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An experimental study on variation of COs-brine relative permeability

affected by surfactant

Gi-Beom Seok

Department of Energy Resources Engineering, The Graduate School

Pukyong National University

Abstract

As the discussion on greenhouse gas reduction is focused, interest in Carbon
dioxide Capture and Storage (CCS) technology is increasing. In order to secure
the economic feasibility of CCS technology, it is very important to improve
injection efficiency. Factors that affect injection efficiency include the
characteristics of the fluid and of the reservoir. In this study, relative
permeability was studied to improve the injection efficiency (injectivity).
Previous studies experimentally proved that interfacial tension between
COy-water and contact angle of rock surface can be changed when a
surfactant was used, thereby a simulation study presented that the injectivity
could be improved. However, the use of surfactant has not been proved to
improve the maximum CO-, saturation and endpoint relative permeability in the
rock pores. This study experimentally demonstrated how quantitatively the
maximum CO, saturation and endpoint relative permeability can be changed by
surfactant. In this study, CO, relative permeability was measured at each
different CO, and brine flow rate during the drainage and imbibition processes
with/without surfactant, which is performed through a steady-state method in
X-ray flooding system at 100 atm and 40°C. Here, CO, saturation was

obtained using the X-ray values of two-dimensional images, and CO, relative

_vi_



permeability was calculated by differential pressure of both ends of the rock
core. As a result, it was confirmed that adding a surfactant affect maximum
CO, saturation and endpoint relative permeability, thus it was improved
approximately by 509 and 180% compared to baseline, respectively. Therefore,
previous simulation study that injectivity could be improved by surfactant have
been practically verified through experimental results. This study is meaningful
in that it quantitatively presents the change value of the CO, relative
permeability by surfactants. Thus, it can be utilized to predict the change in
injectivity using surfactant through further simulation study in various COo

storage fields.

Keywords : Carbon dioxide capture and storage (CCS), CO. relative

permeability, injection efficiency, surfactant
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222. CO-AT HUFI=

CO-A5 Alz="oA SAHE FdFHEe 2d-2 Al2=gd B3] 4o
Ao A7t FE53 AHolth CO; ATl ek #alo] ZolbxHA
FdE daxAd AtEle Aytre] A5 (Bachu and Bennion, 2008;
Bennion and Bachu, 2005, 2008; Bennion and Bachu, 2006, 2007, 2010)<}
' x =9 A (Krevor et al, 2011, 2012, Pini et al, 2012; Pini and
Benson, 2013; Reynolds and Krevor, 2015)7} ¢l

Benson et al. (2013)¥} Burnside and Naylor (2014)%= COy-94 Al =#
of g AuFdHE A3}E B vk e, HAFESE e FH
CO; 37l 2d-&= Al&gd Blg] Yo ojufo CO, ddlF
& 9 YEtwt ESAIRE 9 AREEHE ol ARYEE o] &3 A
T3 % A3} (Perrin and Benson, 2010; Krevor et al, 2012; Akbarabadi
and Piri, 2013; Chen et al, 2014; Niu et al, 2014)E Fig 2.2¢9} Table 2.1
of Agstdtt. dFZFel COE FUE W HuFdes ASE I8
F3AZ H COE FUotHA &= ¥ Al & 29 Ade F
3l SAstATh oo wet A AT LA FYH ARt i
st FHEZF Hw COol AF 0914 AlZfste] F7bste dEHl= A AU
COy-d = Al =" ol A
2ol COy £3%=+= 05 ©]st, CO; AT B3 0.2 o]st7F -3t o]t.
& Atdl = Hl3] CO, E3tE=9F COy HF#H=7F =41 5S4 % Chen
et al. (2014) 20C9 &% oA AAstd=d, o= 43 44 10
MPaoll Al 20CY el CO, X+ 0.0825 cpel A v 50TCY = 0.0278
cp® A olA] 7] Wi o] tH(NIST chemistry webbook, 2021).



Relative permeability
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A Krevor et al. (2012)

o Akbarabadi and Piri (2013)
- Chen et al. {2014)

— Niu et al. (2014)

| 3

CO, saturation

0.8

Fig. 2.2. Relative permeability curves of CO,—brine system in Berea (Drainage).

Table 2.1. Summary of reviewed papers on relative permeability measurements.

Fluids Experimental Rock Flow Capillary
Reference ..
system conditions (Berea S.S.) rate number
Perrin and
) | L: 1524 cm 1.2 _ -
Benson, COs - brine  50TC; 12.4 MPa ) 1.8 x 10
D: 5.08 cm m#/min
2010
Krevor et i L: 10 cm 15 3 =
COy - water H0T; 9 MPa ) 10°° to 10
al., 2012 D: 508 cm mé/min
Akbarabadi
o ) . L: 154 cm 5 _ "
and Piri, CO; - brine  55T; 11 MPa ) 25 x 107
D: 3.76 cm mé/min
2013
Chen et al., . . L: 6091 cm 8 i
COs -brine  207C; 10.3 MPa ) < 10
2014 D: 714 cm m#/min
Niu et al,, ) . L: 20 cm 0.2-20 I
COs -brine  50TC; 10 MPa ) < 10
2014 D: 3.8 cm mé&/min
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logC
Invading fluid saturation
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@ This study
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Fig. 2.6. Immiscible fluid invasion. Displacement boundary and efficiency
(Zheng et al, 2017).
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umAt & u v Ee FFo] &Ast @ 4 9tH(Rebata-Landa and
Santamarina, 2006; Bryant and Britton, 2008). "] &9 &% FdH
COE o #e FFow $3A7E $AoR CO, THES RolA A

E3], 10 mD < k < 10 DY EA oA 7}4 a3

2
e
P
o,
i
K
o
o
(it

tHRebeta-Landa and Santamarina, 2012).

5o COrB ARYE 1,8 e FIo
(Chalbaud et al, 2009). we}A, A

TrEe SX8A HH COr-& AWAHS vHr= 7 43 U2 A
HEAE AFEst= Aot (Da Rocha er al, 1999; Ryoo et al, 2003;
Stone et al, 2004; Dickson et al, 2005). AlH&AA 9 Ao 2 CO9
E AolY ANAE S Uil 84S H3AA CO, 3 S =90u=
th4o] AFAE 7 o (Kim and Santamarina, 2014; Park et al, 2017;
Park et al, 2020).

il

od ATE B FHH CO-FF 2% HF A2WANAE CO, Bohi
0 o CO, Fe)Fahe Ea A e ol
AAFANHOR §F HBF ChFR Wdoh AdAM G FaEs)
o

(Perrin and Benson, 2010; Krevor et al,
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2012; Akbarabadi and Piri, 2013), H| Y HHOZ &5 AP Akgtol
U Bk el = v 23k A3E A QltH(Bachu and Bennion, 2008). ©]
H COE 100% Tttt HATFESEE Fol= dH A7 At
(Miiller, 2011; Krevor et al, 2012; Jeong et al., 2017).

Fig. 2.4+ Kim and Santamarina (2014)°] 23+ CO,-& Alo]e] AWA
He SAY 232 10 MPa¥d # COx-%& Abole AWRFHL °F 35

mN/meo] A5 AW A 04 wt%7F H7F=E™E 5 mN/m S22 AA @

C =

A =obd &8 & IS A= As & F U A=

ARGZAZE A7tE B¢ AL 5225 COZF Fd=EAA HigEs)
=

L7} YolA 3 COy L3857} ZoldttE AL Adgzo

CO; L-V boundary

100 - "‘. ‘..
at21.85°C | | at24.85°C
80 4, Gaseous CO; ; : Ligquid CO,
£ A K, :
= i
E mPowm R P
c 60 7 W -
S o |
wy ] i
c =] i
e " P 4‘ ,
g 40 - T T A CO,-brine
Ha ]
% P COp-wWater
55 e : =
e |
T, ‘I" .........
P . """" W ® CO,-water-surfactant
0 T T L] Ll L}
0 2 4 6 8 10
Pressure [MPa]

Fig. 2.4. The effect of surfactant with different pressures and temperatures
(Kim and Santamarina, 2014).
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Fig. 3.2. Schematic of X-ray flooding system.
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Fig. 3.3. Screenshot of X-ray scanning

_22_

software.



3.2.1.1. CO;

T N e ]
I TR Moo Blodp ) 2
T OE S R = S o
: i B E Mm e = S | B mr_ %
or N 0 ofl o iy T R
NE 3o % =K =3 N R Ltm, FU ,_MM roae
T = M o o B oy ] % Ho N
Erceiw T3 S h o v oW
~o ‘lﬁ ZL —_ ‘Ul Q 1* on ﬂor —_
= X WooR W o= N S N Joo ™ A
s w o M F % T ™ a5 T N
W O o w o5 N
~ N T & By = . S W
o o2 N y - g o
=~ o o ey s Nk H A - S
o ol LR R o < C _ g™
%0 T - | U G+ o A
oo ~ % Flx oo i o Z N Wr o Go B
2 = ® B 5 % 3 &5 WL o X
g TR N M S| GRS GO
o8 ST B ~ B N s 0| = N T
N %ﬂﬂ%ﬂg = oS 5 w8
T PR S Mo w do = W
I e oy W & o (0] K 5 g 7
S * % — 9 =75 5 oap M 5 o
S & TN WX ® M i ma W T
R R T T o T 7 <
~ o X 7 AW B % =
w N oo AR a9 J 8
mw oM = m OB L %F A O o Z =
< 3 N S s T W B%
Q { ° S S o 2 ok
T © :.L < 7_._ = 1;1_ E_
~ T < Ne o T SN T
I S Moo= T S = X T X
o <o B B O £3 <) B < | ‘Wﬂv TR T - o
<odo | N ° T Oou W -~ ER 3 [ ojo
- . o PR N do T - ot oo AP R
o T X T o ~ o > of °
ol W oT X N 1 = =
T N S ICHCI
o g

[e)

‘:I:"

=

=
=

|

()

i

- 23 -



som, Weloh Algk AR #201AE @5 BEE 5 winE A4sn F

AEE wet 5 PV £ IS £85390

i}

3214, HI7HA & dre A =S A

Ao M AlEH doE otoledst HEF 2 AWSEAA Hrtd.
T AR el wAY AR A= HAA HH, o]& SAHsr] ¢
3 FAE vlo]=Z = (Micronit, Enhanced oil recovery chip—uniform
network) .2 FEA|A wmlolAZH Wil Hee 4He ol &t A
E ot APY e MeE et f& SRR WA sk
om, 7|E AFelA SAHE AAAZWNIST, 2021)9F v wstH S of ofF&
4% <Qro® uvetytt mlo] a2 S o] &3 AAdE 54 A= Table 3.1

I EET

_24_



Table 3.1. Measurements of fluid viscosity using micro—chip.

Viscosity

Sample Fluid
P (cP)

15 wt% brine 0.7599

15 wt% brine +
S1 0.7907
0.1 wt% surfactant

15 wt% brine +

0.8198
0.4 wt% surfactant
5 wt% brine 0.7027
S2
5 wt% brine +
0.7900

0.1 wt% surfactant

32.2. FHAE

3221, Weloh Aot

of APANAE HAHT SR A welol ke Agaah 47
38 mm, 2] 120 mm2 HPHA oM, 249 ARE A B, A
EFER A3 B (swelling) A= Hastst7l 9 500TS] Lol A
5A71 stolol el selr.



Table 3.2. Properties of sample #1(S1) and sample #2(S2).

Sample Diameter Length Porosity Kans (brine) Pore volume
mm mm % mD mé

S1 38.02 119.86 19.97 197 27.18

S2 37.96 120.09 20.35 242 27.66

Aol M AbgE HEol A5 AT

[-ﬂ
rir

__'Z‘
ow A #1& 197 mD, A& #2+% 242 mD=E =4 At}

Fig. 3.4. Mercury injection porosimeter.
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Fig. 3.5. Capillary pressure as a function of water saturation.
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Fig. 3.7. Experimental procedure of X-ray flooding test in CO,-brine system.



H]

i

3.3.1. A

™

N

]

G2 zsE ARE Ay 2

O

N
ol

o

A

o/
N

e

o

Nd

T

60°C ol A

B

_ZTI

o

o)
o

N

}

AMEE AW o 34

fite)

o

Ho

»
\S
(o
<]
|
X
2
I
QU
._.m
~ | ®
Ss
=N
| | &
=3
Sk
SRE
S
=)
I
Y

SEEREE S

(25T, t71), bulk volume of sample

=i}
=

=9

p=

2}

o 3

3.32. IS &

(platens)®] & & <

A=

b. HEZE FEI

a. Al8Es =

™

T

HEY 29 (O-ring) Sofeal

2

(screw clamps)® 2t

Ay

d v 29

X
P

_31_



oA COyol X8 AAE} 7] 98] digol AAYE AL
& Aoty Al Wl E3tE COE AHAstr] faixe A5 W =947
CO.2 100% AAX dxzzole] ghat CO7b &ald dF= 100% A3
gxgole] Fhol Hadtty olwf A= 2 pEAS Folr] flal ofo

g8 UEFS AHgedth #x 299 9% FEE 15 wik, 9zl

0%
L

o

(@)
.

—_—

29 7 110 kV, 1.2 mAR AAdgon, mxw A8 94 FEE 5

wt%, 2ol =9 e 1156 kV, 1.2 mA= AdAFGste] 2xdo = ~7s}t

¥ AR oY FEs AL AL #vt dasty] wiel A0
e Sl &2 dide] ¢hs ved 22 Aoz Add 5 AvHOh er
al, 2013).

A _Irinesa
e (14)

]CO‘2 e ]I—n’inesat

L

A7NA, S5 2UA CO9 sk, [ & 23 T 22 d=dold #,

Lo ™= ANE U CO7F £3l8 G542 100% XE3IAIZ] & A2 Ao
o] Frolth 2xY ~7WE FE AL Az o] e 16HE IME

(16bit grey scale intensity) 2.2 0-65535 W E 7FA W, dAgolo e
T Are wEl 2 @e dEhdid =, dzgo] WEdd dxgo] ¢

_32_



BlE] Atole] A&7t

rlo
{123
=8
il
N
i)
-
Bl
12
[»
=)
o,
1o,
=
rlo
PV
X,
AN
o
i,

3.33.1. 294 CO:= 100% A3 Al7 o] o] =2kl =74

297 CO®= E3ATI7] A, A% BH Y Al8E 273 = Fig. 3.29
A COy HZOAMFE A EH7HA dAH = B= &ele] 2715 A
Aste] A CO= Aok Tt A& & &
o] tdd wWhA Alg e A COE w87 §F dxgols 2

&to] 1 grol dAetA 2 wi7bA wbE e

L

3332, AFE 100% ALY Azel wolxgtel =4
ZolET ¢ £ FYFS FTH F G5 P9 AdH F9lo] e T
a9 FYaE AAS] A BANA AR 294 COZ A3 AA

& 5 AFH

(Kl
ﬂl m
re
i
[4 |
L
™
oK
o,
[
il
12
wW
-
Mo
o,
%,
N
£
ol
2

s

>
\l
N
2

AR v A TAstE TS #ES FH A HE AE U 5=
100% Z3tA7]7] 918l ZolSu R =2 3o A7t AL HAE F
A 308 EoF Fa dago] 2L A3 o

a)
AE A5 100% A9 Axelel g T w COob A4t 4w B

3.3.3.3. CO7F &3ld A= 100% L2 Alme] wo]~eel
A7 AR AAG dZE #HAS AAS & FYaz TolFEr) o]
d B4 B AgdE dFEw 23 EIA YA Geles F7)7

EAsta err F9] PEZE AESte] AIRE A9 UA el 9

Ay
o

g FYSn SO Aagel AdR FPHE F7E AABG RE

_33_



o]
H

=
T

Y712 COE
Fol 500 mé7F I ofoF

[e)
[e}

she] #

g g

3L

ghlel Az AAAA =™ CO, H

-(:51,

9
AA CO% EF7F A=

& =

&

<

CO e

—_
10

3341 AdF3=

(——
0

il

B

el

7] o2 v Aol did

o
=

g9 7]

(15)

kabsA Ap

W Al

BERINcE

KN
=1

(152 AuEsed wa 4oz nyd o

Al
al

(16)

_ QuAl
AAp

k:a,bs

)
=

_34_



e

3.34.2. COr-9 AU+

il

—

N

i

il

il

il

£ 347

Alx ) 992 100%

©
T

RS

(17)
(18)
(19)

Al &

T

gl A CO.

¥} %= (Darcy), 1

=
T

g

=3
o v
COZ‘Q] ;I(E]!AJE(CP)a /‘Lbrine

o) A1
= 1

gl

5

Y= gew yEhuE A ((18), (19)9

kkrA Ap
. A

g

T

A
A

=

=

Qb'rine Hprine Al

Qco2 Hegow]
- 35 -

T

T

kr CO,
kj’r brine
(cm?), k

w4 7}
bal

& (atm), fieq,

o)
H

T

Alze] o

L

T

oq71A, A
o] Zeol(cm), p



/sec), k.o E CO8 BNFEHRE, ko> A5 Ao FIEC]Th

o

b lew, olef o] RAAFE L3}
5 A3t gt AlElEE A tH(Suekane et al, 2008; Pentland et al,
2011; Krevor et al, 2012; Akbarabadi and Piri, 2013). wha}A], B 23 o
e T34 A ZARS7E 10°520 e FUfHFor 498 1ys)

Rom, Ado| X ALEH FYUFEFS Table 3.3 2T

Table 3.3. Injection rate conditions used in each process.

Sample Process Non-wetting Wetting
1% drainage ~1 m#/min
S1 1% drainage higher rate ~3 m¢/min
1% imbibition 0.3 m¢/min
1% drainage ~2 m#/min
S2 1% drainage higher rate ~15 m#¢/min
1% imbibition 0.3 m¢/min
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Table 4.1. Higher CO, rate corrected for temperature of core inlet with
baseline.

Baseline
Injection rate | Injection rate
Sample | at pump inside core Scoz Krcoz Ny Nco2
(m#/min) (m¢/min)
S1 1.00 0.81 0.3244 0.1040 2 1.3
2.00 2.52 0.4850 0.1127 25 6
4.00 5.05 0.5347 0.1822
S2 7.00 8.84 0.5611 0.2552
12.00 13.90 0.5792 0.3148
15.00 18.94 0.6031 0.3603
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Table 4.2. CO, rate corrected for temperature of core inlet with 0.1 wt%
and 0.4 wt% surfactant concentration.

S ! Surfactant Injection rate at | Injection rate inside S " N N
ample T w 2
P concentration | pump (m¢/min) | core (mé#/min) o2 o2 o2
0.1 wt% 1.00 1.26 0.4934 | 0.2528 3.3 0.6
S1
0.4 wt% 1.00 1.22 0.4924 | 0.2907 4 0.6
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Table 4.3. Higher CO, rate corrected for temperature of core inlet with 0.1

Wt% surfactant concentration.

Baseline Surfactant 0.1 wt%
Injection Injection Injection
rate at rate inside rate inside
Sample Scoz krcoz Scoz Krcoz Nw Ncoz
pump core core
(m¢/min) | (m¢/min) (m?¢/min)
2.00 2.52 0.4850 | 0.1127 2.50 05123 | 0.1760 2.6 1.6
4.00 5.05 0.5347 | 0.1822 5.00 0.5478 | 0.2499
S2 7.00 8.84 0.5611 | 0.2552 8.76 0.5550 | 0.3155
12.00 13.90 0.5792 | 0.3148 13.72 0.5695 | 0.3500
15.00 1894 0.6031 | 0.3603 1875 0.5954 | 0.3908
0.5
—8—Baseline [no surfactant) —&— Surfactant 0.1 wi%
04 A
g
o
® 03
E
@
o
o
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©
E 0.2
o)
Q
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SCOZ

Fig. 4.12. Maximum CO., saturation and endpoint CO, relative
permeability at higher CO, rate (S2).
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