

Initial Reservoir Pressure, psi

3700

Initial Reservoir Temperatuyrér

194

Porosity 0.16, 0.19, 0.24, 0.19, 0.16
Initial Water Saturation 0.25
Relative Permeability Curve Type Water wet
Residual water saturation, fraction 0.25
Residual oil saturation, fraction 0.22
Endpoint relative permeability of water 0.3
Endpoint relative permeability of oil 0.9
Relative permeability exponent of water 2
Relative permeability exponent of oil 3
Heat capacity of rock, Btu/ft3-°F 35
Thermal conductivity of rock, Btu/ft-day-°F 44
Thermal conductivity of water, Btu/ft-day-° 8.6
Thermal conductivity of oil, Btu/ft-day-°F 1.8
Injection Rate, PV/year 0.11
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3. SHEAR THINNING AND THERMAL THINNING STUDY

3.1 Background

Polymer solution is a non-Newtonian fluid. Its \osay is dependent on shear rate.
Additionally, temperature also affects the visopsithe reason for the above phenomena
is that the macroscopic viscosity depends on tleeascopic shape of molecular chain,

which could be affected by shear rate and temperatu

3.2  Materials and Equipment
Co-polymer acrylamide and 2-acrylamido 2-methylgaioe sulfonate (AMPS),
which is called AN-125, were used as received fONF Floergre (Cedex, France) in

solid form. The molecular weight is 6x8.@nd the degree of hydrolysis is 20-30%.

The water used in all experiment was prepared ovater system with resistivity
greater than 18 M -cm at 25°C. Sodium chloride, magnesium chlori@égiam chloride,

sodium bicarbonate, sodium carbonate and sodiufatsulsed to prepare seawater were

an analytical grade.

Grace Instrument M5600 HPHT Rhometer was used &asuring viscosity. The
rheometer uses a bob-and-cup arrangement for djiealgroperty determination. The
liquid is placed inside an annulus between thedywimders (bob and cup), where the cup

(outer cylinder) is rotated at a set speed thardehes the shear rate. The liquid between
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the two cylinders exerts a drag force (torque) lo@ bob (inner cylinder), which is

measured and converted to a shear stress.

The M5600’s unique frictionless bob shaft consimrctand advanced sensor
design enables the measuring of small changes éarshtress instantly by non-
mechanically transmitting a zero friction rotatibiarque signal from the pressure
containment area. The outer cylinder (sample caidyiven by a stepper motor at speeds
from 0.0001 — 1,100 rpm. The thermocouple probesunmes the sample temperature at
the tip of the bob shaft. All electronics and otkensitive components are protected from

the influences of both the sample fluid and itsorafOperation Manual of M5600).

3.3  Experimental Procedure
Synthetic seawater was used to prepare polymeti@ouusing compositions

shown inTable 3-1

Table 3-1: SEAWATER COMPOSITION
lons Concentration, mg/L
Na’ 16,877
ca* 664
Mg2* 2,279

HCO* 193
CI 31,107
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Table 3-2 Continued
SO& 3,560

TDS 54,680

Polymer powder were weighted and mixed with seawhyea stirrer for 90
minutes. The concentration of polymer solutions w800, 2000, 3000, 4000 and 5000
ppm.

Rheology and viscosity measurements of all polyseawater systems were
conducted at 300 psi. The viscosity of polymer 8ohs with various concentrations as a
function of shear rate was measured over a ran@eldab 1000 $, which included shear
rates 0.1 — 10%sencountered in chemical flooding (Nasr-El-Dinletl@91). The viscosity
was measured by increasing the shear rate. Shieachhanged when temperature kept
stable at 194°F.

The viscosity of polymer solutions with various centrations as a function of

temperature was measured over a range of 78°Ht-14 the shear rate of 106, s

3.4  Lab Results and Discussion
3.4.1 Shear Thinning Effect
The rheology curves of polymer/seawater solutiai @ifferent concentration are

showed inFigure 3.1
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Figure 3.1: Viscosity vs shear rate for different oncentration. The viscosity kept
constant from 100 s' to 1000 s

Due to the limitation of the measurement rangéisfrheometer, only data ranging
from 100~1000 & is accurate for polymer solution. It is clear tti@ viscosity nearly
does not change with shear rate for all solutidi® reason is that the both temperature
and salinity are high. At such a condition, therattion among moieties becomes weaker,
and the polymer chain tends to be more coiled.sheation effect also becomes weaker,
leading to a thinner water membrane around polynwecular and smaller polymer bulk

volume. Additionally, the viscosity of water alsealeases (Al-Shammari et al. 2011). All
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these factors contribute to decreasing viscosithagemperature increases. This results

is in accordance with that in published pageg(re 3.2).
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Figure 3.2: Rheology curves for different concentrdon tested by MCR 301
Rheometer. It also elucidates the viscosity of patyer/seawater solution at high
temperature does not change too much when shear et changed (Han et al. 2012).

3.4.2 Thermal Thinning Effect

The viscosity of 5000 ppm polymer/seawater soluti@ne tested at 108swith
temperature increasing from 78°F to 194°F, showRigure 3.3 For polyacrylamides,
the viscosity as a function of temperature scalaghly with the viscosity of water. Upon
cooling down, the polymer solution viscosity willcrease again, following a similar, but

slightly lower curve (Vermolen et al. 2011).
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Figure 3.3: Viscosity vs temperature for crude oilseawater and 5000 ppm
polymer/seawater solution. The viscosity of crudeilp seawater and polymer
solution decrease with temperature increase.

Similar properties are also found for other thermesistance polymerd-igure

3.4).
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Figure 3.4: Viscosity of a 6000 ppm n-VP Polymer 8olution in 200 g/l NaCl brine
as a function of temperature (red dots), comparedotthe water viscosity (blue
triangles).(Vermolen et al. 2011)

3.5  Simulation Input Description
A tabular input which indicates the relation betwedscosity of fluids and
temperature is used to model the thermal thinnifigce The input parameters are

obtained from lab experiments and literatures.

3.6  Simulation Studies of Thermal Thinning in Homogenos Temperature
Condition
15 cases in total were run to study the recoverfopaance of polymer flood in

various even temperature condition. 5 temperatomeitions were tested, including 78°F,
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100°F, 120°F, 160°F and 194°F. To achieve an exmpérature condition, the injection
temperature was same as the reservoir temperddase cases of waterflood were
simulated as benchmarks. For polymer flood cas@s3&aPV of seawater pre-flush slug
was injected firstly, following by a 0.53 PV polymseawater solution slug. The
concentration of polymer used were 3000 ppm and58fm for each temperature
condition. After polymer flood slug, a post-flusth seawater continued for 0.16 PV.

Figure 3.5shows the injection scheme.

Injection Reservoir
Temp 0.33 PV WF, Temp
0.53 PV Polymer (0, 3000, 5000 ppm)

0.16 PV post WF

0.33PV 0.53PV 0.16PV
0.000 0.200 0.400 0.600 0.800 1.000 1.200
160F PV Injected 160F
H Preflush  ®Polymer Flood B Post Waterflood
194F 194F

Figure 3.5: Injection scheme of homogeneous tempédteie cases.

Recovery effect is showed as recovery factors fatewlood and incremental
recovery factors for polymer flood Figure 3.6. For waterflood, the oil recovery factors
are around 38% for all the cases. This is becawseiscosity of both oil and seawater
decreases with temperature increase. The offsgiskiém mobility ratio of displacing
phase and displaced phase stay akin. For polyroed fithe recovery factors for cases

with same concentration are similar, due to theedf6f mobility increase in both polymer
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solution and crude oil. For 3000 ppm cases theemental recovery factors are around
13%, while for 5000 ppm cases the incremental regofactors are around 16%. Besides,
it clearly shows that flood process with highernymoér concentration obtains higher final

oil recovery factor.

B Waterflood Recovery Factor
13000 ppm Incremental Recovery Factor

& 5000 ppm Incremental Recovery Factor

N N W
o U1 O

Recovery Factor, %
[=Y
(9]

10

78 100 120 160 194
Temperature, F

Figure 3.6: Waterflood recovery factor and polymerflood incremental recovery
factor at even temperature conditions.
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3.7  Simulation Studies of Thermal Thinning in Heterogemrous Temperature
Condition
To study the recovery performance of polymer flanduneven temperature
condition caused by cool water injection, 6 casesewun. 3 cases with different polymer
flood timing were carried out in an even tempemattondition to study influence of timing
of polymer injection [Figure 3.7). The injection of polymer was after the pre-Hugdugs
of 0.23, 0.34 and 0.45 PV, respectively for desigr?, and 3. The polymer slugs were
0.56 PV for all the designs. Post waterflood fokmlvwas 0.76, 0.65 and 0.54 PV,
respectively. The total injection volume of the Wwhprocess is same for the three designs.
The reservoir temperature is set to be 78°F, santhainjection temperature. Thus the

temperature will not change.

Tem Tem
P N () 45PV 0.56PV  0.54PV P

Design 2 0.34PV 0.56PV 0.65PV

Design1 V&4V 0.56PV 0.76PV

o

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

H Preflush m Polymer M Post waterflood

Figure 3.7: Injection scheme of heterogeneous tempdure cases.

Another 3 cases were carried out to study theeidett. Compared to the previous

3 cases in even temperature condition, these 3 ¢teskthe same injection schemes, and
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the only difference was the reservoir temperatidoe.the latter cases, the initial reservoir
temperature was 194°F, and it was cooled down jegted seawater unevenly.

Recovery factors for even temperature conditionshmved in the left dFigure
3.9. They are around 55% and no obviously differentnéans the polymer injection
timing hardly affects the final recovery factorsamen temperature condition. In other
words, for the same fraction of polymer slug in tb&al injection process, different oil
saturation and distribution at the timing of polyrimgection does not affect final recovery
factor.

For cases with uneven temperature condition, theulsition results of cross
sections indicate that temperature in high perntigéatayer is lower than that in the low
permeability layers, because more water flusheitte permeability layerHigure 3.8).
And temperature in near well regions is lower thizat in deep reservoir, due to longer
sweeping time in near well regions. Additionallyttwa larger pre-flush slug, more blocks

are cooled to lower temperature.
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0.23 PV WF

Figure 3.8: Temperature profiles for design 1 & 3 athe end of waterflood
The recovery factors of polymer flood in uneven penature condition are shown

in the right ofFigure 3.9, which are also around 55%. It demonstratestdraperature

difference does not affect the final recovery facadso because decline trend of viscosity
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is similar for both polymer solution and crude oib matter that the viscosity of polymer

solution in low temperature region is double ofttinehigh temperature region.

78F Reservoir 194F Reservoir

60

[,]
(5, ]
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o

Recovery Factor, %
S H
o [0, ]

35

30

0.23PV m0.34PV m0.45PV

Figure 3.9: Recovery factors for polymer injectionat different time.

3.8 Summary
Higher polymer concentration led to higher oil reexy. More polymer dissolved
in the seawater will increase the water phase siggdhus deceases its mobility.

In reservoirs with high temperature, seawater flimdore polymer injection

cooled the reservoir unevenly.
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Temperature difference caused by seawater flusk doe obviously affect the
final oil recovery factor, although lower temperatican largely increase viscosity of

polymer solution.
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4. THERMAL DEGRADATION STUDY

4.1  Background

Synthetic polymer degrades with high temperatuteragh oxygen concentration
condition, which is the main reason for failure pflymer flood in high temperature
reservoir. In this section the degradation behavoor AN125 is summarized from
literature, and modeling parameters are generatesh the effect of thermal degradation

to polymer flood performance is studied by simalatmethod.

4.2  Simulation Input Description

Viscosity of AN125 solution with concentration d830 ppm decreases from 12
cp to 6 cp within 48 days at 221°F, which is th#-hie of AN125 at this temperature
(Figure 4.1). At 248°F, the viscosity of AN125 decrease to 50fthe initial within 15
days Figure 4.2). Based on the two half-lives at two different parature, the activation
energy and reaction frequency factor of degradagaation is calculated, based on the

Arrhenius Equation.
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Figure 4.1: AN125 solution degradation curve at 22F (Gaillard et al. 2014). The
precipitation of polymer is considered as degradatin in modelling.
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Figure 4.2: AN125 solution degradation curve at 24& (Vermolen et al. 2011).
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4.3  Simulation Studies of Temperature Influence

The modeling of polymer degradation behavior igfsg through simulation of
static processes. 4000 ppm polymer flood was iegetd a core at very high rate and
stopped. Then both injection and production werg shfor 500 days. This process was
carried out at different temperature. Simulatiosuteshows that the half-life at 221°F

(Figure 4.3 and 248°FFKigure 4.4) are exactly the same as that indicated in liteest
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Figure 4.3: Polymer mass fraction declined due toeradation at 221°F.
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Figure 4.4: Polymer mass fraction declined due toefjradation at 248°F.

The half-lives of polymer degradation at other tenapure was also calculated
(Figure 4.5). At 194°F, the half-life is 94 days, while at F8it is 19,317 days. It means
at lower temperature as 78°F, polymer solution ca¢significant lose viscosity through

the whole flood process.
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Figure 4.5: Simulation result showing that half-life of polymer declines with
temperature increase.

A total of 4 polymer flood cases were run to stimbyv degradation of polymer
affects the final oil recovery factors, includingnfection temperature of 78°F and 194°F,
and 2 polymer concentration of 3000 ppm and 5000.phll reservoir temperature is
194°F. The simulation results for these cases #detjradation are compared to the cases
with non-degradation.

The loss of final recovery factors with in varyidggrees are observeHidure
4.6). The reduction of recovery factor equals to rezgvactor of non-degradation case
minus recovery factor of degradation case. For spolgmer concentration, higher
injection temperature of 194°F makes bigger amadirgolymer to degrade, leading to

more reduction in recovery factor, compared to lowgction temperature of 78°F.
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Figure 4.6: Reduction of recovery factor due to degdation.

The final recovery factor are also shown kigure 4.7. With the injection
temperature of 194°F, when polymer concentratianaseased from 3000 ppm to 5000
ppm, the incremental oil recovery is 0.7%. On thheo hand, with the injection
temperature of 78°F, when polymer concentratiomaseased from 3000 ppm to 5000
ppm, the incremental oil recovery is 1.8%. This destrates that if we want to increase
polymer concentration to obtain higher recoverydgaigher injection temperature will

make this method less efficient.
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Figure 4.7: Recovery factor of polymer flood at diferent concentration and
temperature with degradation.

4.4  Summary

After the literature survey and simulation studye following conclusion can be
drawn:

1. High temperature accelerates the polymer degradelting in loss of viscosity
and low incremental recovery factor.

2. When temperature is high, even more polymenjicied to maintain high

viscosity during flood process, degradation makesaidditional polymer useless.

45



5. WATER SHUTOFF AND IN-DEPTH PROFILE CONTROL

5.1 Background

High temperature is a favorable condition for tipplecation of in-depth profile
control. A weak gel system used as a nontargeeptkoprofile control is modeled to study
its potential for enhancement of polymer flood. d\somparison, the recovery effect of
water shutoff is also studied. To realize the datoadition, polymer retention effect is

included.

5.2  Simulation Input Description

Because water shutoff is a process to seal higmesgsility layers at near well
region, so it is simulated as shutting in bothatgpe and producers at high permeability
layer. The effect is like there is no perforationtbe wells at the third layer.

Polymer flood with concentration of 3000 ppm isoatsmulated, including the
degradation and retention effect. The modelingeténtion is discussed in the following

section.

5.3  Polymer Retention Modelling
The Langmuir adsorption isotherm is used to motel golymer retention, as
mentioned ir2.4.4 The maximum adsorption capacity is 3.38*1@mol/ft>. The residual

adsorption level is set to the same value to modelersible retention. Parameters of
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Langmuir isotherm are set as tad1=16.3 lbmbliftd2=0, and tad3= 3.12149®1(0he

resistance factor of polymer is 1.2 for all thekroc

5.4  Simulation Studies of Resistance Caused by PolymBetention

Result shows that maximum adsorption of 3.38*nol/ft? is quickly reached
after polymer injectedRigure 5.1). Because the fluid flow rate is higher in layeansh
higher permeability, so more polymer are trappethemock there. The adsorbed polymer

causes resistance to water phase fleigure 5.2).
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Figure 5.1: Polymer adsorption (Ib/f€) at the beginning of polymer flood.
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Figure 5.2: Resistance factor changes due to polymadsorption.

Resistance to water flow will decrease the mobitifywater, resulting in the
decrease of water cut and increase of final oibvery (1.2%). Generally, retention of
polymer does not affect the oil recovery perforngsgnificantly Figure 5.3. It is
because the sandstone surface does not adsogeataount of polymer, which does not
obviously influence polymer solution viscosity. @ other hand, the adsorbed polymer
cannot make strong resistance to water phase ftoniributing little in improving

mobility ratio.
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Figure 5.3: QOil recovery factors and water cut of plymer flood with adsorption
effects and without adsorption effects.

5.5 Comparison of Water Shutoff, In-Depth Profile Control, and the

Combination of In-Depth Profile Control and Polymer Flood

4 cases in total were run for the comparison. #dl ¢ases have the same pre-flush
slug of 0.33 PV and the same total injection of31F0/. The reservoir temperature is
194°F. For water shutoff case, the injection terapee is 78°F. After pre-flush, the
production and injection at high permeability layesre shut in, while the injection and
production rate is kept same as before. For inkdppdfile control cases, two injection
temperature were tested: 78°F and 194°F. Afterflpedy, 3000 ppm polymer and 850

ppm crosslinker were injected simultaneously f@18. PV, followed by 0.68 PV post
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waterflood. For the combination of in-depth profilentrol and polymer flood case, the
injection temperature is 78°F. After the profilent@l slug of 0.018 PV, a chasing

polymer flood followed for 0.54 PV. The polymer glsize is same as that in the simple
polymer flood in5.3. After polymer flood, a post waterflood of 0.14 s injected to

keep the total injection pore volume as same adrilather cases~gure 5.4).

Water Shutoff

Gel+Polymer Flood

0 0.2 0.4 0.6 0.8 1
PV Injected

Bl Preflush B Water Shutoff B Polymer+Xlinker B Polymer M Postflush

Figure 5.4: Injection scheme of water shutoff casén-depth profile control case,
and combination of in-depth profile control and polymer flood case.
Simulation result indicates that water shutoff gamease the final recovery factor
by 5.3%. It also shows that after implementationwaiter shutoff, water cut largely
decreases immediately. But it increases sharpbr atshort while Kigure 5.5. The
reason is that although the high permeability layesealed at the near well region, cross

flow occurs at deep reservoir, which makes highmaability layer to become a water
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channel. It allows flow injected and produced invés permeability region to pass

through. This phenomena is shown as change of wateration irFigure 5.6

100 1.00

~0.80

-0.60

Water Cut

-0.40

Oil Recovery Factor

20 7 W aterflood, Oil Recovery Factor -0.20
|| ——— e W ater Shutoff, Oil Recovery Factor
! W aterflood, Water Cut
J || ——— W ater Shutoff, Water Cut
0] ‘. ‘. ‘. 0.00
0 1,000 2,000 3,000 4,000
Time (day)

Figure 5.5: Oil recovery factor and water cut of waerflood case and water shutoff
case.

52



~PRODSE

Figure 5.6: Change of water saturation at high permayer. A: Beginning of water
shutoff. B: 5 months later. Water saturation decreaes because oil from neighbor
layers is driven to this layer. C: 1.5 years laterWater saturation increases because

connection between layers make it to be a water chael again.
The function of gel as an in-depth profile contoblemical is realized as its
adsorption on rock to resist water phase flow iis 8tudy. The Langmuir adsorption
isotherm is used to model the gel adsorption. Tarimum adsorption capacity is 0.0276

lbmol/ft3. The residual adsorption level is set to the saalae to model irreversible

adsorption. Parameters of Langmuir isotherm ar@séad1=276 lbmolft tad2=0, and
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tad3= 10,000. The resistance factor of polymerd23 for all the rock. All adsorption
parameters except resistance factor are obtained@MG example case. The resistance
factor is calculated from literature (Al-Muntashetial. 2007; Al-Muntasheri et al. 2008;
Al-Muntasheri et al. 2009).

For in-depth profile control cases, the incrementdovery factor for 78°F
injection temperature is 7.4%, which is higher thizat for 194°F injection temperature,
3.3%. The reason is that different temperaturel feeluses different gel production and
distribution. With 78°F injection temperature, tleenperature at near well region is low,
which is an unfavorable condition for gelation t&@at. When the slug of polymer and
crosslinker propagates to deep reservoir, high ézatpre there accelerates the reaction.
So more gel is distributed at deep reservoir it lpigrmeability layersHigure 5.7), which
weakens the water crossflow there. With 194°F tpactemperature, the temperature at
near well region is high, thus most of the gel isduced and assemble there. Severe
crossflow still occurs from low permeability layetis high permeability layers in deep
reservoir Figure 5.8). Fluid production rate at high permeability lay¢so demonstrate
that more amount gel distributed at deep resefgaits to a better sealing effeEiqure
5.9). After injection of polymer and crosslinker sldigr 78°F case, production rate at high
permeability layer decreases, while for 194°F cpsaduction rate does not has obvious

change.
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Figure 5.7: Injector cross-section profile shows th amount of gel adsorbed on the
rock with injection temperature of 78°F.
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Figure 5.8: Injector cross-section profile shows ta amount of gel adsorbed on the
rock with injection temperature of 194°F.
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Figure 5.9: Liquid production rate at high permeabiity layer of one producer.

High injection temperature may also cause injetstigroblem, because plenty of
gel seals injection flow at near well region. Fgection temperature of 78°F, the injection
pressure increases to 1.7 times of its initial mygel reactants injection, and keeps to
1.03 times of its initial during the followed walteod. For injection temperature of 194°F,
the injection pressure increases to 3.7 timesonitial during gel reactants injection, and

keeps to 1.4 times of its initial during the folledvwaterflood Figure 5.10.
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Figure 5.10: Injection pressure for in-depth profile control cases with injection
temperature of 78°F and 194°F.

Oil recovery performance of the combination of gpth profile control and
polymer flood is simulated, and compared to wabed| water shutoff, simple in-depth
profile control and simple polymer flood. For dtletcases, the reservoir temperature is
194°F, and injection temperature is 78°F. The ime&netal oil recovery factor for the
combination method is the highest (14.3%), andsiteven higher than the sum of
incremental oil recovery factors of simple in-detfofile control (7.4%) and simple

polymer flood (5.9%). Additionally, there’s stillogential for more oil recovery for the
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combination method, because the water cut at tegtprocess is the lowest, compared

to other methodsH{gure 5.12.
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Figure 5.11: Recovery factor of waterflood case, wer shutoff case, in-depth profile
control case, 3000 ppm polymer flood case, and tikembination application of in-
depth profile control and 3000 ppm polymer flood cae.
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Figure 5.12: Water cut at the end of the process ofaterflood case, water shutoff
case, in-depth profile control case, 3000 ppm polyen flood case, and the
combination application of in-depth profile control and 3000 ppm polymer flood

case.

5.6  Summary

Polymer adsorption was modeled and the assistahicheto polymer flood such
as water shutoff and in-depth profile control wehedied. Based on the results obtained,
the following conclusions can be drawn:

1. Polymer adsorption slightly increases the firedovery factor, due to its
resistance to water phase flow.

2. Water shutoff can increase the final recoverydia but crossflow still occurs
in deep reservoir.

3. Lower injection temperature is preferred for laggion of in-depth profile

control, because it can make more gel distributedkiep reservoir.
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4. In terms of final recovery factor and water ¢be combination method of in-

depth profile control and polymer flood has thetlvesovery performance.
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6. CONCLUSIONS AND RECOMMENDATIONS

In the aspect of polymer thermal thinning, high pemature has no obvious effect
on oil recovery. It is because the change of miytiditio of displacing fluid and displaced
fluid is marginal. But considering polymer thernddgradation and gel distribution,
injection fluid with lower temperature is preferredhich can defer the polymer
degradation, and build favorable temperature grader gelation.

Both near-well water shutoff and in-depth profi@trol can improve waterflood.
However in-depth profile control will help polyméilood be more efficient without
causing severe injectivity problem. Thus the coratiom of in-depth profile control and

polymer flood achieves the highest recovery peréoree in high temperature reservoir.
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