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10,000 ppm NaACL (P=20) «ressrsssrssersssssssssssssssusssssarissssssnassssssssssssssssssssssssssssssssssasasass 197
Cl Measured G’ and G” for Flopaam™3630S 500 ppm, NaCl 1,000 ppm (P-1)
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Analysis of Temperature Effect on Rheological
Characteristics and Injectivity of Polymer Solution for
Enhanced Oil Recovery

Pan-Sang Kang

Graduate School of Korea Maritime and Ocean University

Department of Ocean Energy & Resources Engineering

Abstract

Polymer flood which is he injection of viscous polymer solution into
reservoir, is one of commercial technology for enhanced oil recovery by
decreasing mobility ratio and increasing sweep efficiency. Rheological
characteristics of injected polymer solution is primary influential factor on
performance (injectivity and oil recovery) of polymer flood. The behavior of
polymer solution in the reservoir shows complex rheological characteristics
(shear thinning and shear thickening) by its viscoelasticity. In this research,
temperature effect on rheological characteristics of polymer solution and was
experimentally measured and analyzed in various solution conditions (polymer
concentration and salinity). The effect of rheological characteristics of polymer
solution depending on temperature on injectivity was analyzed using reservoir
simulation. For shear thinning characteristics, it was experimentally measured
using rheometer and analyzed using Carreau model, Martin model and Lee
(2009) correlation. Model parameters and new correlation explaining the

relationship between temperature and shear thinning characteristics were
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suggested. The error between measured values and estimated values for shear
thinning characteristics was 7.75%(AARD). Relaxation time is one of primary
properties of fluid for quantifying shear thickening characteristics. Relaxation
time depending on temperature was measured using rheometer with
cross-over model and analyzed using WLF model and Kim (2010, 2017)
correlation. Model parameters explaining the relationship between temperature
and relaxation time were suggested. Estimated relaxation time matched well
with measured relaxation time. Shear thickening characteristics depending on
temperature was measured using core flood and analyzed using unified

viscosity model. As a result, p,.. and n, of unified viscosity model increased

with decreasing temperature. The occurrence of entrance pressure drop at
core inlet depending on temperature was found. After occurrence of entrance
pressure drop, mechanical degradation of injected polymer solution occurred.
Degree of entrance pressure drop and Deborah number which is one of
primary influential factors on shear thickening characteristics in porous media
was closely related each other. The findings of rheological characteristics of
polymer solutions were applied to reservoir simulation. As a result, injectivity
of polymer was decreased by 34.3% due to temperature effect on rheological
characteristics and by 4.1% due to entrance pressure drop. Cumulative oil
production was decreased by 52.5% due to temperature effect on rheological
characteristics and by 5.2% due to entrance pressure drop. The experimental
and analysis methods in this research can be applied to investigation of effect
of rheological characteristics of polymer solution depending on temperature on
performance of polymer flood. Furthermore, the results by these experimental
and analysis methods can be applied to feasibility analysis of insulation or

heating method for solving issue of injectivity loss of polymer flood.

KEY WORDS: Enhanced Oil Recovery; Temperature; Polymer Solution; Viscosity;

Viscoelasticity
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AfFS AAYHeE 2ds AAstsE AA S 13 3] (primary recovery)et
STh o AY4ko] o] Fojol mEt A FF qhEo] wolx od HAtd F=U)
Zastng FUAFS Tl E T FYstd ARS A" AaE gsstn
Aoz 0de Wolus HAHL 23 3|<(secondary recovery)zl It}
L4 HA=rF UF mofF thE =A glo]l 1A I o7 od A4ko]
E7HssAY 23 34 A4 Fom AAAEA oY Aio] EASd A
2 %3)Z2(Enhanced Oil Recovery, EOR) <& 2 &3th. EORo|&
AFTA EAFA Fe =2ES FUstd 299 AWHFS FHAE
7)<« o|tHLake, 1989; Lim, 2007; Kang and Lim, 2011). 23} 3| 7]1& 5 E&
T8t FFH(water flood)> Plaz e H]&3 Hgo] g AHol
Aol 1ak 3g = FAA EEl HEHoled U LRk ow FFR4
ALEE B2 AE7 oF 1 opE eY9rh W] gl -5 =(mobility)7l o
ol f% % Hl(mobility ratio)Z} Eormg FAdd FA7F 2EF FALYES
g o g dojuyriits WA Hdy 527

= A (fingering) Aol
| i3 FAFHE

JetdthFig. D. 5= A3 o) =
g o3 d A WelA o & 58

(permeability)e] H2 fF&%E7F oW

A=t D
I
: permeability
A : mobility
i : viscosity
1
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s HEg @ Zol F4 fAd dFd HE A fFEEY HE
5

9] m] g tKSheng, 2011).

=2 (2)
RS
M : mobility ratio
A : mobility of injected fluid such as water in case of water flood
Ay : mobility of displaced fluid such as oil
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displaced fluid

|

displacing fingering
fluid

M > 1

Injector

Fig. 1 Behavior of injected fluid in case of M > 1(Glatz, 2013)
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sl EOR 7l< < shiel &2iv FdWH(polymer floode #-&3th. =]

< A=E7E 58 F9W &S AFTA FHsd oL AT
AM7lE Zleoltt. FAFAY H=rF FobA®E A9 ol fs=E M
T At fFrEE HZE YolA™ A @4do]l ¢ HEas
=ob*|(Abu-Shiekah et al, 2014) FAFAZF AFSAA © B2 2
Aoz dojd 4 9ItkFig. 2, 3).

AV T . )
e o
O de A

flo

Producer

displaced fluid

displacing
fluid

Injector
Fig. 2 Behavior of injected fluid in case of M < 1(Glatz, 2013)

.\fm?’ Separation and
Storage Facilities

jacti ji Production Well
Well Pump

Polymer

Solution from

niIZono Polymer Selution E} DriveWer
Fig. 3 Schematic illustration of polymer flood(El-hoshoudy et al, 2017)
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screening criteriaz} A <+= $1tHTable 1).

Table 1 Screening criteria for polymer flood(Kang et al, 2016a)

X#?J‘S}Xl G ARZF 27| Yooz Eejv FUW

parameter

screening criteria

formation type
oil viscosity
oil gravity

oil saturation

sandstone preferred
<240 cp
>15.2 °API

>residual oil saturation

reservoir temperature <185 °F
reservoir permeability =10 md
salinity of formation water <20,000 ppm

hardness of formation water <800 ppm
Zv FAYOA F FAY H=el e #wsHz (rheologica) E430]
U3 FaEE, FYE(njectivity) Tol & FFE FEZ #AdH AFE] ©ol
TFHAA g 53] AACde W FUHO S dT Ako] THed
Ao LA gomz WAHEZOY A Z FFL MAE W $o
shear thinning SAJel i3] THAH o2 A7} 3= A} Shear thinningo] st
HAHgGhear rate)o] Z=olx™ oA A9 HZ7F A= WA
EAoltt. 7|& dA5HMungan, 1969; Nouri and Root, 1971; Mungan, 1972;

Ferrer, 1972; Martin and Sherwood, 1975; Szabo, 1979; Ward and Martin, 1981;

Nashawi, 1991)ojA &= AHe

=7l gk

hydrolysis)2} guje] ofole =37

- o T, 001:01%
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AAE o] Z7 oAl shear thickening 545 H<lti(Maerker and Sinton,
1998). ol¥ 3 542 AxIeS Z2m e deA(viscoelasticity)oll 71913k
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e AT77F =850 $thSeright, 1983; Seright et al, 2009; Sharma, 2010;
Dupas et al, 2013; Hincapie and Ganzer, 2015). A4 =& sjAoA A=xH

Zejr] goe E4% Y FAL ANA YEud Fed FAR eE
o

Wals Aol s etk N Ush AREH AL AZp
e AH G ASAGandface)lH M §99 eEE ARS =R
e gyl @ slsdol ko Fig 45 F9 A Aol mE §4 %
MatE uehd o Al A 29 e Wb ax euh
WREe MfEsEad EFenis Fe4elsld §uk He B 2

0 Injection
* temperature

Cold or Hot

3 \& g, |2
— -
g\ [ |3
\ /
\ + BHT
0° Temperature  ——

Fig. 4 Typical well temperature-depth profiles in the case of
injection(Ruddock et al, 2007)
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s

3l+= entrance pressure drop ¥

Al A

1

(e}

=
T

uf) A

A4

FSAT

S|

£ 9] shear thinning,

=% 9%, entrance pressure drop2]

o

0

-

S

43} A 7F, shear thickening

Ry
file)

o

3} entrance pressure

drop #Ayo]

AT =&3 Zgln] 899 shear thinning, 43 7T,

shear thickening &4Jol tj
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A2 A3 99 &9 54

Jo
N
ol
)

2.1 A7493 Z2H

HA AF3FEHe §F F2l9E PAM(polyacrylamide)s Y3 Aol
AbEZl o PAME mv& A&7 F3stE = d ol Aste] FYol 2
g ¢fo]l BolAAY @& FUE T 2 4F £A47F EAEAH. F4
Zamo F2 AEZ wtEy] 993 PAMS sEs(hydrolysis) A7l Ao
HPAM(hydrolyzed polyacrylamide)e|tt. 7}&3l= HPAMe] o}nlo]=(amide) 1
F(CONH,)°] 7+ (carboxyl) 1H(COOHLZ A= &= HHFoz J4E|
A Z(degree of hydrolysis)= X8 olv]= 159 E®-&(mole fraction)S 2
gty g er #ojsta e el HPAME 7heds] A=7F 15~
3B%=Z A At HPAML of=Z™dolulo] =(acrylamide)e} of=d4ko] At

-84 (water-soluble) &% A (copolymen & EAAME F2E Fig. 59 Zt}

f
fh e >

_

CH, — CH —) £ CH,— CH
I I
C=0 C=0
I I
NH, 0 — Na*
m n

Fig. 5 Molecular chain structure of HPAM(Kang et al, 2016b)

HPAMS tt2 ZgHol nls| AHsty H= s T8 o9 Fug 53
FH7F A A AA @RAA 7 dE, 8ol AMRE= Z8 Wt Manrique er
al., 2007; Sheng, 2011; Standnes and Skjevrak, 2014; Kang et al, 2016a; Kang
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et al, 2016b). =&, HPAMS o|9] 7} g ArgH+ 89 5 o& s
eHxanthan) Bt HeA 5ol & A& AdHA gloj(Wang et al, 2008) ©]
=R AFd4d EOR  ZwE HPAMOE A3yt HPAM %
Flopaam™3330S, Flopaam™3630S(SNF Floerger®)+ d&oA @o] ALLHE
243422 Z28v £F F U tHKim et al, 2010; Kang et al, 2016b). ©]
2714 Zgme] Bage zbz guiwk 23Wh Dalton®®  Flopaam™3630S<]
B2teFo] Flopaam™3330SEth 28] o4 =zt Zgw Ex=k 239k Dalton
o] %<l 7 shear thickening §4¢] YEd 7IsA o] o2 E([Delshad et al,
2008) FUE EAE WAHAE TleAel AT B EE o] =EAY
A T2 Flopaam™3630SE A1 A &} th.

= FAe FgsteE UlFEASutton et al, 2006; Kang,
201D 2 AMF3a33l Fe8w &4 B4 T 74 FasitkSorbie, 1991;
Sheng, 2011). A< F¥EH  EAo o FHNewtonian) A<}
v & (Non-Newtonian) A= ®#7F& T Aok 7& A= Ad-&Ghear
rate)o] W] w HEIF < FAE Yrgdt. HlR"E FAs

=
A h&(shear rate)o] ¥W3gto] wel A7} W= Aok 95 EABird ef al,

o
A AFEFT EokllA HEE WEE pE H7|S AMESEER 9]
= 7Y, vRE dEwrE 2 599y
gutd oz WA(bulk) FEllA  viscometer EE rheometer® ZA gTh
A HA FEHAA SAHE HEE shear viscositygt stal FAF
S & shear viscositys ¢t SAHEH Zgv &9
Fig. 637 %o] nHlwd EAES Yebdt. Shear viscosity<}

o]ZFo| AuE Hr7| H=(apparent viscosity) & HE= FF+= Table 29 2t}

shear viscosity+

11
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Shear Viscosity

v

Shear Rate

Fig. 6 Example of shear viscosity of polymer solution depending on shear
rate

Table 2 Defining relationship associated with viscosity of polymer
solution(Kang, 2011)

Symbol Terminology Definition
. . . Ing,
Uy inherent viscosity =
S
: : Msp
Ur reduced viscosity Pp=—
G
e _H
J7e relative viscosity W = 7
ey specific viscosity By = — 1
M intrinsic viscosity |l = llfn Hr

C; : polymer concentration

L, @ solvent viscosity

12
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_":-r
& HE7E opzith. o]#A

zobA W HE7h wolx= #AFe shear thinningolzh 3ok dA
_":-r Z

HofAsh 2 el Fm: w9

Atk EoE BAAzo] AAW g9 HEE Eobu EH B
2 opsfich.

WA, Gule] Foleolth HPAMS] RAAEAA 7R 1Fe &9
el derdt. we Pole BE EE dE zddd & Ash 9
AHow Q8] BAAzo]l WA AW HPAM g0 HEL ol H&
Fole BE EE AT =AML B 1F F9o) ool &

g3kS Zo HPAM EAAIEo] HAA @3 S==3lH HPAM £9 9
vrolzltiReichenbach-Klinke et al, 2011). ¥Rty o= AHFJo EA|
_zl"

4
9 EYm gool JPL WA £ Y Felee 17} Fole

o)
o
MY

K'3 27} el F Ca®", Mg*Tol Stk HPAM EApAlEe 17} ol 2Hth
27F ol © g AFES T 4 Ao 27} Folo] &N HE il T
2 IdEFES nA= Ao2 <A tiSzabo, 1979; Zaitoun an

Moradi-Araghi et al, 1987; Koh, 2015).

o
o
o

—
=
@

—
]
o0
w

AR, 2=°th. 2&7F FopAH  EYH  EAe EAAEe
FEA(activity)o] Z7}8te] Bz} 7F mpEEo] FoEo <
Arrhenius 2](A(A))e.2 259 H= #AA AWo| 7bssith. 289 vtk E
Ztzt t2a E, o] AW g FYH &Y FJEUF 2

7)
1 3l H(Sheng, 2011).
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p=A eXD(RT) (4)
A, . frequency factor

E, . activity of polymer solution

R . universal gas constant

T . absolute temperature

i : viscosity

oj¢} e 4ot HYiH &9 HE HAE AT v ATFAAS0]
. Bird 5(1960)2 Zgiv &Nl Hxo} A&l #AE ERH power
law 2d-& ARSI THAG). w8 FAl= nol 1o Hi Egw &d3 ol
shear thinning A%< YelE #Fale nol IdWzdoz 04~072 1
A71%E kel o]l Egm 8o HEsE dAF HAoE ol 2 Ee oA
zhdAM= AY wd A 2ol HE ®siZE flal, AdEo] o
EoldE &1 AE oJstE WHZ F §loeZ= power law E@eol & &

e AZE A4

O

<(n—1)
K . flow consistency index
n . flow behavior index
~y . shear rate
i : viscosity

Huggins 2]-2 specific viscosity, intrinsic viscosity, Z&™ F%<}e] IAE
YR tHRodriguez, 1983)(2(6)).

H’gp
C

p

= |pul+K|pl*C, (6)

14
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G, : polymer concentration

K : Huggins constant
M : intrinsic viscosity
He : specific viscosity

Kreamer 4} relative viscosity, intrinsic viscosity, Z@W FTZe] IAE
LERA TH 2] (7)(Sorbie, 1991). Huggins =23 Kraemer &

AHE-81S] intrinsic viscosityE E=&dl= HXHoE 83t

ol
=

rlo
e
r]I.
»
o
u
%
)

= Kl @
G, : polymer concentration

K’ : Kraemer constant

M : intrinsic viscosity

1, . relative viscosity

Mark-Houwink(Bird et al, 1977) 2212 Zo]m EAZ3} intrinsic viscosity 2]

BAE HERATHA Q).

|pu|= K M* (8)

a, K . polymer specific empirical constant
M : molecular weight of polymer

M . intrinsic viscosity

Flory-Huggins =2 (Flory, 1953)& 2](9)¢} #o] ZgH %X,
=3 W@ 24 HAxse #AE vt o714 O, 200374 2T

=

(UTCHEM, 2000).
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1 = py(1+(A,C + A, CoH+ A CHCE) 9)

SeEP

051""(5;3_1)%1

C.., = o (10
A, Ay Ag S, o fitting constants

G . water volume fraction in the aqueous phase

G : anion concentration

Got . divalent concentration

G, : polymer concentration

Ciep . effective salinity of polymer solution

B, . fitting constants, typically 10 (Sheng, 2011)

o’ : shear viscosity at zero shear rate

Ly : viscosity of water

<=9 A= BAE v F A= A2 Arrhenius A(2(4)e HEF T 20D
o] ¢lthSheng, 2011).

A ) an
E, . activity of polymer solution

T . absolute temperature

1.t : reference temperature

i : viscosity

Poref : viscosity at T,

H=7F Wolx= shear thinning A
2=

16
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A Newtonian | Shear Thinning iShear Thickening
Behavior | Behavior ! Behavior :

SN ez SN2 !
< 2 2

"
Y

Apparent Viscosity

Shear Rate

Fig. 7 Rheological behavior of polymer solution in porous media

e FAY F¥EeHE
thinning A& T3t A
HE+= elongational viscosity X+ extentional viscosity2} gFth.  shear
thickening& A&&0o] Folfel we} HE7F Folxe #FHIZE EAHo=
Zgm e Hed EA od Aow &lA riHan er al, 1995 Wang et
al, 2001, Wu et al, 2007; Huh and Pope, 2008). d&4d EAL &2 I
7Hhe W B4% " S0 A Uehte @4 o2 s EA4(oscillatory
property)elgtils 3tk A7|A, B AA olste] wWIPo] LASHTE
QYRR EBoprte EAS 9n|dit}. Cone & plate(Fig. 8(a)), Couette(Fig. 8(b))

FHF 53 2& ukz 2l viscometertd rheometer 2+ shear thickening 7% &

EA F7te] "=+ Newtonian viscosity, shear

shear viscosity, shear thickening % T3t9|

1= =
g 4 gla ol fE(core flood BT Lo TEd uA ARE o8
S5 AN A8stel FAol stk AREFW ge vFd A

17
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viscometer = rheometer® ZAst= ZHEW 88X shear viscosity}
g2t g4 oA HolA TSt JAEE

FUH A == HIHE dlof st dAYo] dAeA = shear viscosityH Th
BR7] A=7F ¢ T8 AEY HZRH7V] AEE SAHSI= Iubdd Ui

Tl 4% APL FASE Aol

rlo

f
o
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Torque, T,

Angular velocity, w.,

-
—"
-

Measure torque, T, for a set angular velocity, w,,
Cone and plate viscometer (r = the cone/plate radius):
o= Y

Shear rate (constant), i, = 5oy

3Tep
3.
2mr Vep

Shear viscosity, n(i,) =

(a) cone & plate type

. Torque, T,,

Angular velocity
Inner cylinder = w;,

outer cylinder = w,,,

Measure torque, T, for a set angular velocities
of inner and outer cylinders (w;,, and w,,;)

Couette viscometer (R, R, = the inner/outer radii of the Couette cylinder):

Shear rate (constant), 7., = %
2=AbT;

. = , T.o(Rz—Ry)
Shear viscosi Fi) =
e MTe0) = 2iHwpmewn

(b) Couette type

Fig. 8 Cone & plate type and Couette type of rheometer spindle
(Sorbie, 1991)
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23 99 94 EAA

231 99 &3
w3ll(degradation® Z&|m EAAEo] oA Y Zgr &9 HEV}
crol x| = Bl7FY H(rreversible) #&/go]thHSorbie, 1991). 2.2 oA A &3 nle}

ol Awg, Pole, eE Fe 2xEd o wWeE 99 Yx:

2
oled o3, A7 RaF 1 Aol s, BeH R e AV
sl EeM B Ago] ZojAr @aelth o F 9 Bl 3ot
Bae AZ 2PS WAL doh 3 9 mARe s Bgu B4 Aol
BolA e ABSH ah7t Youk HPAME 4§ dFolM 2 4Fe mAA
GomE o ERoAE #Y WES Ielstd gtk YuHoz Zen
FUI 2ol RE AfI5EEd @Y Z2AE J71e 59 B F4
dol2E ARFe] FYW Seiv §99| HEst Aol BH FAHE Bo|

steta Rale AfgAa @A F2 0 R el 93] TAEHE How
& JthHPye, 1967, Shupe, 1981; Grollmann and Schnabel, 1982; Sorbie,
1991; Levitt et al, 2011; Sheng, 2011). Z ™ £ A=z A A AYE
A Fegw IV GA fdE 09 wE/F 4A ek & ok
Zer &4 W 07 9 = wrgE 2E7F wow £ HEE vvsith
HE, Em g4 W 079 wEIF BHEAE 2RV 2oW R HEE
]9 FolAl= AS=E &#A AthSheng, 2011). A A4t 58
RE A7 o]Fojxy gloemz e FAP ZYn &9 M= {4
HAED & A ARZFT F8ZE T FHEH(yritert FA(siderite) 5ol
ZAstA 2 §d0 RPTUF Eoj7t IR E

AdE 4 Ao ol Qla &Y W FAE EFv NE HETF A4S

ZEm &9 O 0* 9 RV @A EARGE RO AbstEo] Fel UL H o

20
Collection @ kmou



Zev ®Bai7 2A rEsEn ®=9, pHrl W AS R EA@gE
Bzt aA 7r&stacklevitt et al, 201D, Z8™ &4 W) F*TUF EA5a
0% o] ZAEA g=ugd RBil= A9 wAStA] @ErHYang and Treiber,
1985; Seright et al, 2010; Seright and Skjevrak, 2015).

olgHoE ofmdolmtolEx= 9CT7HA bAoAl FARA SA A=
120C7HA] @23 Bal7F A AsHA] =T Ryles, 1983). 7|4 o 25&
=UGH olm= TIFo] ks Ho HEAd OFoE deEH EHurt
3ol ¢ FHeFsi X thRyles, 1988). HPAMS 318t Esafjo} d7 R
AME LI AHo] JoBE ANE E&A AMESHE FHT
83 Bil= Aw Edf(shear degradation)zti® Fth B3 B
Aol Fob Y FAAEo] BolA = oz FAA F23 2ol &
& 204 F2 DA Y4 Ferk dAstH ZEr & =9
&}l ZHresistance factor)7} 7+A$HcHSeright, 1983). A&l xt= 2/(12)92F 29|
FrHEE =) = Ui EYH &Y FEEES YUIH. o|EFoEs=
AFses v &9 F Al =93 iz EAskA gotok sk
B7HstA dAstE o Ao EEF  EIE Fie dAdAAME
g2t Atk IH EA(Sheng, 201DeA= AAAE 2/(12)0] Exre}
w2kl AA7E A2 v FEE Adolsr|= i
Ez% (12)
»
E, : resistance factor
A . mobility of brine (or water)
A : mobility of polymer solution
2.3.2 E8v A

Z7n] AA(retention= FU3 ZFWrl B AS

ol
2
g
p
ol
)
i
rr
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dio g2 Fig. 99 o] FZ(adsorption), &]& A A|(mechanical trapping),
935t AA(hydrodynamic retention® &R/ 4 AthKang, 201D. =2

AAZE TAstE FAdd 9™ &9 AFS W AX(propagation) £H=7}F
#H A AYManichand and Seright, 2014) %7} 7F4-stod(Glasbergen et al,
2015; Farajzadeh et al, 2015) LY3|+&E &0 Solzin).

Q@ Adsorbed Polymer (Adsorption)
( i Mechanically entrapped Mechanical trappin
polymer in narrow pore throats ( PP g)

Hydrodynamically trapped . v
polymer in stagnant zones (Hydrodynamlc rEtentlon)

Fig. 9 Types of polymer retention(Thomas, 2016)

Eloti

AA7E A/ Edol Rl 2% (Van der Waales) Z23tolut
o2 A He dHdeE ARSd E9WrE AAskeE F
]THSorbie, 199D. E# ™7t AFZo S8 ¥4 FAFAFIAS
H3}7} oy E9 & 74 F3 =(effective  permeability) =
FcHBondor ef al, 1972; Schneider and Owens, 1982). ©]2]dF U
7} 59 AFYe ZRLEA(wettability)o] Btk XA (water-wet) 0 &
& o]tkSheng, 2011). Lo ozt FAFAS HHd FE=7)
=

[e]
2 Agkell FEld 0] o] FAAY FUAETF AT

rlo
il
i)
=

B
b D
of
o

e 4
2
o

rorr

2o

WooOrE M oY rf
%E»

o
S
XN
(o

A AAls ZEH dA=T v 359 27177 AAY ARFAE

Sk vob EeW YAt ARF AASE BHOE FAFFE)
[e]

2

i
4 =

4 ol Ho WL Ho
ol
of
it
[-'0
N
i
o{Nr
ot

ZoA FE TAYIHSzabo, 1975). EF A AHA7F TAYSA
< "ol EH &9 FYEIF dolxith. EEF
d% 2o met AFToE HEH
_zl"

Atk ARE B we APF B FF,

rlo
By
41
of

i_tg
AN
N
o>
=
Y
=
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FY5t3 AAe W dATE FEstHE ARFLANA FF S0i3tF Tl
AAHo] fEx Eae AMog o wEt AAsE W oo

(R
rok

tHChauveteau and Kohler, 1974). 8sad AHA HWAYSZSL oA
B A2 e HRol @y Zgin AHA mXE ggko] wj$ & Ao=F
=

A 21 tHSorbie, 1991; Zhang, 2015).

ojsh ol Felrl AL tRE Felr] FH| g4I o UPoRE
zovl §3, 2 A, £U98 FAE TR A olely
dutroz EHm A Ee Fiolg BAE Atk v Fio
GFL PHE QxE ARG, IE EU6 RS AR FE AW
FAFHE, L2 BFY £ Utk HPAMS 7HEA Ogo] ARG Edo

Gt ol A% ARE e AYGET BAAYS AFFoAAM FHeFo]
B THSmith, 1970; Szabo, 1979). At AFSA =7l =okxW HPAME]
7HEA OF% AR Akole]l HHo] FolEo] FEEo] WolAE Aol
I THSmith, 1970; Martin et al, 1983). Z&l™ 7}F&3 HA=7

Zo=+= 7Z3gFo] ItiShah, 1981). Z#v =7}

s
rr

aFo]l 9tk Vela et al, 1976; Shah, 1978). A w5 ZXAJdA= ETA AHA7}
S A ZEy T=o FERAFS HEAAYE JokBaijal, 1981). =T
Bapgko] 3 Ez2bEgo] AL AHoF T=% A54A3(Shah, 1981; Lakatos and

Szabo, 2001; Sheng, 2019} W Zo=E E=dH d743(Lipatov and
Sergeeva, 1974; Baijal, 1981; Gramain and Myard, 1981)7} o Zxb® As)r}
A FAFEREE S5 YW FAFo] Eolee Bl AtkVela et al,

1976). ¥ FAFEAE A= 813 AADenys, 2003)7F, I o9

FAEHE 2hcl L F2o] Eelm Ao s 2 AFL 1 ArkSorbie,
1991). ©571 S71shd AR mHe oo dairl el Eeviste] Hol
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2012. FAlY] M=l FrksE FUgYPol FrkSEE Gt Fhshed
A=t ZEFTHAR). ol M FYAol M Aukgo] ol HPAMS

shear thickening 54do] Yeldtd FUEE F/HH o2 ¢ oA

EA= Z8 AAHSorbie, 1991, Glasbergen et al, 2015). 2.3.2 7ol A
848 BAZE #ASH FEH &Yoo) FYPHE FFS

% 2 EATL Fohstod

Z EcEolth. Y Az AAHolA tged EcEol WAT
F Atk g ZF(polymerization) #4 F AA T EA %

micro gel ol AAHE F Ju YW Az HAH T EE
cross-linked ¥4A7F AdE = Aok =3 ZYH &Y Ax AAH F A
E3E A ¢Fo} fisheyes2 E@E Wolglyt AA=E 4 tHGlasbergen et al,

2015).
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A 3 % Shear thinning A4 g 25 I 24

3.1 @A

AgE, 297 §%, &AF, Yol % 2571 Y™ &4 shear
viscosityoll wX|= FaFol tigt @ AF7F o]Foid h(Mungan, 1969;
Nouri and Root, 1971; Mungan, 1972; Ferrer, 1972; Martin and Sherwood, 1975;
Szabo, 1979; Ward and Martin, 1981; Tam and Tiu, 1990; Nashawi, 1991;
Cheremisinoff, 1996; Choi, 2005; Levitt and Pope, 2008). o]#3F A7 AA}ES
Hhgste] vz FH Carreau 2@ (21(13)), Martin = 2(2](14))& o] &3] A&t
&, 299 F&, Fol(Na', Ga*) F%, 257 4§ Z7 = (Flopaam 33308,
Flopaam™3630S, AN-125)¢] shear viscosityo]l P|X|&= HaS AHFHo=w 1A
stAtHLee, 2009; Lee et al, 2009). o714 Carreau =@ (Carreau, 1972; Bird
et al, 1977 ATE3 Egrv &9 = #AAlE 4T 5 Je ZE=
M5k shear thinning 54 B4 dAA) 713 g8 A&
g % 3hjo]ti(Cannella et al, 1988). Carreau ZdS UA
& o]gl ZZNA power law R =Z EXN3}A] = ZEH
o] shear thinning §4<& 4% 4 JokFig. 10). Carreau EHof A
ol wEE A 84 9] shear thinning 4 °] YEtdth dRbA o2 o= 2

& AEET 4, E SV B YR RS AT

power law =&
Pz

EREE¥s
o]

=

ot o

5
2 4 %

&

>’ .l:: r rlr

=gy = (g — 1+ ()] D/e (13)
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n, a : polymer specific empirical constant

5 : shear rate, s

A . polymer specific empirical constant, s
i . shear viscosity, cp

Ho . viscosity at low shear limit, cp

I, . viscosity at high shear limit, cp

Power Law Model

N /
\-

-~
~
=

Viscosity

Carreau Model

Heo

v

Shear Rate

Fig. 10 Rheological behavior of polymer solution by power law model and
Carreau model

rlo

Lee 73 2l(Lee, 2009; Lee et al, 20092 2/(14)¢] Martin 22 [Bird et al,
1987)& ol &3l i 8™ &9 AAE, Yol F&, 2% we} Carreau
2 AL g\ 8 FAT F de 2ot (A (15~19)). olul, Lee A2
AT a -ap by=bg, o dy, dy B WER 0 Ay g0l BERAIER ©] ATt

Ae i AgEe] 9 &9 shear thinning S4JAAE 48T
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Ho — Ko,

_ g 14
In ( W C )=K"|u| C,+1n|pul (14)
, C, +(a50 ) u
K'= exp[(alexp(aQCI)+agexp(a401))(%) 1/l (15)
1
b
bC+by, C+0,G)"
— o (16)
| = expl( e C )"l
n:1—c11n(ﬂ) a7
Ho ™ Koo qd
A=[dIn (2 (18
1 R Czra
T
|l(T) Loy (19)
Wl(T,) " T
a,~a; . empirical constants in equ.(15)
b, ~ b . empirical constants in equ.(16)
G : Na' concentration, g/cc
¢ . ‘empirical constant in equ.(17)
G . Ca®" concentration, g/cc
G, . polymer concentration, g/cc
d,~d, . empirical constants in equ.(18)
K’ . empirical constant in Martin model
n : polymer specific empirical constant
T : temperature, C
1.t : reference temperature, C
A : polymer specific empirical constant, s
M . intrinsic viscosity, cc/g
Ho : Newtonian viscosity at a low shear rate, cp
I, : Newtonian viscosity at a high shear rate, generally

solvent (water) viscosity, cp

Lee 74 & 2 oA Flopaam™3630Soll th3d+ 7434+ Table 33 2t}
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Table 3 Empirical constants in Lee correlation for Flopaam™3630S
(Lee et al., 2009)

Equ. (15) Equ. (16) Equ. A7) Equ. (18)

a, 1.69 b, 8.009 ¢ ~0.075 d, 0.1009
a, ~70.33 b, 0.01639 d, 7.146
a 5.66 b,  0.00146

a, 7.232 b, 0.3328

as 276 by 0.5708

ag 2.915 b -0.09762

a;  -0.03668

ZEn &Y Ax A= A, FE 4 AAHL AT FoF AETHY
Adst #g7t LFEH 1 AZle] 2 AQFHEE [ee HAIAE o] &3] =gy
TH, TE, Yol FTx, AL, 259 e HwA U3 ARz Zgn
shear viscosityE FAHT I Atk Lee B3NS E=317] 71K 433 F=F9

=

AEAS FdsfoF o
viscosityE FAH &
et al, 2013; Kang et al, 2016a). Kang 5(2013, 2016a)2 7%+t <l
2do] AHITE Lee APAH wlmsty A A= =4
Flopaam™363052] 74-¢-, £=o W2 Lee AFA o8 FAHI A= A}

S S wAsdnh olEd ddS FAT 7 e L4 v 2
=

=
X0
rlr
r (%]
ok
>
o
o2
td
e,
o
=
iz
i,
e
-
>
=
vy
N
=
X0
£
7N
o
=
o

d

AA, Martin ZR(2(14)s ol&sl =
BAE =28 A% A 9= =2ddAA FAFl =&F BAL Aolvt

2l thFig. 11).
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In{{no-ny/(n,C))

[

1% NaCl
C 2% NaCl
+ 4% NaCl

AD.1% MacCl
< 0.5% MaCl

]

r

f_,,/-""

™

_ S

a4

1\

,s/

"

I

_.-'//
/“'

/
g

e

..—‘/.
!

}/'

/-"'

L

il

=
>~

sl
a D.Ca0s

aoot D.La15 a.ncz 00035

Polymer concentration, giem?®
Fig. 11 Data fitting by Martin model for Flopaam™3630S at 25°C (Lee, 2009)

C.0a25 0.003

ok
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Flopaam™3630S at 25¢C (Lee, 2009)
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*“/yo]  exo] W intrinsic  viscosity

Wshg %)ﬂ 2o 74gol a7t Rodiguer S(016)0] =3

AN

H3}-go] &%) W& intrinsic viscosity ¥W3}&3 Z*

=
Fok Z8H FRHutk %o wE intrinsic viscosity W3}54 o] €3t Lee
A

oJatr] g ZAVE AASA Fshoh =3, &

T(Lee, 2009; Lee et al, 20094+ 2119 =34 AFS s ZH
%= 2,000 ppm, ¥XEMNaCD 10,000 ppm Z71¢l 17}x Z8m &4 =4 v
AHE- 2 B4 740

rr

sto] TheFRl 2AoA =0 wE ZW &9 ¥
HadtS AAMEIRTE Table 3¢9 A= ¥ #HAES &
20)3} o] T = AT}

| intrinsic viscosity &=

1>

= lim (£--1)/¢ 20
| ul dm A (20)
G, . polymer concentration
i . shear viscosity of polymer solution
M . intrinsic viscosity
1 . solvent viscosity
A7NA pE 71E E@Kestin et al, 1978)0l4 22X mE Fo H=
A5E ol &SAT 199 2= mE =9 HE #HEFg 132 ol&3)
2EWgEo OE Y = WHstse AAE FetAthFig. 14). 1 A
ex | gromz En g

Hel g 25 WmE £ FE WHslgo] Z=x
shear viscosity?] €% @S UetdlE 20199 HAFA o F7F A7t
Zesitgy AdEn
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Fig. 13 Water viscosity depending on temperature in the range of 20~90C
(Kestin et al., 1978)
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20~90C
31

Collection @ kmou



32 A3 =74 9 49y

321 &3¢ 89 =4

Ao AL ZeWe 21 FodAM A& vl o] Flopaam™3630SE
Abgslg . ZEw & =4S Table 49 2th AlA AW FEREZ Zd9
7o As FRAA HEE EFYH FEc
660~2,050 ppm 22} Ax7} 93(Zhang, 2015), Saleh S(2014)e)
ot dAe Agd Hu ZgH T 2,500 ppmolgtE H v JTHKim
et al, 2017). °]E mHs] AAF Zgv FEE 500~3,000 ppme]lh.
Zhang(2015)l  oJstH  F=¢ ZEgn FURol HE&H ARSI dE=
2,127~84,128 ppmeltt. ©] HAEE AFT FIAEE Y HEEA

=
dutr o SFPS A3 Aol SHW Zolth Em FYwel Hgw

Sheng(2013)e] AAIE ZEH FUH X—?%—O] X—ﬁ%f& 5‘43’— RS

ppmeo]tHKim et al, 2017). Preflusht} ZgH &4 Az A ALH= &

Fol oW AFFol LutHo g EAs=s FEVF WA FUEE F479]
HarZ|Bzs Aol d& EA&oF dth(Ayirala ef al, 2010; Kang ef al,
2016a). ©ol& wHkgFste] AFTol ESAlste 7P d¥rEd H<d NaClel 5%
1,000~10,000 ppm< 2w & HdA| LAt aFH F2v FUH
Zgo] 7Hsd AFF H 2EE 933CE 4#AH ok Brashear and
Kuuskraa, 1978; Chang, 1978; Goodlett et al, 1986; Taber et al, 1997),
Sheng(2013)oll ¢JstH HPAMS 2%7F 70CEY oW ZEw d44/384
w7 A Asin. agEz W FYRlel AEdE dREY ARTS
25v 933CHT AR 2e+= AAo|tKSheng et al, 2015 Kang ef al,
2016a). ©ol& wWrgst o] dAFA A&} 2=+ 25, 40, 50, 60, 70C=
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CEEEES

Table 4 Conditions of polymer solutions and experiments in this research

No. Polymer Concentration NaCl Concentration
(ppm) (ppm)
P-1 1000
P-2 3000
P-3 500 5000
P-4 7000
P-5 10000
P-6 1000
P-7 3000
P-8 1000 5000
P-9 7000
P-10 10000
P-11 1000
P-12 3000
P-13 2000 5000
P-14 7000
P-15 10000
P-16 1000
pP-17 3000
P-18 3000 5000
P-19 7000
P-20 10000
33
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322 &89 &9 A=

Ao AL&3 Flopaam™3630S H2-& E3 &34 d4 g9 4A 3t

A SAA Ho] micro gele]l 42 + Atk AAPE micro gel AFTH
2 g3d wA el FAE B4 35S "ol FAEE IA EF= 89l
Hiu i &4l X FEE AHA wWEA S ov|sER FEH
fAs FES] wytete #23 FEHE ZASoF ok Iy aWrEEE
AUAA =9 A 231 Ao A&3 uHlel o] Zgn HA AL
BolAlE =83 el A + Aok =3, wRt F Edn o] 4Has
AT HAFsA HH dF - 5eE Bafol FHAfsin olHd A&
13t Fig. 15, 167 Zo] AHmulr|E o]&3le I3t &uld A
vortex®] 7hgztElel s ZejHE Hol uRkstH L, wnk 5 FEw &9
derol] of2 TtAE FYst Akl HES HAsSEAT ol 2 VtaE
F71ET FHI ulg- AR spxrolmg ZEln §H¥ FENEEE 1K
=Tk Flopaam™3630Se  EAb&o] wWj$ Fo=z  HA 2~3Y aws
2

Aalof Fow Fejvizl wAskA ERE & Ak

Polymer Powder

Polymer Solution

B

Fig. 15 Schematic diagram of preparation of polymer solution

Magnetic Stirrer Bar
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Fig. 16 Picture of preparation of polymer solution

323 399 89 3= &34

322 oA Aad ukeh o] ZEH &9 wiks HAS Yo sH=
gelo] A== 5 ZYu &0 Exds] A 4 ok g Few §99
TAEE wotslr] 98] oI =(filtration ratio) =8-S FHSATE o AP
Fig. 173} o] el o} 23 7k2F 15 psi YH O Jhste] AHAAE T3
e &e FuE Azt w2l FAsk= WRelt. o] AFelA AHEE
oA 8] F=A7= Spmell FARFAE  IFESiSmolA R
AFEesd 29 &9 ARx SAAA 9 A=ET (535 10-1450528,
201001 thFig. 18). 3 F/F ZHEw &9 AFRxE FAH A oid &
=4GEHE, #2450 wet 20004 24 2 Table 33 #o] B&
TR 29 &Y A= FA AT ARte] 28" a¥ERE WWT
FAstE AFAE Z4 AASd FE A& Fofsior & Fagol irh

HrIee EEv &9 od3= SAAZA B A=E 2 UE
o
[}

b

I

o

4
A EEAAA ] el FwalA AgEel Eelw £ o3 HHL 47
sebet % glol Fig. 199} 2ol «jzx7} 4 AE Y ZEH gelol

9 3
AAE AL ofHE FH T A5 HAY + Je Aol Ak clRw

rw ofo
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ANFe Ae(25C) Ao 33 Th

ey Argon Gasi'_j;:::r

Polymer Solution

Fig. 17 Schematic diagram of filtration test

Fig. 18 Picture of apparatus and system of polymer solution filtration for
enhanced oil recovery
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Damaged Filter Paper

Fig. 19 Picture of failure of filtration test using apparatus and system of
polymer solution filtration for enhanced oil recovery

#1 polymer 500 ppm, NaCl 1000 ppm #V ol versus time
m dv/dt versus time
250 1 1.200
™
1.000
200 .
. 0.200 I
— 150 +—= i—‘;
E + =
£ . 0.600 &
S 10 J . 3
e 0400 =
ke '
L] o
50 * d n 0.200
0 0.000
0 200 400 600 800 1000
time in sec

Fig. 20 Result of filtration test (P-1, polymer 500 ppm, NaCl 1,000 ppm)
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SA#EFE. 22, AI~A1DF A@2CD<S o]l &3ty AAR=E AL A3 Table
5¢} ZAt. dtxo=w #AZ W &A9 AL 10~12 Akele FE
el = AL 188 £ wj(Magbagbeola, 2008; Lee, 2009; Ehrenfried, 2013;
Koh, 2015; Erincik, 2017), A& A" Zgm &d4 243 Ao=
TSk A T

togn — 1
filtration ratio = 20 180 21
tao ~ o
ta00 . time when 200 ml of fluid was collected, s
t1s0 . time when 180 ml of fluid was collected, s
teo . time when 60 ml of fluid was collected, s
2 :-time when 20 ml of fluid was collected, s
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Table 5 Measured filtration ratio

No. Corljgglrtnr:iion NaCl Concentration Figure No FﬂUaﬁon
(opm) (ppm) Ratio
P-1 1000 20 1.158
pP-2 3000 Al 1.182
P-3 500 5000 A2 1.118
P-4 7000 A3 1.122
P-5 10000 A4 1.077
P-6 1000 A5 1.109
p-7 3000 A6 1.171
P-8 1000 5000 A7 1.161
P-9 7000 A8 1.132
P-10 10000 A9 1.045
P-11 1000 Al0 1.148
pP-12 3000 All 1.004
P-13 2000 5000 Al2 1.074
P-14 7000 Al3 1.148
P-15 10000 Al4 1.057
P-16 1000 Al5 1.053
pP-17 3000 Al6 1.034
P-18 3000 5000 Al7 1.018
P-19 7000 Al8 1.071
P-20 10000 A19 1.035
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3.2.4 E3v &9 shear viscosity =4

e &Y shear viscosityE

=ZA3}7] 98] rheometer?] DHR-1(TA

Instruments)E AF&-3FH HFig. 21). AF8-3 spindle> double gap spindle(Fig.

83 22 ARkl spindlec] Wls| Az eoke] FHEwZ o] o=

22)2 Fig.

Hormzg uo HAugoly HT oA AHESH shear viscosity A o]
7Vesttt. R3S v 899 shear viscositys= YHFHOZ F4] o) A
9 cpeltt. ol

B} AE3t shear viscosit

HE fuselM ARgste Azl W M=V dorns
y 23S 98 sl spindles A& TH

Fig. 21 Picture of rheometer in this research
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Fig. 22 Schematic diagram of cross section of double gap spindle

2 8H9 shear viscosityE Z4str] Aol vl transient testE
TR AT. YW S0 ERE st ATES 7HES W SA ti &9
fHstza EAS Ueld 4 e shear viscosity7t A EH A & A AI7HS]
transient timeo] A Fofof ZAH Fro] AFMHE 71 4 o} Transient
test= ¥4 ATES 7S o AZkel w2 shear viscosity W3S =43 =
Agoz olE HF3| Zgv £ shear viscosity7} 21F]A-ES zZk= transient
timeS =A% <4 v} Fig. 232 transient test 23 T U= A9

HES Holth QHAstEo] dAT o= FsieE A U
F At o] ATl = transient test A= ZF A& A 20x F
shear viscosity’} SAFE=E HASAY. 1 o]f+= Transient timeS 30x
ojFe g HAAL g 60C ol =AM Zeiw &fo] FEsie] LA
= shear viscosity”} &HE & §l7] "oty ZElw &Ho] FI3lA
ANz Fa7t ZHAstE Z& shear viscosity Ao & EA|7F oYX vk oA
ANzl H7Fd E8w et NaCl 571 ¥
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Fig. 23 Typical results of transient test

4718 viel ol =H= transient times HFgsle] &% 25, 40, 50, 60,
70C, AHE 0.01~1,000 s 2ANA Z+ Ze|w &Aoo UIg shear viscosityS
S48kt

33 33 24 92 4
AL 0.01~1,000 s z=AoNA =A3F shear viscositysS &} ol E

Jale] ZElm &9 x4 207, &= =7 57} o2& F 100712

tlolg AEE &4t

MNE

it
N
)
o

Simplex method® #g3te] 2 wHolE AEelA Carrean 2R(A(13)e]
M4l n e EEAAT. 2 Fel AolA EEF n g 2k o83

shear thinning §4-& &4st= WHS o3 ZokFig. 24).
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Martin model
it > - » Proposed temperature model
In (M) =K"[u]C, + In[u] K" [ul
Hos G
I R .
Lee correlation (2009) ' |
! ry - ]
+(as6) Ay~ay
K" = exp[(a; exp(a () + a; exp(aml))(%)“’]/[m ' > 4
'
' i
'
Measured values of Carreau model Lee correlation (2009) ' !
parameters BiCy + by Cy b (baCy)? . b,~by !
Ao = exp[(2E 22 G+ BuG)R ' S
[u] = expl( G 15 ¢ o )] ' ;
' 1
'
Lee correlation (2009) i !
! - ]
n=1- clln(ﬂ) | fa E
Hoo ¢ '
o [l
! i
: [
Lee correlation (2009) H |
'
Ho — Hoo L dids
A=[d;In 2 [ =SS
(=) : s
Shear thinning characteristic
parameters

Fig. 24 Method for derivation of shear thinning characteristic parameters
and temperature model

1) Reference temperature?l 25C =ZlolA & HZE I, S8 pats
Martin 22214 H&s) K’ |u| S 3o}
2) Do HAFoA =& K'3hS Lee A2 205 H&3l a~ q

23},

Ll

3 Do HAANA =EF |u| S Lee AIA U6 H&d b~ b

23},

4) Reference temperature?l 25C ZZolA & HE #, A ngkg Lee
A4 4D Hg3e] ¢ & FIT
5 Reference temperatureq]l 25C ZZolA & HE &, A \gkE Lee

A4 AR A g3t d, , B TR

6) Zt &= =AM B M= g, I 43S Martin Z@(2](14)0 2 &-3)
A g &9 ZAo) 23 shear thinning &5 RS =3t}
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Matlab Curve Fitting Toolbox(MathWorks®)E o] &

rok
>
ﬂ

< < (trust-region)
7" (Moré and Sorensen, 1983)s A -&sted Zb ZEw &9 ZHoA SAT
n A%l %= shear thinning 54 UAA e, ~a, b ~b;, ¢, d, &F
T3 tHTable 6). o] AgolA AREH Zm & 27} Fol&& H7I38HA|
Eoko g 27F ol FRoT S W= Table 39 a;, ag ap, by, by, by

F8h4) estek

Table 6 Empirical constants in Lee correlation for Flopaam'™3630S

Equ. (15) Equ. (16) Equ. (17) Equ. (18)
a, 1.74 b, 8.364 o -0.06375 | d, 0.11
a, ~157.4 b, 0.01542 d, 5.421
a, 5.61 b, 0.00151
a, 5.3

Z dlolE] A E°| Martin 2E2)(16)=2 AHE&3t |ulE =EF3FAT 9
PHE FEH w=d wE nl(g—p /e, C) TAZE =AY
yd#

TEH Lx9}
& 4 A O Ay 71E AT A3lee, 20092k
ANA In((py—p, )/p, C)% ZEH %= b BA %}

B
SAHo] & kA e AL THEHA FsH.

S|AEAMoRr =& AM I#=Fig. 25~29)9
=
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U;' ® 25°C
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7
= ¥50°C
e g e
F 60°C
70°C
9
8
7
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
polymer concentration (g/cc)
Fig. 25 Data fitting using Martin model for NaCl 1,000 ppm
15
14
13
J 12 ®25°C
g ® 40°C
§
= ¥50°C
£ > e
T 10 60°C
[ 70°C
9 |
8
7
0 0.0005 0.001 0.0015 0.002 0.0025 0.003

polymer concentration (g/cc)

Fig. 26 Data fitting using Martin model for NaCl 3,000 ppm
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W

14
13
(-3 [ ] 0,
U! 12 25°C
=~ ® a0°C
ﬁ 11 ® 50°C
E 10 ' 60°C
| 70°C
g9 !
8
7
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
polymer concentration (g/cc)
Fig. 27 Data fitting using Martin model for NaCl 5,000 ppm
15
14
13
;.g‘ 12 ® 25°C
= ® 40°C
§
E = ¥50°C
F 10 60°C
70°C
9
8
7
0 0.0005 0.001 0.0015 0.002 0.0025 0.003

polymer concentration (g/cc)

Fig. 28 Data fitting using Martin model for NaCl 7,000 ppm
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14

13
J 1o ®25°C
=1
= ® 40°C
8 11 _,..-_-,-2.2::.'.'.-”1'.
T UPTTTTI LUl LTS w  ¥s0°C
-.i; ----- ::::::1-"'"'" ......... i o
L e A T prrpartdtd it P : 60°C
= e ._-_-".'.‘-':--""'_' ---------

NP T L L JI R e 70°C

9 |l :Ej: ..... Coeanzt -

8

7

] 0.0005 0.001 0.0015 0.002 0.0025 0.003

polymer concentration (g/cc)

Fig. 29 Data fitting using Martin model for NaCl 10,000 ppm

o] AFoAE= 25C = reference temperature® 71438002 g A5E
Aot =4 IM|E ol gsf Fig. 302 &ol |ul(D/|ul(T,,,) T,.,/T BA

E YeRJAT o] AFolA A|tsl= 2z shear thinning &%= = H(2](22)0] =
A |ul(D/ (T, )8 T, /TS %A 53¢ & JeheA AED A7 Lee
AP A2 ET o] AT A At shear thinning &%= ZHo] ZA3
A Nul(D/ (T, )% T,,/T) BA E4ol o 2Hste AL AT 5 U
=2
| | (T) Teer vy Tres
—————=—1.942(lo =+ 0.503910 +1 (22)
T (log(—L)? g(—L)
T : temperature, C
1.t : reference temperature, C
M . intrinsic viscosity, cc/g
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0.9 ® Measured data(NaCl
0.85 1000ppm)
0.8 O Measured data{NaCl
3000ppm)
— 0.75
i B Measured data{NaCl
3 0.7 5000ppm)
—~—
= 0.65 O Measured data{NaCl
2 06 7000ppm)
0.55 A Measured data(NaCl
10000ppm)
0.5
= == Lee correlation{2009)
0.45
0.4 Proposed model
0.35

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.850.90.95 1
Teedl T

Fig. 30 Relationship between |pn|(T)/|u|(T,.,) and T..,/T
o] Ao =3 shear thinning £4 1 AHTable 6), &% =d(2](22)S

&3]l reference temperature F7<Q1 25C ol A} shear viscositys FAst= W
< Fig. 313 2t

1) Shear thinning 5430 AHTable 6), § %= =7 (Table 4)& Lee 73 21(4](16)
of H&3td |ulE F4 3

2) Shear thinning 54 #KTable 6), ¥ = ZZ(Table 4), 1) HAolA FA3H
|l & Lee 2 @2(2A5)00 &3t K'& FA 3

/\

3 D, 2 AN A7 FAZL |u], K'H YW = =3i(Table 4),
reference temperature Z7o|A9 & HEE Martin Z2(2(14)] 2835t

s T
4) Shear thinning &7 <1ZKTable 6), 3) HAolA FAF u, reference

temperature Z7oNAe & HTE Lee APA(AAMN HL&3t n

=

o
rot

%7
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5) Shear thinning 573 1AKTable 6), 3) HAAA FHT p, Z8H 5 %
Z(Table 4), reference temperature ZAANAe] & HEE Lee 743 2(2(18))0l
g5t A& FA I

6) 3 HFABAA FAHI g, 49 AN FABE n, 5 HAAHAA FAI A
reference temperature 7oAl & HEE Carreau E2(2/(13)l & &3}

AE 0.01~1,000 s 2= A shear viscosityS F4 gt}

Sheartitaniiih toristi Lee correlation (2009) Martin model
hear thinning characteristic
. biCy + by €1 + (baC)"s fo — Jte
parameters = be I — K'TuIC, 41
[1] = exp[( 15, )C ) )] o [1]Cp + Infu]

Lee correlation (2009)

K = expl(as xplas) + a5 eplaa ) ey

Lee correlation (2009)

Ho
n=1—¢ln(—
1 (um)

.~ SN & Ho
Lee correlation (2009)

Ho —Ho \ 4
A=Jd;In|——— []**
[1“( C )]

!
e Cp

Estimated Carreau model parameters

4ty

Carreau model

B = e = (0 — o) [1 + )0/

l

Estimated shear viscosity at
reference temperature

Fig. 31 Method for estimation of shear viscosity at reference temperature

o] AFo|A] EZ3+ shear thinning E4AAHTable 6), &%= = (X(22)<

g3 &xo] w2 shear viscosityE FA3= WHH S Fig. 329 £t

1) Fig. 31914 A3} reference temperature Z71ol4 2] |u|, shear thinning

eE BA(HED)E ol &3 Lxo WE |4 F FAW

2 D FHAHANA FAHI |u|, shear thinning EA<UAHTable 6), F=
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ZZ(Table )& Lee A@2(2(15)0 ALty 250 & K'E FA3I}
D D FAAA FA4S |u|, 2 BAHANA FAHS 28 F= Z(Table 4),

25d WE & HEE Martin (214 H &3t 15 FA

4) 3) A ANA FAT u, shear thinning 54 AAKTable 6), 2= W& &

HAEE Lee ABAAUN) #&atd ng A7

5 3) Aol F48& p,, shear thinning 54 AxHTable 6), 2= & &
A=, ZEW FE ZZ(Table 4)& Lee ZAF2A(AA8N HE3std NE

e
>

6) 3) FAHAA FABI p, D AAHANA FAHS n, 5 FABAA F73
T E Carreau =2(2(13)) AL3ste] A& 0.01~1,000 st

ZAA &= mE shear viscositys 5% St

1 Proposed temperature model
'

i — . Lee correlation (2009) 4
i Shear thinning characteristic o 1 !
| AT K" = exp[(a; exp(a;Cy) + as eXP(%CI))(#)“ 1/[ul I

] |

! Martin Model

H Ho = Mo
| Ll 1
. In ( ) K [u]Cp +In[u]

H Lee correlation (2009) :

| 1
L

i n=1-— clln(!—n) £o !

: e .

Lee correlation (2009) i

'
I = Ho = Hoo )14, H
; : Mlln( HesCy )] :

Estimated Carreau model parameters

n, 4, llo

B ey = (o — Hoo) [1 4+ Q)] =0/

)

Estimated shear viscosity
depending on temperature

Carreau model

Fig. 32 Method for estimation of shear viscosity depending on temperature
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Fig. 31, 329} 2o #AHS E3 FAH3 shear viscositys Az & w=
AL FAsdokFig. 33). 7+ Z#m &9 ZAo|A] shear viscosityell thE
2 O

3z
S FA%e B Bol ARAoR ek

2](23)3 22 AARD(Average Absolute Relative Error, %)& maximum
average error percentage, average absolute percentage error or average
absolute relative error(fraction form)e 2% <UHA Jx Ak dig
FAe AYS=E Fotst=d del AFEEI JthDuchesne et al, 2010;
Torabi et al, 2011; Jahirul et al, 2013; Gheshlaghi ef al, 2014; Kang et al,
2016b). =73+ shear viscosity kol WHd FAHZe 2AAE UeE=
AARD(Average Absolute Relative Error, %)E Al4Fet 23} 7.75%(AARD)o] T}

100 K| Y™
AARD= - ; . (23)
n . total number of data
; : measured data
Y; :-estimated data

3 AoHE Lxyt Zgw g4 shear thinning EAlo] mXE IFS
gtetslr] {3 Z8 F% 500~3,000 ppm, NaCl &% 1,000~10,000ppm &<
Ao A &%(25~70C)o| wE shear viscositysS =43} t}. Carreau =4,

Martin 29, Lee 4 @2]S ©] 83| shear thinning 54 AR a,~ a, b~ by,

EN

l

¢, di, d,$ shear thinning 2% REP& E=Z3UTh =53 shear thinning

iy

EA Azt &% =EAS o] &3] shear viscosity®: FAHstE =A3H

ST

=)
El

ol
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Fig. 33 Comparison between measured and estimated shear viscosity
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A 4% SBAZ) N L= AT A

4.1 QA

[0}

AT T E wA delA ded ZEie &9
wet WPyl oAl dE B4R FoterzkAlY] Atew AHogd
2ltHMagbagbeola, 2008; Sheng, 2011). t&Zd wAd] oA Zgw &9
Ar7] AxE Adsol wek Fig 73 2 $@3kAzte] Zebdel weEl Fig.
349} o) BR7) A=y Zekxth Fig. 3= 7]& &3 (Magbagbeola, 2008)2]

1o
N m.ln
ox
o
Jo
off
r i
o,
=2

A

dPow &% Puy) AE B4 AR LFAS 742 PSS AL
AR7] A& W3E Jepd T Zolth
100
G
£
§ ——RT 10sec
.">_° 10 = RT 1 sec
£ RT 0.1sec
o :
a RT 0.05 sec
o
<

RT 0.01 sec

0.1 1 10 100 1000
Effective Shear Rate (s1)

Fig. 34 Example of apparent viscosity depending on relaxation time(RT) in
porous media
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B2 Bol go] Be AdE(0.1~1 s 7oA S3AZ e e 2R H=
Hals 94 @t 5 ATE100 st o)) zAdAE ¢zt wet
AR7] H=rt oA FA dl o) ®ME & k. olEd ZRV] A=
Hate i 80 £99 FU= AFHJ] dFES v
AspA 7] FF a4hE EEH R, 9%, 2:EE BT Atk 71E
AFE(Kang, 2001; Kim et al, 2010; Koh, 2015; Kim et al, 2017)¢] A3 o
ot EeW FEVF =AY dxUF 2om fEAzte]l ZojAlE FEA
ATFAA7E Aok 3N 25 FFLE Tha zpolr) QT

Kang(2001)&- HPAM¢1 1255, 1275A Z=™ 2,000 ppm ZHoA &3HA7HS
=A% Ay 2=(5~55C)d  wEt @stAZEe] 1~25 s Aol #HE

JERIAT %o e ezt AR QT 3BT 2holA gkl
AY Ao 1 olfol HE WEE BALe AT

Kim 5(2010)& ©] oA AT Z2H
ppm, NaCl 10,000 ppm ZAA 2= m= =
25~90C W9 oA eslAIzEe] 0.1~0.06 s Ao]Z L£%7} Zolgo] ul)
4 gbo]  FolX = Aol UMY 2ETF At mAE F3

nE gk Ao w FasAThFg. 35). e E2H &9 d=+ E8r F4
& H3 9% =7 %3rhSheng, 2013). Koh(2015)e 9

= 27 £xd BE $FAZ MEE sotalled] AT

b

>
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Z

4
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L

oo g |
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Fig. 35 Measured relaxation time depending on temperature(Kim et al.,
2010)
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Fig. 36 Measured relaxation time depending on polymer and NaCl
concentration at 25C (Kim et al, 2010)

95

Collection @ kmou



AT F8H7] el B S 2Elo] JiEE o gint.

Rouse ©]&Rouse, 1953)> Ew EZHT ZopollA A5+ FE&EH=
oJEoE o]FZQ ATz WIS HAHT + vk olE AHEI Rouse
m 2 (Heemskerk et al, 1984)& ZZWE NS F<°] N-19 elastic
springe. 2 49 Ae¥FH=E JHEsy e =4 AE A A3
fittingste] &AES 7

A

==l dEs 24 AE2

il

Att. & =Aolg s
s <(frequency)oll wg} (G (elastic modulus),
G’ (viscous modulus)E Z43h= Zolth dnkz 2l
3794 Ah 74 G, e W FAY HeA
AEE 9ustt. ¢, G'= Rouse E@(2](24), 25)F wjAste] 4spAzHES

=
T 4 Utk Rouse RHL FYH F%, BAE, 259 dFE 18T F
dov 2 BEx 7+ £83td A5 A8(hydrodynamic interaction)?} @=S

13E 4 gltk(Magbagbeola, 2008).

G' and G"

A 4

Frequency

Fig. 37 Typical plot of result of oscillatory test
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N
GZCRTZ wT (24)

N
o = CRTZ wT (25)

: polymer concentration
. elastic modulus
. viscous modulus

(&

&4

&4

M : polymer molecular weight

N : the number of beads of the polymer
R : gas constant

T . temperature

: relaxation time

\]

. frequency

g

Rouse ©]&<& o] &3k bead-spring =2 (Ferry, 1980)0]  ATHA(26)).
Bead-spring =2 ZE|HE A2 AZE N sub-molecule® 7FA st 2w
B2, intrinsic viscosity, &5 &S 1¥d 5 Uk o] xde EH A

7 593A JEAee 1P - glok

|

M
T= % (26)
M : polymer molecular weight
D : the number of sub-molecules of the polymer solution
R : gas constant
T . temperature
M : intrinsic viscosity
1 . solvent viscosity
T . relaxation time

o7
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Flastic dumbbell =2 (Haas and Durst, 1981)-2 dumbbell e} Zz]|m <] &4
EA4 gujo] HAH EAHE T BN Aoz Zgv EAME, intrinsic
viscosity, €% FFS LHT £ JHAECT). o] rd W FA It

o
=
Feera 4E4Ee 1T 5 ok

|l M
T= HRMT 27
M : polymer molecular weight
R : gas constant
T . temperature
M : intrinsic viscosity
1 . solvent viscosity
T : relaxation time

W2} (cross-over point) =@ (Munoz et al, 2003)S 2% E4 AlE Ay J,

G7b ZRP A grs fAztor M= ot gEAL

Edo &4 B4 WHI Aol U ol Gk AFH T Aok

fRie 8o A B4 540l FAlo ESAst=d dA8 XF T ol

ZANAME ARG 84 BEA A7l AXHFig. 37). $sAEE A o)

AA7] ANFste AR "FE Aol Jdoem=z G, Y uAHL

2 4 9JtHMagbagbeola, 2008). m x4
rde diyd 49+ 9—"“«] EE 845 1T F oy S4FARtE
=37 feiAe e 24 AE Fdol desit wAH &4 7S
ZYm 8§99 RE 845 1HT £ Ju AP AT Jud 8luFd
bASHA &8l JhestER 7|E dAFElee, 2009; Lee et al, 2009;
Ehrenfried, 2013; Koh et al, 2016; Erincik, 2017; Qi et al, 2017)NA Eg
Z-&Eo1x st

r'l
Of

Kim 50100 Zgr] 5%, Fo] 5%, exo] B FATL EHs=
ARAe AMSFATHAS). A7NA AFAFA AT A= 27 2,

Goez Fsto] gstAZre] W 9= IdFe 2HY = Jen, WLF

o8
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Ea(Williams et al, 1955)(2](31)= o] &3] spAZte] tigh 2% JF
I1HE F Ak

o

7, = A, C2+ A, C + 7, (28)
AL A, T, . empirical constants
G, . polymer concentration, g/cc
T, : relaxation time, s
a,C, +ay . (CexplasGy)*)"
A =yt [——2]— ] (29)
G +ay C'la ’

b,C, +b, (C’lexp(b4C'2)b“)b“

= 30
Ay =b gl & ] (30)
G . Na' concentration, g/cc
G . Ca®" concentration, g/cc
a,~ ag . empirical constants
by~ b, . empirical constants

T —a(T— T”,f)

(3D

a, B : empirical constants

T : temperature, K

1.t : reference temperature, K

T, : relaxation time, s

T ref . relaxation time at reference temperature, s

Z2 W Flopaam™3630S¢] 7% 2129~GDol A-&R A4 kS Table

39
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73 23, Kim ZA@4Kim et al, 201002 Z3H ¥E, 9%, 2% HREUWS
olgaf s i ZEiw &4 «FAIE 7 F Anh AHE@8)~C0)=
o] &3l reference temperature oA Z8H Fx, A= WE SIS
FAY £ J3 olE WLF =gl 2@Dd A&sty %o wE 43T
HelE FAE & Ao 974 WLF 2 |15 o8 #2 259 &
3AIZE W3 A =S YERITH

Table 7 Empirical constants in Kim(2010) correlation for Flopaam'™3630S
(Kim et al, 2010)

Equ. (29) Equ. (30) Equ. (3D

a 5271.1 by 10.00 o 5.32
a, 2.57 b, 41.79 G 456.84
a, ~116.06 b, ~0.847

a 2.79 b, 0.001

ay 0.00136 b, 1000

as 1000 by ~6.46

ag ~83.25 b 1.00

a 1.00 b, 0.026

ag 0.79

71&€ AFKim et al, 20100914 WLF == W2l o,8 #He =37 sl
Flopaam™3630S %% 2,000 ppm, NaCl 10,000 ppm ZZojA Lxo w=
HsIAE = AARTS o] &Y. 2E7F ol uwhEl shA|Zo]
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ZAadte Agolgtd £xo] mE AsiA7E WElE getslr)e) o Zgv
g d=7l YR EE& &£ JoeE=(Fg 36 ¢ e dx A
F7FAR1 ®Ao] sttty #dste HZ AFKIm et al, 201NA+= d
w$e dx oA 2 wmE S43AE SAHEAS. 1 A 227
Fotgo] uwel @EpAITte] golxE Aol ol 7€ AFZEIAKIm er al,

2 93X Aol7t 0.5~5.8 sog =A o]

TE, 9% gt "E F e As HASAL ole
el £xo] wE $3iAZE WE A= dgAE AL oudig. o]y
ATAF}E utg o2 st Kim 520178 2% wE 43Azr Wil 4=
Uetd= WLF 29 ¥ o, g9 7 5%, 9% 9 #AE detde
A2 S AFsFATHA(32), (33). o A2 AHg¥ AAd5+ Table 834
Fda=
L o
a=A"L+B (32)
052
B=A, 2 + B, (33)

S

A, A), B, B, :empirical constants

a, B, 01, 82, €l,

€2
G, : polymer concentration, wt%
C, : NaCl concentration, wt%

Kim ZA3d2Kim et al, 2017)& 7]& AFol @3 Ao nHls) &
v Yol 21 FYH &Y = Wt 2=
T As AS A AT AT S AHE Folws AFH
gZd A g AY AR HAEZA Fga & u}

R3] gAML 5, AW AR Bad @A Ak
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Table 8 Empirical constants in Kim(2017) correlation for Flopaam™3630S

(Kim et al, 2017)
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Fig. 38 Result of strain sweep test(Flopaam™3630S 1,000 ppm, NaCl 1,000
ppm, 25C)

7 29v g9 240 B A% A AWL FA% ¢ ¢ AW
Azpe $2 Col Uedth 1 An 74 Ear g4 L7 Folxw
G G0l AAe AFF7 AAAAE=ZE(Fig. 39 HsAzte] ZAojA= A

gHlatdchFig. 40~44). 3 SshAzEe]l W9+ 0.123~15.004 s ©]dTh
Fig. 449 #o] =7} £& ZAdAE 25 wWE S/ W3l 4=
m$- AAR Fig. 403 2ol @=7F W& 2HNE 1 Wzl & AL
FJAsIATE 2t FEw &9 A 2=d wep @3spalzte] 0.603~10.097
se] o7} AT

N
—_
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1.E+02

1.E+01
E 1.E400
[*]
P —*— 25C,G'
[ =
S m=f—-— o, "
© 1LE01 256
3 —*—50°C, G'
e}
& ---8--- 50°C, G"
o LE-02
9 70°C, G'
70°C,G"
1.E-08
1.E-04
1.E-01 1.E+00 1.E401 1.E+02

frequency (rad/s)

Fig. 39 Measured ¢ and G for Flopaam™3630S 500 ppm,
NaCl 1,000 ppm at 25, 50, 70C (P-1)

20
§ 15 polymer
T concentration
E
-: 10 3,000 ppm
]
.ﬁ @ 2,000 ppm
E ® 1,000 ppm
@ 5
. p @ 500 ppm
@ 1 ®
ot H H ® [

25 30 35 40 45 50 55 60 65 70

Temperature (°C)

Fig. 40 Measured relaxation time for NaCl 1,000 ppm
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20

§ 15 polymer
‘5’ concentration
£

b= 3,000 ppm
2 10 PR
]

.ﬁ 2,000 ppm
t_’é ® 1,000 ppm
(1] 5

&= ® 500 ppm

0 4 ] ] ] ]
25 30 35 40 45 50 55 60 65 70

Temperature (°C)

Fig. 41 Measured relaxation time for NaCl 3,000 ppm

20
§ 15 polymer
‘5’ concentration
£
b= 3,000 ppm
2 10 PP
2 2,000 ppm
(]
3 ® 1,000 ppm
@ 5
[ ® 500 ppm

0o® (] . ° .
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Temperature (°C)

Fig. 42 Measured relaxation time for NaCl 5,000 ppm

20
o
a 15 polymet:
‘5’ concentration
£
=] 3,000 ppm
2 10 PR
o
.E 2,000 ppm
¢_’|§ ® 1,000 ppm
(1] 5
& ® 500 ppm

0 ? L L} ° ®
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Fig. 43 Measured relaxation time for NaCl 7,000 ppm
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20

§ 15 polymer
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b= 3,000 ppm
: 10 PP

5]

'E 2,000 ppm
c_’é @ 1,000 ppm
@ 5

£ @ 500 ppm

o® . ] . .
25 30 35 40 45 50 55 60 65 70

Temperature (°C)

Fig. 44 Measured relaxation time for NaCl 10,000 ppm

Kim 743d2](2010), 21(28)~(30), WLF XE@(2](31)), Table 79 AINTE
o g3t W3NS FAIA FAFI vIwg} A= Figo 4569 Ak
Z|E2A7HKim et al, 2010)l4&= 2@28)2] AT F sl 1ol AAIEHA
ko 1} Flopaam™3630S 1,500 ppm, brine A(Na™ 15,400ppm, Ca** 2,540ppm,
Mg*™ 2,100ppm)(Delshad et al, 2008) & st «3pA 7t =& Axr)
Jomz  oF ok Az o 0833 ez =E3YTh

>
2
Ll
Sy
9|L
N,
do
:0{:"4
S
Jr
off
b

2@28)~@BDAAN = MP S 183 o] Q7
e F83kA &Eodth 25C A FAHST FIAE ARG FAS
< sty o} 1 ol Lex ZAAAE Az we  zjolr}

T sk AT

N
l
J {
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* s50°C
0 40°C
® 25°C
y=x

=

Estimated relaxation time (sec)

0.1
0.1 1 10

Measured relaxation time (sec)

Fig. 45 Comparison between measured relaxation time and estimated data
using Kim(2010) correlation

B2 Ceo} o] reference temperatureSl 25C Z7o|A =A3 #3FAZE
WLF =2(2](31), Kim 7 &2](2017)3} Table 89 HAIH+E o] &t FAHI
AN ZAH S v wsATHFiG. 46). 4.1 FolA A &3 HEel o] Kim
ZAE21(2017)& reference temperature ZHoA A3 HPIJAS o] &3
250 wWE A3 FASE WHolth o] dAFolAE  reference
temperature £ o2 XA 25C oA A3 A3AI7HS 283197
Fig. 460l 25C = oA o] A= =ASHA &
A & 82 e As gelsiior® o] A =
HeiMe 71E A2 EC e FAo] Bag Ao ATtk
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+ 70°C
X 60°C
¢ 50°C
O 40°C
Y=X

Estimated relaxation time (sec)

0.1 1 10
Measured relaxation time (sec)

Fig. 46 Comparison between measured relaxation time and estimated data
using Kim(2017) correlation

Fig. 459} 7ol 25C Z7elA
Az W As FAHol AHFgstA gorE 2=dIdd #Hdd WLF
PGS AR M, A ZFEw &A =4 @A
A #k(Fig. 40~44), 21@D AFFY 7]
E Tt Table 9). 1 Z3 a+e
Aoy pe AAolg: EJt 53 EHH FEJF oE &9 =10 A
1&P-1~5), B 1%P-6~10), C 1&5P-11~15), D 1 ) %

Zith. Table 99 o2} B %k Kim A @21(2017)0) AHAFY 71HS 3 21(32),
(33)2] A;, A,, B, B,, a, 8. 61, 2, €1E Table 103} o] &%t}

re

rlr
o
=)
oﬁ
_‘>~
Q
=)
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i
p=t

O
_\:
rlo
b
=2
=)
rl

o

@ _I{NI
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Table 9 Measured constants of WLF model

Collection @ kmou

Polymer NaCl
No. Concentration Concentration Figure No. « 16}
(ppm) (ppm)
P-1 1000 40 8.10408 | 164.600
P-2 3000 41 8.10380 | 154.483
P-3 500 5000 42 8.10402 | 157.634
P-4 7000 43 8.10394 | 155.564
P-5 10000 44 8.10402 | 154.167
P-6 1000 40 8.10403 | 188.837
pP-7 3000 41 8.10403 | 191.154
P-8 1000 5000 42 8.10390 | 179.827
P-9 7000 43 8.10400 | 188.692
P-10 10000 44 8.10393 | 171.124
P-11 1000 40 8.10410 | 236.672
P-12 3000 41 8.10393 | 221.505
P-13 2000 5000 42 8.10423 | 239.846
P-14 7000 43 8.10402 | 227.336
P-15 10000 44 8.10404 | 234.214
P-16 1000 40 8.10813 | 258.976
P-17 3000 41 8.10511 | 278.041
P-18 3000 5000 42 8.10493 | 272.126
P-19 7000 43 8.10480 | 273.706
P-20 10000 44 8.10450 | 297.075
69




Table 10 Revised constants in Kim correlation(Kim et al, 2017) for

Flopaam™3630S
Equ. (32) Equ. (33)
Al 3.364 A, 467.32
! 8.104 B, 134.871
51 7.264 82 0.983
el 0.894 €2 0.012

o] AFoA AT Kim AAKim et al, 20172 BAIHFE o) &3 &3}
NZbs FA4ste WH-S Fig 479 2o
Kim(2010) correlation
T, = A+ 40, + T,
G + G, a5 )97
Empirical constants in Kim(2010) correlation Ay =aptay {az 1+ aﬂ‘.g] [( exp(ai;) ) ]
1 4
- biCy + by [Crexp(byCy)Ps )%
Az*bo+|icl+b3 Cf—"

Revised Empirical constants in Kim(2017)

correlation Trref
h 4
Kim(2017) correlation WLF model
Cgl 662 1 ( Tr ) —O‘.(T il Tref)
— e * n =
a=A4;] c + B, B=A C§2 +B, Toier BET Tyr

A4

Estimated relaxation time depending on temperature

Fig. 47 Method for estimation of relaxation time depending on temperature

D A@28)~B0Y Kim ZE2(2010)o] Table 79 A@M=r, EdH =%

2)
Y5 x=X(Table )<= A &3t 1., & FEIH
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2) Kim ZA3@2Q2017¢ 483 d3d(Table 1005 Kim 743212017l
A g3te] o, p2 FAD

39D AN 24 £, 2 FANA 2AF q,

Ll

WLF == (A (ED)el

<=0 & &3t FEET SARES vud Z23kFig. 48) 2714 Kim
@A Kim et al, 2010; Kim ef al, 2017)& Zt2zt A &3t FH3 h(Fig. 45,

*+ 70°C
X 60°C
¢ 50°C
0 a0°C
® 25°C

—_—y=X

Estimated relaxation time (sec)

0.1 1 10
Measured relaxation time (sec)

Fig. 48 Comparison between measured relaxation time and estimated data
using Kim(2010) and revised Kim(2017) correlation
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4 FoMe 2571 2 &A9 AN WSt rA e FEFS 9otet)
g8 28 % 500~3,000ppm, NaCl %= 1,000~10,000ppm &< Z7)A
25@5~70C)el wWE AIAES SASAT. T A FLI
Z10A4 2= wegt 43FAIZro] 0.603~10.097 s zFelrt AT 4= 9l
gelstet. 24 Fem &4 2doA SARTe] 25 FFS UEY
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ZYM7t AFTol A o] At FARTE ZA Eolx2= 10~50
md olste] AFFol EHdW FAW HE&S APskA @ua LdEA
SltH(Brashear and Kuuskraa, 1978; Chang, 1978; Carcoana, 1982; Goodlett et
al, 1986; Taber et al, 1997; Al-Bahar et al, 2004; Saleh et al, 2014). o]= %t
o= sl FARANAME= FHH FAHY diFEol A AFTol HEHo
gktH(Sheng et al, 2015, Kang et al, 2016a). L1322 o] AFolA ALE3

Fol= FAFAE 10 md 01731 ARRE oS ARESEAT-

Porosity Measurement

.

Permeability
Measurement

v

Pre-injection of
Polymer Solution

v

Injection of Polymer
Solution

v
Data Acquisition
v
Flow Rate Change
v

Calculation of
Apparent Viscosity

A

Fig. 49 Procedure for measurement of apparent viscosity by core flood
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Ll

Aol A FZofE HAPA=HFE 50 tiEd &8 YR =
AN IE Zo]EH(core holden)E WA A L FU FAS 7Mgste] F3

F e AY Axdoltt :ojEH YR Z:ojg AHHoR MYl
A<
=

ot

IAZAIIE E8E Rl 5709 9  EE(partial pressure port)7}
Ao m(Fig. 51, Zt B4E TE AL ¢F Scm otk wEkx YukHo R
Folfs AY Al Fo AaRe FuRe dHwte FAHsked T
APA =2 2o 57f ARl tig d¥e AL 5 dt Zof#s
AN " 4, 2= 99X Fig 529 2ol Aol A& A5

]
At BolE FolETel AFay] Mol AEF} dols ZAsle Rz

)
Jo
i_tg
Ll
4N
z
ol
ol
N
o

3l 260D(Teledyne ISCO) A #A|(syringe) HX 27| &
dol 7}&3%k air valve continuous flow system<
239}, AT AE =Sk AHE-3H 2+ Al A (transducer) 2}
T Al A(thermocouple)s=  Z+zt DXD(Heise®)9t K-type(OMEGA™=Z A3z =
Zkzk £0.6psi, *04ColH, AIAzm FH A AT EE AA

7)
A (calibration)S 3k T}

Ir

rr

2t 015 FojEHo] A& F T FZEHAA T4 flo] AE & Y
Ha 4Hol ¢F 2,000 psi o=z 1500 psiel B<(overburden pressure)=
7FetARTh S-S 7k & 6AIZE o] FAURE 2UIA7 YT EE9H

Sk =9 gee waek 4GHE
[e=]

b= (34)

V, : volume of injected brine, cc
V. : pore volume, ccC
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Fig. 51 Schematic diagram of core holder and partial pressure port
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Accumulatoy Temperature

control bath
Buffer| |Polymar
oil solutign

g ;*“"""_'_'_'_'_'_'_'_'_"'.'.'.'.----"" --------

Coreholder

A

Temperature control oven

Syringe
pump

Brine
Q I pressure sensor
Temperature
control bath Q
: temperature sensor

Fig. 52 Schematic diagram of core flood system for polymer flood

TE A T FTAY Egv &9 AR FYI FTE FYsIA L,
23 A Zo] AGRe} FHFEo) ofeS ZAste] Darcy WAL S o] &3
AU GAEREE APt 243 Fo] 77], F2E, AUFAEL=S

z7, €5 z74& Table 113 #t}h A3

)
Folfs A FYo] Brresith Aol AHE¥ Flopaam'™3630& Aol
279 Daltone. 2 w9 =t} 7]& AT (Lake, 1989; Sorbie, 1991; Magbagbeola,
2008; Driver, 2017)ell ¢jst Z2] €] hydrodynamic radius(£2)7} &= HEth
a9 ¥ 93 o] Y sl A 97]A4 hydrodynamic radiuss=
o] Ao A£FE HPAMI o] AlEZ AA"E EFAES  ol&2A9

7
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THsphere)® 7143t Flory-Fox 2}(Flory, 1953)2.2 uvEbd 4 ATH2](35).
Foj 45 Ao ALHE Zglw £99] hydrodynamic radiusE Tst7] &k
Martin = 22(2](14)8 o] &3}l intrinsic  viscosityS TR EAZFS
Flopaam™3630S #A}2F¢]l 249k Daltons 283t}

o lplM
2,= [T] (35)
M : molecular weight
(1] . intrinsic viscosity, cc/g
P . universal constant, 2.1x10?' dl/g - mol - cm?
2, . hydrodynamic radius, um

Oort 5(1993) &9 A& Al FUA THANA &

Carmen-Kozeny 2(Dullien, 1979)& co]&sl ZZE AA=Z7]9F FA
ARE YAAVEFFA7] HRE AETS T 2 :
Guo(2017)= 71¥& A7 Oort et al, 19932 Zv FUWol 283t
PAZ7)F=2719) HI7E 0.345 ©letd A 3= =23 o] TAeHA &

Aoz ottt o] dAFoAE Oort 5(1993)0] 7|3t 2oA 1
AA=7] W4 )4l hydrodynamic radius® nAlste] 2(36)3 o] o
Ad oA YARAZV[F=F=E7] HIE A4SIHATHTable 11). C-13 A3
Z1E 494 &5 ZHA AFst= H$7F oY= & hydrodynamic radiuseb
Fe A3 &5 272 40~70ColA e WHY #HS Yehuddd. o1 A

1=

AA7)F=a7] e Ha FAHZo] 0.260122 FF w3 A4S FAYSHA|
o

N

=

20, (36)
095k
F . particle/pore size ratio
k : permeability, md
2, : hydrodynamic radius, um
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A, 5~10 PV(pore volume)2]

]

SkA

=
-

F(pore)ol| =

N

bo

HAo| glonz Fews}

L —
) By

Bl

Foubsh o] Eevi

S
yul

oM M=

—_
o

oy

om

N

= 32 ¥ (Flopaam™3630S)

S|

b

L ER

vt 1~3 PV

bouke} ol

Sl
yal

Zold Mz

FSA T

d|

bele] Agel Abg

(37)¢]

(37)

: permeability, D

. length, cm

. pressure drop across porous media, atm

Ap

. Darcy velocity, cm/s
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Table 11 Condition of core flood

experiment
C-1|C-2| C-3] C-4| C-5 C-6 C-7| C-8| C-9| C-10 | C-11 | C-12 C-13
no.
core no. b-1 b-2 b-3 b-4 b-5 b-6 b-=7
. Berea
rock type of Berea Berea Bentheimer Berea Berea Berea d
san
core sandstone | sandstone sandstone sandstone sandstone sandstone .
stone
diameter (cm) 3.75 3.72 3.71 3.73 3.69 3.78 3.63
length (cm) 30.55 30.49 30.52 30.26 30.65 30.31 30.42
porosity 0.21 0.19 0.25 0.20 0.22 0.23 0.21
pore volume
of core 70.9 63.0 82.5 66.1 72.1 78.2 66.1
(cm®)
absolute
permeability 179.2 98.3 1,980.4 210.1 166.2 183.0 197.1
(md)
polymer
concentration 1,000 2,000 500 1,000 1,000
(ppm)
NaCl
concentration 1,000 1,000 1,000 10,000 1,000
(ppm)
hydrodynamic
radius of 121~
0.90 | 1.21| 090 | 121 | 090 | 1.21 | 0.90 | 1.21 | 0.90 | 1.21 0.65 0.88
polymer 0.90
(pm)
pore volume
of
o 7.28 | 9.31 | 6.98 | 851 | 429 | 564 | 653 | 9.61| 7.18 | 9.52 6.97 9.22 9.93
pre-injection
(PV)
temperature
of injection 70 25 70 25 70 25 70 25 70 25 70 25 25
fluid (C)
temperature
) 70 25 70 25 70 25 70 25 70 25 70 25 70
of core ()
. . 0.18~
a 0.14 | 019 | 019 | 026 | 0.04 | 006 | 0.13| 0.18 | 0.15 | 0.20 0.10 0.14 013
30
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5.2 Unified Viscosity Model

Delshad 5(2008)2 Z#w &He 7w Ao #HSH AF, shear
thinning A-&¥ shear thickening A%< uWElH= UVM(Unified Apparent
Viscosity Model)-& Al QF5}53 tH 2] (38)).

P = 1o+ (= 1 DL Oy )10 —exp(= Ogr )™ ] (38)

n’ Ol, >\’ Mmax’ o ..
. polymer specific empirical constant

Ty

Yot . effective shear rate, s™

A : proposed constant that is independent of data being

matched, generally 0.01 (Magbagbeola, 2008)

Foapp : apparent viscosity, cp

Ho . viscosity at low shear limit, cp

I, - viscosity at high shear limit, cp

T, : relaxation time, s

A7V .+ (g — e )[1+(>«ye'ff)“](” Dle g} e Carreau =2(2(13)7 Z& 3
Bl = shear thinning 54 Yetal 7.5 S4SpAIto| B2 3, 4 oA 22 &
Astal A% o E29 &9 shear thinning 543 43T 4= 74
7z AL F ATk A9 22 FoFE APS T S 2RV AEE
UVM3} wj A ste] 24 soljfr& A =3l =

=
A shear thickening &4 & UE
Pnaxs Mo TOFATE . © AEEC] =2 oA 2EY] =
v BRI AR s 71€7]¢F 243 Aol ArHMagbagbeola, 2008). &
th&-(effective shear rate, %ff)L AFF 2o gz uwjA WelA A=
Age= HGPE ol & AT o ArKCannella et al, 1988). Cannella
(1983)ell 93t tjF-& C= 6.0 e ztenh o
J FHFS AEEE WS & Atk e Y EYH §A9 Z4F shear
7}

viscosityell Carreau 225 83t =23 T s AMESYAL v

Collection @ kmou



ZHolA g Toje) wEAe Uirol Talsith

Yop=Cl o N (39)
C . empirical constant, generally 6.0 (Cannella ef al, 1988)
n . empirical constant
© absolute permeability, cm?
S, . water saturation
Yy : Darcy velocity of water, cm/s
1) . porosity

Folf% Ad A7} UVMS o] &3 Zgn |He] shear thickening E4<
o

2) Table 113 o] ZAF o] AfAFHE, Lo], IojfF 4P 4
ApE Darcy A2 (A (BNl #-&3}
T3},

3) 3 A4 Fig. 31, 329 Lol FAF n, TAKE AY FAFF 20
Table 113} o] Z4% Zoje| v 8

AM T3 24 p,, #l HTHE FEADGES 73

ol gd FAF p,, T WAD
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Estimated

Measured Ap

)

Darcy equation

kAp
Happ =37~

n

3n+1 _n

Yerr = CT T ]ﬁ[ﬁ]

Uy

parameters

Shear thinning characteristic

UvM

n-1
Happ = teo + (o — M) [1+ (WWepp)®] @ + pmax[1 — exp(—(AaTr¥apr)™ )]

i

i

Proposed temperature
model

Estimated n, 4, o
(Fig. 31, 32)

Estimated relaxation time

(Fig. 47)

Revised Empirical constants
in Kim(2017) correlation

Fig. 53 Method for analysis of shear thickening characteristics
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Fojo] =g % 1,000 ppm, NaCl &% 1,000 ppm &4 FUste] =3
¥ AEE Fig 549 2o xF2 A o T 49 A A A7 A
+%, FFFIpore volume)E °] g3 A FH Fw {4 Ry
yEL Fo] AGRPDL} FHEPNe ¥ AH(differential pressure)E YERATH
=4 AaeA 728 PVY Z8H &4S AR FY siglern=E v &%
S 2o gclo=w olg WA= 4 AGE FAHA FApTh dF
=4 Axme AFH A HAue &Y dEA Axre AA A
ZIsteg &g ZiEfazolA  AlLfstan. A4 #E =xdA 58 dH
a2 Table 129} 2. Darcy ®AAA@N)H Zo 27|, AUFAIF4E,
SAR 4HA ABE ol &8 2R AEE AN A= Fig 559 2.

o714 UVM (2(38)< A&ste Br7] =& w3 o) Shear thinning

EXS YehiE A+ (= )[1+(>\%:ff)“](”‘1)/“)°ﬂ*1 RS s
FolfE AP &5 AL WCAMY & H= @e AL3AL 1y, A ne

£ z7A(Flopaam™3630 1,000 ppm, NaCl 1,000 ppm)oll4 Lee

1(15)~(18)), =%3} shear thinning &% = 2(2](22)3 7 & <=(Table

FAHFS AEEAT. $3AHr)S AT Kim F P4 (Kim et

al, 20179 “4<=(Table NE A &3t FHT s A3 TE Fig. 559 2ol
uv

M BT . 1y #6S A2 72 cpot

%
¢ of. 2
i
i)
=

o,
1>
~

d

)
i
o
ofo
r

H

o
N
rr
=
i
1
—
(e}
o
N
o
i
4
Ll
1o
A
r
i)
ey
oQ
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(@)
K=)
.
o
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72 (homogeneous)st F w7t FFol AAste] @A =H(plugging)
@l WA Be Aoz T

250
S A
200 Flow rate
g‘. @ 1.00 ml/min
a i
A 0.70 ml/min
F L R ——————————— 4
o © 0.50 ml/min
(=N
5 ©00.30 ml/min
€ 100
s ST TS S e e, © 0-10 mi/min
@
b 0.07 ml/min
[a]
50 0.05 ml/min
I R O L N N o N A T S S X B A )
0.03 ml/min
0 f L
0 0.5 1 15 2

Injected pore volume after pre-injection of polymer solution

Fig. 54 Differential pressure profile for C-1 polymer flood

Table 12 Measured differential pressure depending on flow rate in C-1

flow rate (ml/min) differential pressure (psi)
0.03 1.3
0.05 2.5
0.07 4.1
0.10 6.4
0.30 38.4
0.50 86.9
0.70 146.3
1.00 2274
85
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1000

'§ 100
Z
8
§ —— Estimated apparent viscosity by
2 uvm
c
2 O Measured apparent viscosity by
g coreflood
< 10
1
0.1 1 10 100 1000
Effective shear rate (s%)
Fig. 55 Apparent viscosity for C-1 polymer flood
250
..
% 200 i
g ..
e
2 150 o "e., ® 1.0ml/min
@
@ e *
= @ 0.7 ml/mi
s ° .. mi/min
2 100 T Trom @ 0.5 ml/min
E .. . .
= ®oibeeee. | T, ” » 0.3 ml/min
£ s0 .
% LT ‘.., 0.1 ml/min
®-.... T -,
0 4
0 20 40 60 80

Location within core (%)

Fig. 56 Differential pressure variation depending on location in core for
C-1 polymer flood
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C-2 ZHA 24 d7 CJE 24, LE 25T)

Table 113} Zo] C-13} T3 2o, 2 &4 =HoAM FA7Al, 2
58 25C2 Y5 ZEr §d9& FUSATHC-2). C-1 Aol

$o
i‘—lg

FARFAL Fo] &£=E 25CZ ¥E F 031 PVY Zy £9& AA
FheAth Arlet Ze AABE FYstd 4 f7F oA FAH 4
Bk Table 137 Zu. C-1 =A% 2L o], ZEw &9 =704
FUAFAY o] 2xRre v A4 ™At o A #dsteE As
golstnt. Ariel Y93 HAHow ARy HEES  FEAUCKFgE  57).
FEAGE ¢ 370 st 2HA BRI Axr} vARA R Egtw T
SAe Adstar At UVM 8 g, ny #2242 235 cpst 2100

7y BdE ZEJA fFo wE dHAES =AHI AINFig 58) FF 1
ml/min (FEHAGE ¢k 370 ) ZdoA HAAEPDe =A "ol tE
Aol 4% 4E AF Ho A4 SAHE= AL FAsIAT 0|9 2o

~|~H10

Aol F7EAQ kg Fart SAse @A
Drop(EPD)°] TH(Seright, 1983).

S Entrance Pressure

k)
rok

Table 13 Measured differential pressure depending on flow rate in C-2

flow rate (ml/min) differential pressure (psi)
0.03 8.3
0.05 18.7
0.07 29.4
0.10 52.4
0.30 275
0.50 454.5
0.70 678.4
1.00 1103.3
87
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1000

8

Apparent viscosity (cp)
=
Q

0.1 10 100

Effective shear rate (s)

Estimated apparent viscosity by
uvm

O Measured apparent viscosity by
coreflood

Fig. 57 Apparent viscosity for C-2 polymer flood

1200
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Differential pressure (psi)

20 40 60 80

Location within core (%)
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@ 0.5 ml/min
® 0.3 ml/min

0.1 ml/min
it

100

Fig. 58 Differential pressure variation depending on location in core for

C-2 polymer flood
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C-3 ZZNAN &3 B (Zo] SAERET] B& FE LE 70T)

FULEAH} FHo] &5 70CE FLsA FAAZ HEHAAH FAFEA=T}
3 md2 @& b-2 Folo Zgw %% 1,000 ppm, NaCl ¥% 1,000 ppm
LHEe FYAT AUt 2 AAFS FHste I FF A A 4H

T =
&2 Table 149} 2t}

7y Bty X EA fFFe mE HHAE A AHFig. 60). 1 A3 C-3
AFol A 1 mli/min 274 EPD7} @Ast=E AL gestuch Ar)¢
FU% AFAF o2 EPD7F BAS oA SHiES AQsla 2RV A=E

(Fig. 59) w4 & UVM W g0 ny &2 242 172 cpsh 2.0 o]th

|

§?l

!
21'4
32
Ll

Table 14 Measured differential pressure depending on flow rate in C-3

flow rate (ml/min) differential pressure (psi)
0.03 3.9
0.05 9.2
0.07 15.2
0.10 28.3
0.30 182.6
0.50 424.7
0.70 738.4
1.00 1201.8
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1000

'§ 100
Z
3
§ Estimated apparent viscosity by
2 uvm
€
g O Measured apparent viscosity by
2 coreflood
< 10

1

0.1 1 10 100 1000
Effective shear rate (s)
Fig. 59 Apparent viscosity for C-3 polymer flood

1400
— 1200 e
(7]
=
o 1000
£ ")
a ® 1.0ml/min
o 800
S y T ® 0.7 ml/min
T 600 hoc 3
T I . @ 0.5 ml/min
@ . ... ® .

400 P e : i
g S . ... e 0.3 ml/min
a 200 I S it L . 0.1 ml/min

= R
0 ..‘"“‘-‘::ff,.
0 20 40 60 80 100

Location within core (%)

Fig. 60 Differential pressure variation depending on location in core for
C-3 polymer flood
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i

S AQdste] BRY) =S FaH(Fig. 61)

o

X
Y2y 327 cpet 2.35 ol

o
T

zAo Ao 24
%

| A
A3k UVM " 4 n,
Table 15 Measured differential pressure depending on flow rate in C-4
flow rate (ml/min) differential pressure (psi)
0.03 19.7
0.05 45.6
0.07 88.3
0.10 181.6
0.30 723.1
0.50 1401.2
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1000

o]
'§ 100
-y
3
§ Estimated apparent viscosity by
.Z uvm
g O Measured apparent viscosity by
2 coreflood
3 10
1
0.1 1 10 100 1000
Effective shear rate (s)
Fig. 61 Apparent viscosity for C-4 polymer flood
1600
. 1400 ¢
B
< 1200 |
o
2 1000 »
o
a 800 & o @ 0.5 ml/min
©
E 600 : T » 0.3 ml/min
) .
™ e 'v_.‘ -
“.,"__-‘ 400 i 0.1 mi/min
=}
200 P T
0
0 20 40 60 80 100

Location within core (%)

Fig. 62 Differential pressure variation depending on location in core for
C-4 polymer flood
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C-5 ZZNAN 23 B (Zo] SAERET]} £& FE LE 70T)
T=

DA FAAIX el FA =7
4 % 1,000 ppm, NaCl 5% 1,000 ppm
|9 FYsAt 0.3 ml/min olst FF A= SAEE SHA7E oF
2 psi ol&tdtt. dHAAMel HFErF +0.6 psi oJEE A AlA
710% a7 &4 Ao F IFS vAA HEE 05 mlmin old
zd Aol stgEar AERE E43ttHTable 16). 471¢ 9% AAHo=

7 HEs TagnFig 63 WAF UM 8BS u . n, &S 2H2 271

3
(@R
fu
Hir
flo
T
kU
2
o9
i3
i)
ol

7 2oy EEGA A3 BE dHRE ST AAFE 60 VFH FF
20 EPD7} A etttk

H

Table 16 Measured differential pressure depending on flow rate in C-5

flow rate (ml/min) differential pressure (psi)
0.50 2.1
0.70 3.4
1.00 5.2
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1000

'§ 100
Z
]
g Estimated apparent viscosity by
.Z uvm
g O Measured apparent viscosity by
2 coreflood
< 10
1
0.1 1 10 100 1000
Effective shear rate (s)
Fig. 63 Apparent viscosity for C-5 polymer flood
10
g s
o
=1
4 6
o
a $-...... ® 1.0 ml/min
C .
£ 4 @ 0.7 ml/min
@ e.... e,
@ e .
O N e BV
.6 ........... e "-...'.'_... iz ...
g gt
------- &-.
L_LLTTPRS S ®-.... i '.. i
o L1 ] el vy,
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Location within core (%)

Fig. 64 Differential pressure variation depending on location in core for
C-5 polymer flood

94

Collection @ kmou



C-6 RZA &4 dF (Zo] FAFHE} =2 B & 25C)
C-5¢} 9% o], ZH & =4 FAFA,
w30l FEn &4S5 FYsth 0.07 ml/min ©
P AL ob A71E npel o] A 7%
GaFe mx= AL WA %‘H 0.1 ml/min ©]%
213l e (Table 17). 7]}
W UVM 85 g 0y &

ol
-

r—{n:

4 £4Y 2EOAM gl WE AHAE % A3HFig 66) A 7
£ A= EPD7} 2 sA] ettt

Table 17 Measured differential pressure depending on flow rate in C-6

flow rate (ml/min) differential pressure (psi)
0.10 1.5
0.30 5.6
0.50 11.7
0.70 17.4
1.00 27.1
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Fig. 65 Apparent viscosity for C-6 polymer flood
20

7]
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2 ..
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I — ... Teog
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= RN RRRETEY YO . -~ o,
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Fig. 66 Differential pressure variation depending on location in core for
C-6 polymer flood
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C-7 ZHoA 53 AH (el FEI} & FP, 2E 0T

b-4 Hojol C-1~6 4% Rtk Zen] F=7F 2,000 ppmoZ ¥ &4&
FAsAS. AU 2 ABES FHstd A fF7F 2oA FAH o4
#ge Table 18 2tk Arigk §9¢ AHom AWy HEE

7o alFig. 67) WA UVM R p,,00 ny 62 Z42F 292.2 cpet 1.97 ol

oL

7t Bety ZECA %o BE JHURE 37

st thFig. 68). 1 A3}

Table 18 Measured differential pressure depending on flow rate in C-7

flow rate (ml/min) differential pressure (psi)
0.03 8.2
0.05 194
0.07 31.8
0.10 54.3
0.30 259.3
0.50 480.5
0.70 683.8
1.00 971.3
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Fig. 67 Apparent viscosity for C-7 polymer flood
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Fig. 68 Differential pressure variation depending on location in core for
C-7 polymer flood
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C-8 2doH &3 A7 (F2]v] $E} & BP9, LE 25C)

C-77 5QF =ol, Eelv] o) AN FARA, Zo] LEE BTE
wFo] Zeln] g FUskyth WISk ge AHE FARY 4 Y
z6A 24 kY W@Fe Table 1994 2o} @714 0.7 mimin o4 H%
ZAdAE AER Zgeteo] BeHILH00 pRTh Hobd Ald mpel pe

o
Jo
fu
AN
oxl
ol
o
B
&2
o
o

4 XEANA el e dHAE 543 A3HFig 70) C-8 AFY
.3, 0.5 ml/min ZAA EPD7} @AstF oz sl XA
oty ARy H=EE FeI(Fig. 69 mAT UVM HE .,
Y7} 748.6 cpet 2.15 o]t}

AN ox
o Jo I
o
=
o
w

)
o
2

wﬁ

N
rlo
_l\'

Table 19 Measured differential pressure depending on flow rate in C-8

flow rate (ml/min) differential pressure (psi)
0.03 51.5
0.05 105.1
0.07 168.4
0.10 284.0
0.30 912.3
0.50 1478.1
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Fig. 69 Apparent viscosity for C-8 polymer flood
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Fig. 70 Differential pressure variation depending on location in core for
C-8 polymer flood
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C-9 ZHNA 24 A7 (Fev] $57} @& A9 LE 70T)

b-5 Fojo] C-1~-8 A% Ho &9 §=7F 500 ppme= @& §H&
=939tk 0.1 mimin ©°]3 ¢F ZAGHE =AHE= gHF}sp @
G A 7]A% 227t B Ano] E dFE v AE WA Y

]
0.3 ml/min oA ZFAAY <t#HX A9 BEAEGTHTable 20). A7)

e

A3 oz ARy A=EES TaQnFig 7D MAF UM WS 4 n
e 247 18.4 cpst 1.86 otk

Zb 7Y ZEA o] e dEAE AN AAFig 72) 4TS FF
A= EPD7F @A kA] ekt

Table 20 Measured differential pressure depending on flow rate in C-9

flow rate (ml/min) differential pressure (psi)
0.30 7.5
0.50 16.4
0.70 27.8
1.00 46.6
101

Collection @ kmou



1000

= 100
=
Z
"y
8
K] Estimated apparent viscosity by
2 uvMm
3
= O Measured apparent viscosity by
2 coreflood
< 10

1

0.1 1 10 100 1000

Effective shear rate (s)

Fig. 71 Apparent viscosity for C-9 polymer flood
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Fig. 72 Differential pressure variation depending on location in core for
C-9 polymer flood
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C-10 244 &4 dF (Fa]v] =71 & 57, £&5 257)

C-9¢} Y3 o], ZYn &Y ZANA FAFA, FHo] £xE 25C
o] 2o £98 FYskAtt 0.03 mi/min °]dt F%F ZANAE SAHHE
G A7E ol hg Al Ao 7]Q1% QA7 £4 Ao F FgFE vAE AL
W2135L7] ¢18] 0.05 mi/min o] ZHolAe]l A AETE B39 tHTable
2D). 2R7] AEZE Falda(Fig. 73) wiAEd UVM ¥
43.6 cpe}t 1.95 ojt}.

ZF B9 ZEAA FFFo WE dYxE SAS AAFig 7 2 +F

o= EPD7} 2 sA] ettt

Table 21 Measured differential pressure depending on flow rate in C-10

flow rate (ml/min) differential pressure (psi)
0.05 3.8
0.07 5.9
0.10 10.2
0.30 45.4
0.50 92.7
0.70 140.0
1.00 203.8
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1000

'§ 100
-y
3
g Estimated apparent viscosity by
.Z uvMm
g O Measured apparent viscosity by
2 coreflood
< 10
1
0.1 1 10 100 1000
Effective shear rate (s)
Fig. 73 Apparent viscosity for C-10 polymer flood
250
= 200 ®..
2 4
o e,
— 1.,
@ 150 ® 1.0ml/min
@ e
= ... @ 0.7 ml/min
s e N @
"E T el = @ 0.5 ml/min
g ‘W, - . ‘ ® 0.3 ml/min
£ 50 | Mkl P
:'o: p - I e... :- 0.1 ml/min
0
0 20 40 60

Location within core (%)

Fig. 74 Differential pressure variation depending on location in core for
C-10 polymer flood
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C-11 2NN S48 3 (=7} =& &7, & 700)

b-6 Fojo] C-1~10 A¥ Bt g=r} 10,000 ppm =o gon
=939tk 0.1 mimin ©°]3 &F ZAGHE =A== gHFJs} o
st Ml Aol 7|08 o xb7F BA Ao 2 A nx= AL A e )
0.3 mi/min o]2¢ ZZAe] FHA ART FAFATHTable 22). R
HEE FatgaFig. 75 WAF UVM A5 g, ny, 6 22 101 cpe} 1.89
=3

[0}

)}

-

o

ZF E94E XEAA 7@ wE dHAE 43 d3Fig 76 4} 7F
x| M= EPD7F TASHA] 3ttt

Table 22 Measured differential pressure depending on flow rate in C-11

flow rate (ml/min) differential pressure (psi)
0.30 4.2
0.50 8.3
0.70 13.1
1.00 21.0
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1000

'§ 100
Z
]
g Estimated apparent viscosity by
2 uvMm
c
g O Measured apparent viscosity by
2 coreflood
< 10
1
0.1 1 10 100 1000
Effective shear rate (s1)
Fig. 75 Apparent viscosity for C-11 polymer flood
25
:E 20 ."-
=y . @
@
2 15
@ e @ 1.0 ml/min
. st
o e © 0.7 mi/min
o ®-.... . LW ® 0.5 ml/min
[ 0 e,
£ 5 ) @] e # 0.3 ml/min
[a] ._ lllll '-‘._‘. -..__‘
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Fig. 76 Differential pressure variation depending on location in core for
C-11 polymer flood
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C-12 244 &4 dF (=7} =2 37 2% 25C)

C-113% L3 2o, Zdr &9 A FAFA, o 255 25

w30 ZYn &A& FYsA o 0.03 ml/min olst 3 =1 =
A A7E ol hg Al Ao 7]1% QA £4 Ao F FEFE A= AL
W2135L7] ¢18] 0.05 mli/min o] ZHolAe]l 4 AETE B39 tHTable
23). 2RV AEZE FaaFig. 77) WA UVM ¥
19.5 cpe} 1.96 o]t}

ZF B9 ZEAA FFFo WE dYxE SAS AAFig 78) HFI +F
zo A= EPD7F A8 ekA] Skt

Table 23 Measured differential pressure depending on flow rate in C-12

flow rate (ml/min) differential pressure (psi)
0.05 2.2
0.07 3.2
0.10 4.6
0.30 18.3
0.50 36.7
0.70 56.1
1.00 86.5
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1000

'§ 100
Z
3
g Estimated apparent viscosity by
.Z uvm
% \M/M_ O Measured apparent viscosity by
2 coreflood
< 10
1
0.1 1 10 100 1000
Effective shear rate (s)
Fig. 77 Apparent viscosity for C-12 polymer flood
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‘a 80
= o,
° 4
=
60
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.g 40 e e
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Fig. 78 Differential pressure variation depending on location in core for
C-12 polymer flood
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C-13 ZHANN 53 d3 (2o] €= FYFA =71 £ F7)

FURA =5 25T, Fo] 255 T0CE HAZ HeolA Zev &AL
FAsAT FAFFA ek 2ol AHTD, FERTNA FAo =&
ZA38HA HF AdHe ol2 £ &%& Table 249 2ok fFo] EEFE
FAE Fev &Ho] Fof FFolA ] AFATe] A 25 SV BRI
astRal so] degel FaR ko] =XV 243 0.03 ml/min o] s}
T 2AdAE Z2AHE A ol gEAA 71913 exrp B4
Aol Z FEFE P A A7 9@l 0.05 mli/min o] FZAelA €]

dEA AmgE FA A HTable 25). &% o] W 87 &4 x| o
257t g Eg FARAIY FZo] %o IR 469C=E 71AHEHA

A3ttt 46.9C ZA) A rheometerES o] &3 shear viscosity, G, G'&

=45t anFig. 79, Fig. 80) ol& &3l py, n, A, 7= FIAT =3 7
MESe Agste BRs AEE TagliFig 8D. WA UM ¥S 4.

n, #< Z+2F 1034 cpek 2.04 o]t

ZF B9 ZEOA el mE AHAE 543 AFFig. 82) 1.0 ml/min
Z71e A EPD7} A5l

Table 24 Measured temperature at inlet and outlet for C-13

inlet outlet temperature
flow rate .
] temperature temperature difference
(ml/min) . . .
(C) (C) ()
0.03 27.4 57.5 30.1
0.05 26.8 54.6 27.8
0.07 26.7 51.8 25.1
0.10 26.2 49.6 23.4
0.30 25.9 46.4 20.5
0.50 25.8 42.7 16.9
0.70 25.3 39.9 14.6
1.00 25.2 36.3 11.1
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Shear Viscosity (cp)
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.

0.01 0.1 1 10 100 1000
Shear Rate (s?)

Fig. 79 Measured shear viscosity for 1,000 ppm Flopaam™3630S in 1,000
ppm NaCl at 46.9C (C-13)
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frequency (rad/s)

Fig. 80 Measured G and G’ for 1,000 ppm Flopaam™3630S in 1,000 ppm
NaCl at 46.9C (C-13)
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Table 25 Measured differential pressure depending on flow rate in C-13

flow rate (ml/min) differential pressure (psi)
0.05 4.8
0.07 7.6
0.10 12.1
0.30 71.4
0.50 153.1
0.70 251.0
1.00 402.6

1000

= 100
=
Z
"y
8
K] Estimated apparent viscosity by
2 uvm
3
= O Measured apparent viscosity by
2 coreflood
3 10

1

0.1 1 10 100 1000

Effective shear rate (s)

Fig. 81 Apparent viscosity for C-13 polymer flood
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400 ®
2 350 |
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= 300 R )
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o 250 o
a | e .. @ 0.7 ml/min
E 200 ®.. - '.,_‘.
S i -0 @ 0.5 ml/min
8 150 oS
o e, e, e, @ 0.3 ml/min
£ 100 R o T
[a] 9. i, PP 0.1 ml/min
50 RN & g
0 4 B
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Location within core (%)

Fig. 82 Differential pressure variation depending on location in core for
C-13 polymer flood
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5.4 Shear Thickening 54 UAS &% ITF 4

7k Folfs A Ao} viHg UVME shear thickening 54 <A ny,
fma E Table 260 GEATH €28 AT YT 2A0A =t dow
fmax #6C] EORAE EA o] AT 5.2 AolA A&Egt upel 2ol n,,

=
E“:‘ Ny,

s #5-E shear thickening 4

oL
=2
1o
ox
of
21'4
rlr
ml
s
N
fu)
b
N
o
N
1o
B
=

Table 26 Matched shear thickening parameter for each coreflood experiment

depending on temperature

Experiment .
Figure No. n, Himax (CD)

Core No.
No.

25T 70C 25T 70T 25T 70T 25T 70C
b-1 C-2 C-1 59 57 2.100 | 1.967 | 235.0 72.0
b-2 C—4 C-3 63 61 2.350 | 2.000 | 327.0 | 172.0
b-3 C-6 C-5 67 65 2.020 | 1.920 68.4 27.1
b-4 C-8 C-7 71 69 2.150 | 1.970 | 748.6 | 292.2
b-5 C-10 | C-9 75 73 1.950 | 1.860 43.6 18.4
b-6 C-12 | C-11 79 77 1.960 | 1.890 19.5 10.1
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55 EPD 4% 84 £4

C-2~4, 8, 13 =ZA EPD Aol =itk EPD&=

— AN LE—-’ OH:]E—-
FARHFET GAY BP0 BE7F ALY S0l R wysdn Eev
g 2AEY FE, 95, €5 %, FAFIEs}F EPD w4 dFg
Pl B

Deborah number(N, )& W Z2iw &9 ey EA4S AFHe=

A sked WA AMREE W

ofy

sty=Z(Delshad et al, 2008;
Magbagbeola, 2008; Lee, 2009) ™/ A1 characteristic time(d)oll gt |7
ANZHO ) = Aod 5 ATHAE0)).

01

p
Np. : Deborah number
0, . characteristic time of fluid
0, . duration time of process

Deborah number= Wl E&9 B Ho| dist dAHe vHZ 1dE

o v g Deborah number’} =oW tiid EZ] AFol g4 go|, Deborah

number7h $row HAgdHo] AujARd FEFE VA= A= si4dn. Deborah

number= 2/(4D)3} Zo] £d=E 4 AHHeemskerk et al, 1984; Koh, 2015).

=T, (41)

Np, : Deborah number
. . stretch rate, s
T, : relaxation time, s

ex= A(42), ()L ol g T 4 tkMaerker, 1975; Maerker, 1976;
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Seright, 1983).

=2 (42)
© 86400d,,¢
1—¢ \/ 150 _u
d, =——1/—Fk 1.0613 <10 (43)
7 ¢ ¢
d,, . average grain diameter, m
f . flux, ft/day
k . permeability, md

. stretch rate, s}

A .

¢ : porosity

7ol 4| Deborah numbersh £k3kAIZE-E LbE I chFig. 83). thAl =
Deborah number7} 11 £33 A)7ko] AW EPD7} A= Adko] AT},

-1
H
L i
____ :
5 10 e |
£ - :
Y ' |
= i
= P4 !
= Vi o
o 6 A0 ] ® EPD occurrence
[=] Fi !
g / 8 i O No EPD occurrence
a 4 S 1
E i L S . : > Condition for high
2 e 8 0 T §= " possibility of EPD occurrence
o 6
0 2 4 6 8

Relaxation Time (s)

Fig. 83 Deborah number and relaxation time in case of EPD occurrence

115

Collection @ kmou



EPD7} 2% C-2~4, 8, 13 A3 ZAFAE o]&38t Deborah number o}
entrance pressure drop A %(Degree of Entrance Pressure Drop, DEPD)E
Hl skt o714 DEPD&= 7| &EAFSeright, 1983) Fralste] o] Aol A
ARk AHUDHE ol & ==skATh o A& EPD7F Bt SAHH
AP )™ EPD7F SR & F3AAY E ARE AY
AR ==y HH(P,,, 0¥ Zo]l BEE YERA gho]tHFig. 84).

P a—P_
DEPD = measured corrected (44)
measured

Deborah number®} DEPDS] A E Hlngk 23 Deborah number’} =o W
DEPDE & 7d3Fo] < Fig. 883 o] ZF3A S(correlation coefficient)”}
096952 M=z LA AFdo] e Aoz Fetxt) o5 53] EPDE %
Zom &9 Hetd SN AT ddo] Qe AR AddAn

o

E measured

— /// Peorrected
o%

2 800
S '.-'
(=]
™9
° 600 -
g y = -9.0769x + 909.69
2 ...,
@ 400
e- e,
200 ;
-
0 °
0 20 40 60 80 100

Core length (%)

Fig. 84 Example of DEPD calculation for C-2
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0.3

_,w“” A C-8, 0.5 mlfmin
0.2 LA
5- ® C-2, 1.0mlfmin
et y=0.0136x 40,107
) R? = 0.9695 A C-8, 0.3 ml/min

B C-4, 0.5 mlfmin
# C-132, 1.0 ml/min

DEPD
»

0.1

AC-8, 0.1 mlfmin
®C-3, 1.0ml/min

0 2 4 -] B 10 12

Deborah number

Fig. 85 Comparison between Deborah number and DEPD

5.6 EPDS} Be]3 23 Q%8 24

EPD= ZEm el =dd &k Aol A= Ze= d#A  JrkSeright,

1983; Seright et al, 2009). o] ATelxl= C-2, 8, 13 =14 EPD%} Z2w
=22 Eafote] ABAdS E4stazt skt

Fofol FAskA 2 Eew &4 EPD7F AT xCA

HEE Z 8H9] shear viscosityE rheometerZ =7 3}% th(Fig. 86~88).

TS i Zolfrs AdoAe 7% =d< ot AT shear

A ¥ (retained viscosity ratio)Ql pu,/w S T35+ tHFig.

[e)
o
89). AZIA pe FZo2 FAsr] e Zyn &9 A H=(EHIT
&
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Fig. 86 Measured shear viscosity for polymer solution before and after
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Fig. 87 Measured shear viscosity for polymer solution before and after

core flood (C-8)
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Fig. 88 Measured shear viscosity for polymer solution before and after
core flood (C-13)

0.8 \
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Fig. 89 Retained viscosity ratio depending on flow rate of each core flood
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C-2 =79 7% 1 mlimin ZHelA EPD7} AstA I 3id 7oA
ZoH &Y HE7F A faste AR {FA BT oF 0472 o= S|
ZAA ZEw Ealrt 2 Aoz dddn. C-8¢ A% 0.1, 0.3, 0.5

0.
ml/min =M EPD7} @A s =dolM EEn &Y HETL

™

st HAE fAw7F 22 oF 0.84, 048, 0.37=2 Ut C-13¢9] H$ 1
ml/min ZANA EPD7} dAsG 1 sld ZAAqNA Ax fXA8]7F <k 0.74

ojt}. o] AFlA EAG C-2, 8, 13 274 = EPDe} 8w &84 3|7}

1 Ax DEPD7} 42 AE FAH] Hizgko] @& Aol Itk o)y 3
A= EPDol 9|3 4HAA ATV 45 Z9y B o3 d= A7}

o AdTE AL on @

Lo
-

0.9

0.8

0.7

averaged u /1;

0.3
0.1 0.12 0.14 0.16 0.18 02 022 024 026 0.28

DEPD

Fig. 90 Comparison between DEPD and averaged p,/u;
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57 B9 9 fH%H SHo] g B 3 9T B

C-2, 8, 13 =AddA =74

5.7.1 shear thinning

wa7h dAT NE Lo Ut

=23+ shear viscosity(Fig. 86~88)l

thinning A%< YeER+=
=224 Bt 2Ag 49 on,

e 2ANA 4y Bo

LAY g

A~
LT?_]_ NJ(), n,

E
=

Jm
o

3

simplex methodE ZA-83}o shear

A S A4 =& tHTable 27).
A H3tol] iRk A2 QA =93 Esirt

| srobA

ol AN

o

Table 27 Comparison of UVM parameter for shear thinning between

before and after occurrence of mechanical degradation

Collection @ kmou

flow rate (ml/min) My (cp) A n
before coreflood 69.42 2.36 0.71
C-2
1.0 34.04 3.01 0.72
before coreflood 560.68 5.37 0.57
0.1 470.90 6.10 0.59
C-8
0.3 275.65 5.20 0.55
0.5 216.52 5.77 0.56
before coreflood 29.04 2.37 0.75
C-13
1.0 21.58 2.36 0.74
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5.7.2 &3N3

s B4 ANFS F338te C-2, 8, 13 2AA B2 Zajrt 243 A$
HZ 899 ¢, 'S =AU THFg 91~93). B8 & Eajvt HyE A @,
G BT fadte AT AT 53], ¢ Bt 9 A A=V Hoh
4% G, GO nAE 2ds Hgste GAzHe FIHAN(Table 28)
B84 a7t #AstE @A zte] radte Ao At ¢ R G 9
T A7 F AL uE B oo Ed Bl 9 St as &
Bt} (o #art g & 4FS VA e ZoE dgdEg

1.E+02

1.E+01

.
£
=]
~> 1.E+00
-1
_%- —ee— 0 ml/min, G'
) ------ 0 ml/min, G
E 1.E-01 1.0 ml/min, G'
© 1.0 mi/min, G"

1.E-02

1.E-03

1.E-01 1.E+00 1.E+01 1.E+02

frequency (rad/s)

Fig. 91 Measured G and G’ for 1,000 ppm Flopaam™3630S in 1,000 ppm
NaCl depending on flow rate of core flood(C-2)
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1.E+03

1.E+02

1.E-02
1.E-01 1.E+00 1.E+01 1.E+02

frequency (rad/s)

—e&— 0 ml/min, G'

~

g

> 1.E+01 ---&--- 0 ml/min, G"

a

_E-. —e&— 0.1 ml/min, G'

i ---#--- 0.1 ml/min,

g 1.E+00 — & 0.3 ml/min, G'

© ---i-- 0.3 mlfmin,
0.5 ml/min, G'
0.5 ml/min, G"

G
G
G
G"
G
G

Fig. 92 Measured G and G” for 2,000 ppm Flopaam™3630S in 1,000 ppm

NaCl depending on flow rate of core flood(C-8)
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=
m
-}
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Fig. 93 Measured G and G’ for 2,000 ppm Flopaam™3630S in 1,000 ppm

NaCl depending on flow rate of core flood(C-13)
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Table 28 Comparison of relaxation time between before and

after occurrence of mechanical degradation

flow rate (ml/min) 7, ()
before coreflood 2.225

C-2
1.0 0.799
before coreflood 7.490
0.1 6.402

C-8
0.3 4.100
0.5 2.840
before coreflood 0.907

C-13
1.0 0.749

573 RE7] A=

C-2 =AM EF a7t FAE A9 wE &AqS Fold FYstd
dHS SANAYL SAHFES Darcy HA A UVMe] H83te] FH7] IA=E

TR THFig. 94). C-2 AF Aol Hls) wiE &A FR7Y] J=r}t dopxnt
C-2 A3 A=A shear thickenings YEMHE UVM W4 pp,., noe 2H2E
235 cpot 21013 wiE &Ho ZF wjH W 108 cpst 2.20]th HWiE &S
o] &3l C-2 43 Al EPD7} 24 F&F 1.0 ml/min 27X 4SS FHsta
C-2 Ax}e} vimg A & 89 Zxo)A EPD7} #ASHA] kokthFig. 95).
71= A7 A}Seright, 1983; Seright et al, 2009] ©|5+A EPD7} arayat
z30A wiEd 84S oA FUZ B§ EPD7E EAstA gAY EPD7E
Ay ste A= Hd
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Fig. 94 Comparison of apparent viscosity between C-2 and effluent solution

at 25C
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@
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Fig. 95 Comparison of differential pressure variation depending on location
in core between C-2 and effluent solution
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5 AoAe 257F 89 899 shear thickening EA4 v|X& FF=
getstr] fsl Zolfrs Ade Tt ZERV] HAEE

2r7] H=E UVMH dfAste] shear thickening 54 <A ny, . 5

23 A3 £57} oW shear thickening E4o] 93 Zam {99 Ax
de A= 71€717F AR B, 2 Wl AT MR A

F7HAQ] dEA A7 BASE EPD @] WAt AS TS Y 3 EPD
Ay A7kE WAAE Qoke Fig. 963 2}

Influential Factors on Occurrence of Entrance Pressure Drop Mechanical degradation of Polymer affects to

*  Velocity * Retained Viscosity Ratio

* Temperature * Mechanical degradation of re-injected polymer solution
*  Absolute Permeability * Shear Thinning Characteristics

*  Polymer Concentration * Relaxation Time

*  Salinity + Shear Thickening Characteristics

h

A 4

Relaxation time,
Deborah number

i v
i 1
.4 i After occurrence of entrance pressure | ,
------------------------ i = 2 ! As degree of entrance pressure drop increases, degree
"I drop; polymer mechanical degradation ' » of mechanical degradation of polymer increases
Entrance pressure /i oceur i 2 B

drop occur atinlet | /!
\

Fig. 96 Summary of findings related to entrance pressure drop in this
research

Y 95 ol &F o AP A EPD= €A & ol =3elA

HAS e 7|2 AT AISeright, 1983; Seright et al, 20099} tlEo] F<
R o

FAe &%, FYH &, 459 I HUFAFHAEN FFS e As
Ado g 3elsttt. A Z Deborah number’} &1 €43}A]7ke] AW EPD7}
HHASE 7 gko] Qlelth. Deborah number’b o9 EPD A A =<1 DEPD7}
2 Aol AU ABFAFTF 096952 A2 BHI Aol e Ao=
gotE et 71& AFAHRe o] EPD7F B3 2dqAE ZEn 294
Ba7F 2AstE AL Aygom sy DEPDYF 242 Zgdy 283
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2a) A=sh Ao 2893 2yt BASHA shear thinning 49 g, kol
Sl SElAIte] @olHth Ay HEs} welgon 71E ATdzsl
2ol Eeld Bzl WA Fv 89 ool AFYY H$ EPD @bl
WAl egke.
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A6 A ARF =AM EGm 2P A5 U 2=
9% B

6.1 743

o] AFolA 257t Fm &4 FHTA B mA = dFE AP
S %% shear thinning, ¢3}AIZF, shear thickening, EPDel tof gt
.

S
5 Yol AFFTAA ZTH &Y FUE, o A vAe= FFE
A

il

’

getetr] 98 A8 AFS AlEdEel4dd CMG STARSE &&3stditt. &
CMG STARS= A #FTolA Zdv FUH 2A, H7HE fsi 28 AMgH«=
=T = E}QO]D}(Sharma et al, 2016; Skauge et al, 2016, Behr and Rafiee,
2017; Long, 2017; Wang et al, 2017; Al-Shakry et al, 2018; Dukeran et al,
2018).

2

AHIE ARSI ARS Z71E AAskr] sl FEH FAel
g8 Aol well spacing, well pattern, A F%2] net payS ZASIA T
Well spacinge FYAA A4A 3+ A2 Ew FYHel HL&d
HAA A well spacing M9+ 492.1~1,017.1 fto]u} 802.2~984.3 fte] wH <l
HAZHo JATHZhang, 2015). ©] AFolA= well spacinge 919.2 ft=
714t AFE 2de BEQY. Well patterne Fig. 973 2ol FUA
Aol vz FelE vttt Wang 52009 AlA Hd Z2i9 FUH
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A8 A F= Daqging FHolAe] 4 A3} 5-spot patternd] -5 EEH
|d FJFo] inverted 9-spotE Tk Al line patterne] BI3] connectivity

factor’} o ZE=Z 5-spot patterno] Zz|v] FUHe A HELo| o HFGsH
Aoz FstHch sHA W 5-spot patterne] unit cell B9 Z AF= FdHS
TRL A FUAo] 2l AAR FFS s F JQSEF inverted 5-spot

pattern® 2 AFZF 2dS =St

line pattern 5-spot inverted 5-spot  inverted 9-spot
[0 @ & & » P - » y ¥ ° oo o =
e o * IS ‘] o ” I ¥ I 14 5 >

F’ p 14 4 P "b P ¥y ° ™Y - k * r 4
L] L] [ ] L] [ ] L] L] L] ’f ¥ '! ° L ] " 2

2 P P RCAINNAe = o =
P ¥ p ¥ ol NN | e 7 © p o p o
® L ] [ ] ° L '\ p P F ® ® ) @ L L ] L ] L ] o

® Production well @ Injectionwell [ Unit cell
Fig. 97 Schematic illustration of well pattern(Schlumberger Qilfield Glossary,
2018)

AdF o2 AF{FF net paye ©EFavt FEEHO Aol JHedt ART
FAE rdt. v FYHol H&H A9 net pay HelE 12.1~54.8
ftolu 40~50 ftQl 7Z-9-7F 714 B thZhang, 2015). o] Ao A = net payE
45 ft2 71AsIE Y. A47]1sk well spacing, well pattern, A% net payE
AH3A x, yE=F 4ol 1,300 ft, T4 45 fto] AFF 2dS THEItHFig. 99).
Zem FUHel HEH AFST ¥ WYe 727.7~29198 psiolyt
1,450.4~2,900.8 psioll A Atel7F JAsEO JoEE o] AFAM AFTF
gL 2000 psiE ZHASAT. ARS FFE, FAFHE, 2= 2de
FofF AF ZA(Table 1D 77zt A 8319 o}
== 47 04, 0.60.2 7RSSO

= 1 =
Zgn =YW e FF9 99 HE WMYE 23~2852 cpoluk 1~10 cp
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A W FUH A& AtErt JsEH Aok Wang et al, 2009; Sheng
et al, 2015; Zhang, 2015). °] dAFoAe Y HEE 5 cpE 7M.

2o HAEe 4 &% oMY E9 HE ZKestin et al, 1978)&
Agstar. AREY 9=t FYgE Bgu g9 9ms PR
7+ sk A
(/ Producer \O
| |
Injector
919.2 ft
(? 1,300 ft
45 ft | ¢
1,300 ft

Fig. 98 Schematic illustraion of size and well pattern of reservoir model

FA} ZHH &AY HEL FAolas AF =X(Table 1D< 44
A g3tAant. W §9 FIEEE duFoE g dAAdA HE et
FAgH 71 F IS wE=tkSheng er al, 2015). ZH FYWo)
g9 AR FALHE HYE 1,450.4~2,973.2 psioltt 1,450.4~2,175.6 psioll
A7 FJEEo] dthZhang, 2015). o] AFelA W F¢ 2HL Ha

A 4=HBottm Hole Pressure, BHP) 2,000 psiz AA3Hch A4 =48
A7 FA ¥ 500 psiz 7pAEe] 2097 Zelw §o] AFZHe| FYHI
2do] AstElE Aoz 74T

&

flo

4719 e Q4ES 1EIY WE ARSE 2d JdHHTH A Edo]
A& Fig. 99, Table 299} 2t} S-1& b-1 FojE o] &3 FHolf%F 2
-1& FHa(Table 113l AA3F base case® AFZ= 2%(70C)<

T P-6 Z¥H LAN(ZYH % 1,000 ppm, NaCl ¥%= 1,000 ppm)

e ¢ N
|1]O
i
tlo rlo mt

Lo
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e Moo 2 N

Y3 Afolth S-2& b1 Ho|E o] §F HolfF AP C28 F
% £xo} OB £EQ50) P-6 ZPH §9L A7 Aol A
o FYste Eelv] g9 25/ AR BEHE ARE W 44 &
£xoz WAt 1Yoz EM §9 ARy FEol hF LE 9
2 et FolHE AW C-2 24 AnelHE EPDS} Zev 2
a7k wARey S-2 zholME EPDS} Felw Eeld Ba o
Holx Th S-3& S2 2NN FUF Zelm g0 o
Ao 224 2ol A ALFig 96)& THT F9olnh

e

Injection of
Polymer Yty
Solution at 25°C §

) Injection of %
1 Polymer _
i Solution at 70°C [

4 Injection of 8
AN Polymer
S Solutioniat 25°C js

EPD & Polymer
Mechanical
Degradation

(@ S-1 (b) S-2 (© S-3
Fig. 99 Summary of simulation condition near injection well
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Table 29 Input data and condition of simulation

simulation no.

S-1 \ S-2 \ S-3

grid

25(x—axis) x 25(y-axis) x 9(z-axis)

core flood no.!

C-1 \ C-2

reservoir porosity

0.21

reservoir permeability
(md)

179.2

reservoir pressure

(psi)

2,000

reservoir temperature

()

70

oil viscosity

(cp)

polymer solution

condition?

P-6

polymer concentration

(ppm)

1,000

NaCl concentration

(ppm)

1,000

temperature of injected

polymer solution ()

70 25

EPD+ mechanical

degradation

injection condition

max BHP 2,000
psi, monthly
. constant injection
max BHP 2,000 psi .
rate 1n
consideration with

EPD

production condition

min BHP 500 psi

! refer to Table 11
2 refer to Table 3
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611 E =9 &= &

CMG STARSAIA =9 WME FA9 HZ(w Wst= 2UHE o]&3] i
A9 ex 93 Uehge »d A2l AVISC, BVISCE d&HT o ZH
Z]

T,In(u) = T, In(AVISC) + BVISC (45)

abs

AVISC, BVISC : model parameters

T, . absolute temperature, K

1 . viscosity, cp

oo W Eo H= wWslE ¢¥sly] sl Fig. 1007 Zo] Ao %3kl
& T,h(E Yehidoh o714 A8 E9 M= Fge B

o
zF 0.00222, 1782302 F3t3th & AEY 2%

Z
Fo BB AlEH oA FHAo ALsHTt.

-50

-100 .. y =-6.1103x + 1782.3

e RZ=0.9991
-150

Tahsln{u)
[

-200 e
-250 g
-300

-350
290 300 310 320 330 340 350

Tahs (K}

Fig. 100 Relationship between 7, In(u) of water and 7,

133

Collection @ kmou



- 100
-
-y
w
=]
2
£ .
= —25°C
o —
© 70°C
a
o
< 10

1

0.1 1 10 100 1000

Effective shear rate (s)

Fig. 101 Apparent viscosity of injected polymer solution

6.1.3 2 &Y 2R HE9 = ¥

CMG STARSellA= 2455 ol &8 Zew &9 Zur) A=d g 2%
FFe 1HT = Joh 70, 25C FHAA HAag, A L=Ftel wE
T, n(p)E GeERAchFig. 102). Ae&o] we} &4 ZRY) Hxo b &=
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FFo] =24 CMGAA = °ol& 1Ee 4 fla AVISC, BVISC % 4=
sty o] Jhesith S-1 oA FAA, Al HEE hed
] SHUA FolAel AlZdeld AxFig. 103) ARS WA oA
Aol tg dAegol 1~10 s’ AS ekt o] mEse] tiid

M9 U @ 55! AL Felm g9 Puy) Y=o HE L=

N

2
L 0 of
Mo Ho O

Ak gHedrt. Fig. 1039 5 st zAdA =23 7]&7¢ vy dAS
ol gal oY HYH fHe AVISC, BVISCE Z+ZF 0.000226, 3704.5=
T3t T
1800
1600 Q ..................................
.......................... o
1400 e
A ...... el & hear Rate
1200 ” S (s_ll;lt
= 1000 © 1000
= ® 100
'_,a‘; 800 y at 2.5 s'=-7.3666x+3368 &t
®25
600 1
0.5
400
200
(]
290 300 310 320 330 340 350

Tabs [K]
Fig. 102 Relationship between T,.In(u) of polymer solution

(Flopaam™3630S 1,000 ppm, NaCl 1,000 ppm) and 7,,, depending on shear

rate
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e et roducer3

rddiire roducerd

Fig. 103 Reservoir area with effective shear rate of 1 to 10 s at 5™
layer (s-1)

6.14 EPD¢} Z29 E3 &3] 9%

ol A9 2Ax T 9 4 A EPDe FAul# o7t HEsh=

A AeFolArt yebgth ol2d A3 Aie EPD7F EEm &9
e WAL EFw o] ARFT UFEZ FHAUz uwet

=2
QoFsld, EPDE FU&E, ZdH
)z}, o]2)d EPDe} Z@H

AEH A UelA FE3ATE o] F 98] ¢4 EPD LA =4
Az 9l UVME e8] 2Ry A=E 73 chFig. 104). o A$ 5 s

136
@ ki



ZAA ZE &4 FHY] HTo figk &% JIgFS EA(Fig. 10534
AVISC., BVISCE z+z} 0.000209, 3731.72 F3tHth o9} o] EPD7} Ay Sk
735 Exﬂlﬂ fdo] 5o wWE ARV HAE FHE dFHstd FY FFE

=9

9|—‘
2
=
@
oQ
—
%
FE N
o
b
Ll
St
1%
glg
2
v}
K
Jo
offt
i
o
b
)
el
.
(o3

e J
o
>
rﬂ\ii

(Fig. 1080 F7t= 247 %—233}9513}. Fols Adde T
*ES SAsIAIL SA T shear viscosity, SHSFAIRE FOZ g, n, A, 7. WS
A gste] FHE7) F=(Fig 1095 ZA3AT. o A#S o &3] AT 5!
23004 Ao =gl e T,In(p)E YeE AthFig. 110). 5 s
=& 7le7|st y A9e ol&d E¥H Tzt 2T i Edn &9
F2+ 0.000846, 307L5= T3ttt old] sid Z2™ 42
ol u] Xﬂ%vOﬂ FUE o]F9 AHeolnz £ =Hd& Fig 1069 #%F

B
A
2
X
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1000

L~ 100
<
Z
(7]
o
£
b —— Including EPD data
E ——— Excluding EPD data
a
o
< 10

1

0.1 1 10 100 1000

Effective shear rate (s1)

Fig. 104 Comparison of apparent viscosity by addition of EPD data using

1400
1200
1000
y = -8.4747x+3731.7
. 800
=
£
3
F 600
400
200
0
290 300 310 320 330 340 350

Tabs (K}

Fig. 105 Relationship between T, In(;) of polymer solution

abs

(Flopaam™3630S 1,000 ppm, NaCl 1,000 ppm) in case of EPD occurrence
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140

120

8

Injection Rate (bbl/day)
=1
o

0
o

rs
o

N
o

o

0 50 100 150 200 250

Time (month)

Fig. 106 Example of injection rate of polymer solution in case of EPD
occurrence (S-3)

100 — —_— —
|
\ |
|
| |
— |
£ ! |
|
&
g .
g 10
S L] . -
13
i * e
5 L]
(]
i .
.
L]
.
L] [ ]
1
0.01 0.1 1 10 100 1000

Shear Rate (s)

Fig. 107 Measured shear viscosity for effluent polymer solution after
mechanical degradation at 70C(C-2)
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©

1.E-01 1.E+00 1.E+01 1.E+02
frequency (rad/s)

Fig. 108 Measured G' and G’ for effluent polymer solution after
mechanical degradation at 70C(C-2)

1000

= 100
2
Z
w
]
@ — Estimated apparent viscosity by
z uvm
c
5 O Measured apparent viscosity by
g coreflood
< 10

1

0.1 1 10 100 1000

Effective shear rate (s%)

Fig. 109 Measured and estimated apparent viscosity for effluent polymer
solution after mechanical degradation at 70°C(C-2)
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1000
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-7.0745x+3071.5
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310 320 330 340 350
Tabs (K)

300

290

Fig. 110 Relationship between 7., In(u) of effluent polymer solution after

mechanical degradation(C-2)
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Shear thinning characteristic
parameters

a%;:crzrtgvgz:si;?:ndg Apparent viscosity of C-1 Injection fluid condition
UVM (Fig. 53) (Fig. 55) in reservoir simulation

Proposed temperature
model

/S

Revised Empirical constants

in Kim(2017) correlation

A 4

Implementation of polymer
flood simulation

Fig. 111 Summary for application method of S-1 simulation condition

S-2& AFS 2=700)e Fd ZFgr &Y 2=Q25C)E A2 HE
zA0lBE F9 FAd o AFZ & t}. Fig. 1013} zo] C-1(Fig.
55), C-2(Fig. 57)¢] BH7] HAEE 445)el # o 250 mE RV A=
H3E =EIAY. olE S22 =AM =Y
o =3t thFig. 112).

Shear thinning charactéristic

parameters "
N
Proposed temperature. | ¥ ;S:;:Z:tgv;z;:i;s:é?:g
del
o p UVM (Fig. 53)

Revised Empirical constants

in Kim(2017) correlation

Apparent viscosity of C-1 Apparent viscosity of C-2
(Fig. 55) (Fig. 57)

\‘/

Temperature effect on polymer rheology

Tops In() = Tps IN(AVISC) + BVISC

Injection fluid condition Implementation of polymer
in reservoir simulation flood simulation

Fig. 112 Summary for application method of S-2 simulation condition
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S-32 AREF LE(M00)S 79 Few goe £
EPDS Zeivl Beld 23 93 s z7old
wa A AR AgdHld =7 aAAe

TP 5 Ao

19A4l9 A C-19] B2R7] HA=(Fig. 55 EPD A3 oA =AHgk
2183 C-29] ZR7] HAEFig 1042 2](d50) 283t 2% e @R
HE WHIE 23T oS S-3 ZANA F SAY §HTH EHO
dEgsty 2 FUH AEHIAS Fdste FEH &Y F¢ FFS Fi
1063} Zo] =&3A Tt

2R %

HEFg 109% HUsel sl exel mE Pus] HE WSS

239 olF 53 eI FY A AW EHo= Qs 3

%ﬂlﬂ IgANA  EE% FFOE  FUHES  ABdold =4
B3k 9rhFig. 113),

(i —— | [ ey

Shear thinning characteristic
parameters

y Matching of measured
%| apparent viscosity using
UVM (Fig. 53)

Proposed temperature
modef

Revised Empirical constants

in Kim(2017) correlation

Apparent viscosity of C-2
with EPD data
(Fig. 104)

e

Temperature effect on polymer rheology
Taps In(u) = Taps In(AVISC) + BVISC

i

Injection fluid condition
in reservoir simulation

!

Apparent viscosity of C-1
(Fig. 55)

A= (Fig. 55¢ &813

Y
St

Shear thinning characteristic

paiameters

Proposed temperature
model

Revised Empirical constants

in Kim(2017) correlation

Z@25C)E A= b=

EPDe} Zew &9

2 Q& 2dAlz AledolA

-

Matching of measured
$ apparent viscosity using
UVM (Fig. 53)

Apparent viscosity of C-1

Apparent viscosity of
degraded polymer solution

(Fig. 55) for C-2 (Fig. 109)

Implementation of polymer
flood simulation

Injection rate

T~

Temperature effect on polymer rheology

Taps IN(tt) = Ty IN(AVISC) + BVISC

i

Injection fluid condition
in reservoir simulation

!

Implementation of polymer

(Fig. 106)

flood simulation

al

s
i

|

=

N mlo

)

ua

s 7F A3k C-29] ER7

Fig. 113 Summary for application method of S-3 simulation condition
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+=7F 70T, S-2& 25CQl A2 4 =ddA Fd= g2 s +
Aol FA 4Ee JeRAthFig. 114, 115). 2 Ax FJAH S A

A dEe dASA 2
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----- s-2
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Fig. 114 BHP of injection well in case of S-1 and S-2
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Fig. 115 BHP of production well in case of S-1 and S-2

144

Collection @ kmou



F oHFig. 116, 117).

S|

H]

[e)
&=

(e}

4 %

-
T

| 5 )

(e}

N

H] 3]

A Ak S-19

H] 3}

3} 529

w

oju

]

S-1
go

s

1

(e}

118).
= F
ST} <¢F 45%

I

19)o

al

=
Fe

o

LR L eRFig.
&

22|
A2

ks

od
2,000  psi2

AN g A

al

zal

=
R

A ckFig. 119). 1 2% &

15+ th. S-19] H]3) S-2

o
1l

WsE o}
3}

=1

o

ol
K

ZO
o

-—

gt A ¥KFig. 120) S-1¢9
145

Collection @ kmou



160
140
120

100 |
|

80

Sewma
60 -----—-----——--------—----

Injection Rate (bbl/day)

40

20

0 60 120 180 240
Time (month)

Fig. 116 Comparison of injection rate of polymer solution between S-1 and
sy
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——-—=52
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Cumulative Injected Volume (bbl)

Time (month)

Fig. 117 Comparison of cumulative injected volume of polymer solution
between S-1 and S-2
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(@) 5 years (b) 10 years

(c) 15 years (d) 20 years
Fig. 118 Variation of reservoir temperature depending on injection period

(5" layer)

147



120

100 £ ==~

80

60
T s-1

40 =Sl
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Viscosity of Polymer Solution (cp)
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Fig. 119 Comparison of variation of polymer solution between S-1 and S-2
at the grid (13, 13, 5) in which injection well was installed
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Fig. 120 Comparison of cumulative oil production between S-1 and S-2
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Fig. 121 Comparison of injection rate of polymer solution between S-2 and

S-3
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Fig. 122 Comparison of cumulative injected volume of polymer solution
between S-2 and S-3
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Fig. 123 Comparison of variation of polymer solution between S-2 and S-3
at the grid (13, 13, 5) in which injection well was installed
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Fig. 124 Comparison of viscosity distribution of polymer solution between

S-2 and S-3 at 5" layer
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Fig. 125 Comparison of cumulative oil production between S-2 and S-3
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Fig. 126 Comparison of cumulative injected volume of polymer solution
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Fig. 127 Comparison of cumulative oil production
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6.3 ¥ A& BT 1
Zgn] FYHS R HL377hA YubE o2 screening, AAA Y
AR 2 FA4 BEY A, g 24, 37 AE, 498 H8& A4S
&Aoo 7 g ATHFig. 128).
| Preliminary Screening |
| Preliminary Analysis |
| Detailed Analysis |
‘s Field Testing
* Test large-scale polymer mixing
| Field Testing | . . i
+ Assess pilot practically; design
pilot including diagnostic
@ measures
* Perform injectivity test
| Field Pilot | (sustained injection capacity,
‘ in situ polymer behavior
| Commercial Application
Fig. 128 Staged process for polymer flood project evaluation and
development adapted from Kaminsky et al (2007)
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Fig. 129 Schematic illustration of molecular weight distribution of

commercial EOR polymer(Glasbergen et al., 2015)
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Fig. A2 Result of filtration test (P-3, polymer 500 ppm, NaCl 5,000 ppm)
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Fig. A3 Result of filtration test (P-4, polymer 500 ppm, NaCl 7,000 ppm)
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Fig. A4 Result of filtration test (P-5, polymer 500 ppm, NaCl 10,000 ppm)
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Fig. A5 Result of filtration test (P-6, polymer 1,000 ppm, NaCl 1,000 ppm)
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Fig. A6 Result of filtration test (P-7, polymer 1,000 ppm, NaCl 3,000 ppm)
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Fig. A7 Result of filtration test (P-8, polymer 1,000 ppm, NaCl 5,000 ppm)
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#9 polymer 1000 ppm, NaCl 7000 ppm Vol versus time
B dyidtversus time
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Fig. A8 Result of filtration test (P-9, polymer 1,000 ppm, NaCl 7,000 ppm)
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Fig. A9 Result of filtration test (P-10, polymer 1,000 ppm, NaCl 10,000 ppm)
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#11 polymer 2000 ppm, NaCl 1000 ppm Vol versus time
W dv/dt versus time
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Fig. A10 Result of filtration test (P-11, polymer 2,000 ppm, NaCl 1,000
ppm)
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Fig. All Result of filtration test (P-12, polymer 2,000 ppm, NaCl 3,000
ppm)
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#13 polymer 2000 ppm, NaCl 5000 ppm Vol versus time
W dv/dt versus time
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Fig. A12 Result of filtration test (P-13, polymer 2,000 ppm, NaCl 5,000
ppm)
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Fig. A13 Result of filtration test (P-14, polymer 2,000 ppm, NaCl 7,000
ppm)
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#15 polymer 2000 ppm, NaCl 10000 ppm Vol versus time
B dyidtversus time
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Fig. Al4 Result of filtration test (P-15, polymer 2,000 ppm, NaCl 10,000 ppm)
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Fig. A15 Result of filtration test (P-16, polymer 3,000 ppm, NaCl 1,000
ppm)
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#17 polymer 3000 ppm, NaCl 3000 ppm Vol versus time
B dyidtversus time
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Fig. A16 Result of filtration test (P-17, polymer 3,000 ppm, NaCl 3,000
ppm)
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Fig. A17 Result of filtration test (P-18, polymer 3,000 ppm, NaCl 5,000
ppm)
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#19 polymer 3000 ppm, NaCl 7000 ppm Vol versus time
B dyidtversus time
250 0.300
200 +—= 0.250
1l *
W L - 0.200 T}
L [] #
E 150 B o m W &
* E
E . 0130 =
° e
= 100 + _.';
. 0100 ©
20 » 0.050
0 0.000
0 200 400 600 a00 1000 1200 1400
time in sec
Fig. A18 Result of filtration test (P-19, polymer 3,000 ppm, NaCl 7,000
ppm)
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Fig. A19 Result of filtration test (P-20, polymer 3,000 ppm, NaCl 10,000 ppm)
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ng B= 7}

3 shear viscosityE H]nl

£ B: shear viscosity 4 2 F3 A=

Zgv] g9 z7(Table BDAIA =4
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J 3t shear viscositye} 74

Table Bl Summary table for result of measured and estimated shear

viscosity
Polymer . Figure No. of
No. Concentration 13l fpnoentration Measured and Estimated
(ppm)

(ppm) Data
P-1 1000 Bl
pP-2 3000 B2
P-3 500 5000 B3
P-4 7000 B4
P-5 10000 B5
P-6 1000 B6
P-7 3000 B7
P-8 1000 5000 B8
P-9 7000 B9
P-10 10000 B10
P-11 1000 B11
P-12 3000 B12
P-13 2000 5000 B13
P-14 7000 Bl14
P-15 10000 B15
P-16 1000 B16
P-17 3000 B17
P-18 3000 5000 B18
P-19 7000 B19
P-20 10000 B20
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Fig. Bl Measured and estimated shear ‘viscosity for 500 ppm
Flopaam™3630S in 1,000 ppm NaCl (P-1)
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Fig. B2 Measured and estimated shear viscosity for 500 ppm
Flopaam™3630S in 3,000 ppm NaCl (P-2)
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Fig. B3 Measured and estimated shear ‘viscosity for 500 ppm
Flopaam™3630S in 5,000 ppm NaCl (P-3)
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Fig. B4 Measured and estimated shear viscosity for 500 ppm
Flopaam™3630S in 7,000 ppm NaCl (P-4)
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Fig. BS Measured and estimated shear ‘viscosity for 500 ppm
Flopaam™3630S in 10,000 ppm NaCl (P-5)
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Fig. B6 Measured and estimated shear viscosity for 1,000 ppm
Flopaam™3630S in 1,000 ppm NaCl (P-6)
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Fig. B7 Measured and estimated shear viscosity for 1,000 ppm
Flopaam™3630S in 3,000 ppm NaCl (P-7)
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Fig. B8 Measured and estimated shear viscosity for 1,000 ppm
Flopaam™3630S in 5,000 ppm NaCl (P-8)
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Fig. B9 Measured and estimated shear viscosity for 1,000 ppm
Flopaam™3630S in 7,000 ppm NaCl (P-9)
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Fig. B10 Measured and estimated shear viscosity for 1,000 ppm
Flopaam™3630S in 10,000 ppm NaCl (P-10)
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Fig. B11 Measured and estimated shear viscosity for 2,000 ppm
Flopaam™3630S in 1,000 ppm NaCl (P-11)
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Fig. B12 Measured and estimated shear viscosity for 2,000 ppm
Flopaam™3630S in 3,000 ppm NaCl (P-12)
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Fig. B13 Measured and estimated shear viscosity for 2,000 ppm
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Fig. B14 Measured and estimated shear viscosity for 2,000 ppm

Flopaam™3630S in 7,000 ppm NaCl (P-14)
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Fig. B15 Measured and estimated shear viscosity for 2,000 ppm
Flopaam™3630S in 10,000 ppm NaCl (P-15)
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Fig. B16 Measured and estimated shear viscosity for 3,000 ppm
Flopaam™3630S in 1,000 ppm NaCl (P-16)
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Fig. B17 Measured and estimated shear viscosity for 3,000 ppm
Flopaam™3630S in 3,000 ppm NaCl (P-17)
10000 . | e d
From the top
@gRyd0, 50, 60, 70°C
1000 AN\ N I 5 | Dot : measured data
o | Line : estimated data
E 100 .
£
E 10
1
0.1
0.01 0.1 1 10 100 1000

Shear Rate (s!)

Fig. B18 Measured and estimated shear viscosity for 3,000 ppm
Flopaam™3630S in 5,000 ppm NaCl (P-18)
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Fig. B19 Measured and estimated shear viscosity for 3,000 ppm
Flopaam™3630S in 7,000 ppm NaCl (P-19)
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Fig. B20 Measured and estimated shear viscosity for 3,000 ppm
Flopaam™3630S in 10,000 ppm NaCl (P-20)
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B2 C 3

T =4 ANE 3 A=

BE Ce 4 ZY9 £9 ZZ(Table CDAA T g &4 AldS FE
G,.G5& &A% AaolthFig. C1~B20).
Table C1 Summary table for result of measured G’ and G’
Polymer' NaCl Concentration i
No. Concentration Figure No.
(ppm)
(ppm)
P-1 1000 Cl
pP-2 3000 C2
P-3 500 5000 C3
P-4 7000 C4
P-5 10000 C5
P-6 1000 C6
P-7 3000 C7
P-8 1000 5000 C8
P-9 7000 C9
P-10 10000 C10
P-11 1000 Cll
P-12 3000 Cl12
P-13 2000 5000 C13
P-14 7000 Cl4
P-15 10000 Cl5
P-16 1000 Cl16
P-17 3000 C17
P-18 3000 5000 C18
P-19 7000 C19
P-20 10000 C20
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Fig. C4 Measured ¢ and G’ for Flopaam™3630S 500 ppm,
NaCl 7,000 ppm (P-4)
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Fig. C5 Measured & and G” for Flopaam™3630S 500
NaCl 10,000 ppm (P-5)
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Fig. C6 Measured G’ and G’ for Flopaam™3630S 1,000 ppm,
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Fig. C7 Measured & and G” for Flopaam™3630S 1,000 ppm,
NaCl 3,000 ppm (P-7)
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Fig. C8 Measured G’ and G’ for Flopaam™3630S 1,000 ppm,

NaCl 5,000 ppm (P-8)
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