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Abstract Carbonated water injection (CWI) refers to a method of injecting brine saturated with CO, into the formation to
displace oil. CWI is a promising enhanced oil recovery (EOR) method because it combines the advantages of CO, flooding and
water flooding. This has a better oil displacement efficiency than water flooding and better sweep efficiency than CO, flooding.
Since the 1950s, many scholars conducted studies of CWI, including lab experiments and pilot tests in oil fields. This paper
reviews the current research into the CWI method. This covers the CWI EOR mechanisms, experimental studies, numerical
simulation, field application, sensitivity analysis of displacement parameters and current problems. The main CWI EOR
mechanisms include oil swelling, reducing the water shield effect, oil viscosity reduction, wettability alteration, and interfacial
tension reduction. The results of laboratory experiments show that CWI has better oil recovery than either water flooding or
CO, flooding. Compared with water imbibition, carbonated water imbibition has a better imbibition recovery and imbibition
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rate. Field application indicates that CWI can significantly increase oil production and improve injection capacity of injection
wells. In theoretical studies of CWI, some scholars proposed various models to describe the mass transfer process of CO, from
the aqueous phase to the oil phase, which involves the partition coefficient and diffusion coefficient of CO,. The most relevant
parameters for CWI performance include carbonated water concentration, the timing for injection, injection rate, and salinity.
Meanwhile, the presence of surfactant can further improve CWI performance, leading to better oil recovery. At present, there are
two main problems for CWI application. One is that carbonated water can corrode metal material such as tubing, and the other is
the possible occurrence of asphaltene precipitation during CWIL.
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Fig. 3 Distribution of oil and water (a) before CWI and (b) after CWI"!
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Fig. 4 Distribution of oil and water before CWI and after CWI with different oil sample!"!

R R i S AT R ORA RS , EBRAE K T CO, 5
MR AL RIVERT, —Fh B " g
B, X AH AR L BAL Y CO, KR AT AR BB Ak
SR, Jf HREE R R RS, B R AR AR
I RINIE N AL 177! Q8

Lashkarbolooki Z¢ A W1 & 52 06 BF 5% ik Ak 7K 3K 1o
PR RO B FE . 1] 5 R T AN [A) R BE TR i
Mk R BBE R 7 AR . B K /SR AR R, D
M R BBEE S TR T R, BRI RIS,
210 CO, W] MAKAHIE ATIA, MK B, 24
JE KT 1420 psi(9.79 MPa) i, BEA TR T, i
K RBCK ZE N, (HERIAK; FEEET
1420 si(9.79 MPa) iy, Bl 5 i B2 0 7, SRl K &R
BB K
1.2.2  FTBKG N

& 6(a) /R T 7K B TR CO, SRR B SR, 18
KRS R CO, BRE,  H T B & 76 FL B 2 1 1 i il |
A KL, CO, o> FHME I ABmA H, It
CO, IR 2 i RICR AR A BRI, H 2 73 A ALK B,

14
13+
lmé 12 /.
Ei /l
2 /:
—=—30°°C
11 " 0
——50C
80 °C
1.0 1 1 1 1
0 900 1800 2700 3600 4500
& J1/psi

B 5 SrikEftERmEKARHMEEDTH™
Fig. 5 Swelling factor of oil after contact with carbonated water"!
Ak K AT 5ok BEE i, fi CO, T 45 5 itk AR AH
T T KBS (1] 6 (b) )

Muller 1 Lake!" #5114 J2= v (K BIASONE , #2571
— YR AL, BURME TR, A0 RUETR, KR
JERRE KRR PR | S b oIS AR R 3 IR A
MR, R BB AL AR DN, T > 7K AR R



208 LMEFEEIR  20204F 6 A 455 B4 2 1)
CO, ﬁﬁ
1k
oil Water oil Z)
(a) COIXK BN & (b) BRALZKIXF TR K PR AL

Bo mUKIRSKERGRE CO, §BHLEY

Fig. 6 Water blocking effect during (a) CO, flooding and (b) CWI®

ISR TR LR 0.33 B, CO, VA 0 I kA P
TR, RS, KON A I AN K
AR R 7K RS EEEE S 800 pm, K T FLBR EL
12, PRI K B8N % AR 2 AR R FL I A, ik
FAFLBR. 534h, Grogan!'s"EE N [RFSE LI, 7K
A 5 5 e (B A 56, AR K TR B SR B I e, TE
WHHE Z K, #A SR, X5 Muller fll Lake ![1)
eI —3; (B —J7m, Grogan %8 N\ ¥ H R Kokt
MR ZE AT — B MR, X 4518 A Muller Fl Lake F 45
AR, Bijejic!"™ 4 A il i AL 4, E B T X
T B, KRR EE R 100~500 pm B, 5k 3]
AT BRI TR 290 1 h, )2 — 98 W R
0.1~1 m/d, PHTZKBIRLN MR/ Bijeljic!™ FEMF 58
S ORMERY R T PIRILEE . — RS B AR
ISR I S BOK BB MEZS, DT IR ¥ B il
s 5 — Rl T AR R A A AR, 5 R IR IR
a5, IEAKRERYREE, MM AE TR, XA
WS A S ORI IR
1.2.3  FRIRJE hoAE E

MCO, AKMHBEATMASG, CO, BENS S| S K
FEREAR, 2% T KRS B, SR SR A T B0
McFarlane!” 5% I 4 £ & 2.86 cp A9 Bradford J5U i £ 47
OIS, SRR, R KK Z JE A
Tl A% T RN BE AR T 8%, TR IS I T SRR AT S LI
REE, BicAb /K BR 22 )5 SRS B2 R 2.86 cp %8 1.42 cp,
R R 50%. Sohrabil® FFJ& T ik Ak /K i e il AL T 3
SCHG, SCHREERRM, XPFEIMARR, kIR
LR, XT3, fb /KR FEEH = T
JH R A DG T SEFLBR N AR i % P,
AR ) S AL B BRHoRs BE AR, s T oK
T, YT, EX ALK SR AT R RS R A A B 5
b RRAL KSR S R A Il B RS CO, 3R 143
AL FEZS O T R AR EE S N R CO, 251

IR AR, B CO, W fR Lz A A, J5
KRR B A PR, TR IA 70 mY/m’ I, JELIHUKS B A
I 16 cPFEAKE 4 cP, FEMNIRELIE 75%(1& 7). XifE
BN T CO, Wi TSR 284k, 7ElE
ACO, J&, Bk B i 2 FEAK (& 8).

16

12 -

*5 & /cp

0 I I I
0 20 40 60 80

BRRE/(Mm3Ym?)

E7 ®ECO, FEBFENZHL
Fig. 7 Viscosity of CO, saturated oil*"!

10°

=y
o
o

¥ /(mPa-s)

-
=

0 . 8 . 16 . 24 . 32 . 40 . 48
SRR /(m3 m3)
El§ AR CO, ERmFERIL
Fig. 8 Viscosity of CO, saturated oil at different temperature



B K BIR B R SRR

209

Shokri Afra % A\ FF kAL /K BRSZ5G:, 9T T i
X B AL K IR (W 520 . ] 9 JB R T AN R 2 i e
AR BR R AR, D HORG By, e f 7 B U K s
(R, AR AR MR, 32 R T /R Rk B S il (43
AU EE WA, U AR A {FRoRs B Ry, ik
AR BIEAE DK S AR 384 T e R AR 230 3302l Tk 5
)5 CO, MY BRI, RS BERRAIK, WGE T
KGR L, BT TR A s m iy, K e s
PSR4 R i B . 3R 1 % Lb 1 R R RS 2 v e
ALK IR 5 KSR AR, ke P A IR 7K 5 M ) B ] 53
M FKIK, ALK IKEFE T, CO, I BUEAS B i Rl
FEAIG, W LA R0 . 5340, DRIk EERRAR, ok

100
. L
° * ¢
oe® % s 3 T %
80 oo, Lat L
.. * A n " +
o® *® AT, " s *
A [ ]
o .Q’:A‘.l. Lt + 7
S 60 - e AN £
& ° .0 ads o +F
B oo A" +*
e ?AAAA +tF
A +
PK 40 | SAAL,*
+
il ® SEFEA (/KRR EE=5.46)
& BB (/KA E EE=34.05)
20 A SHHEC (B/KHEEEEE=79.92)
m JBFED (B/KHIEE EE=112.40)
+ JHFFE (H/KHEE E=556.10)
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7

JEANCW/PV

9 AEFERRFRNKIRRUIRITL, dh 4k >
Fig. 9 Experimental results of CWI with different oil viscosity'!

R 1 AREFEFE MR KIRS KRR ST L >

SRR A [R] 25 SR, R PR kG B IR Y CO, iR
B RS, B CO, U I N A Ik, IR e
A BRI B NP B E FHARSS , EK S (Rl . 4%
LB AR A BIR S 56 T 7K S S 110 SR AR 4 s it 3 34
b TOKER, HFIMREE R, 22 S, R
PRI FRELEE A 280 5 RIBCRSZ /N, 1 CO, I
B R AE B F g 23,

124 BRGEEEE %

CO, BT IKIGEILMAkR, FRIERIATE 566235
T2 file &R B P ROV, T GE G E e,
M A Bh

22 R T ALLSE P S (D 25 5 AN RV R Y
Ak K Bz J5 5 RO R fl A o BB B Ak K iR SR,
pHEFEAR, M N 62.93° 08/ NE 42.71°, L1 %
PEAS AT g ] K

Seyyedi %5 A P2 IF J — R 50 4 fil £ S0 86, X L
NG 2 A falie Ak K 5 R A A8k . X R
EAOMEAGRI B A e aS, 75
WAk KRS, JEIh S A R A A A TR AL, B
AT AR BRI R, BRI A R 3 AR e
TR (E 10, B 1), Barade, MM 760748
6105 BAIG I bR, Al M 89° 48K 63°; ¥
TOJE BT ffdr, A A 144074854 97°, AT & Hifk
AKXE AR A . SR T A SRR A5,
5 A K2 o J 22 ke A S RTHE DR o 38 A e AN ]
TR R G R ALK IR B A 5 B il A, SEE
REI AR 3 Seyyedi F ANINH, AR T
AALEER YIS, YpHIEE T 2~3 I, HAMHA, A

Table 1 Comparison of CWI and water flooding recovery of different viscosity crude oil'*!

AL ‘Zj*:/@:ebﬁﬁﬁ ‘E‘/\?j&b}zﬁ %ﬂcﬂ(%
K TKRR: AKX iAok b KRR B fb /K 3K ALK IS = %Mik%r%i
/% KR % SRR % R % RUCE /% RWCRIREE (% RUWCRIFE /%
5.5 46.4 56.5 10.5 63.7 91.7 28.0 35.2
79.9 18.5 28.3 9.8 36.4 84.2 47.8 55.9
556.1 10.5 14.5 4.0 23.6 73.1 49.5 58.6
%2 SREREBRLKERENEH SERRERAZE
Table 2 Experimental results of contact angle with different concentration!
ALK BE /1% 0 15 30 40 50 100
pH{H 7.0 5.78 4.64 4.52 4.40 4.25
Hefu s /e 62.93 58.70 55.30 46.73 43.63 42.71
HERTA 557K 557K 557K K KA KR




210

FAIMBLEER  20204F 6 H S S EH 2 )

PR Y B E BEW D e be B AR R IE M, EREM R
T35 FEDRSE T A SR . pHAEAL T rh ey, 5%
R B B 2 S A N S

OH O-

| |

\<S|>/ \<S| + H
MR SRR, RN EE PR, )
B (V)£ ZEmEA T, A R IR EEFFR; Chiquet
GENINHy, HLfar B> BT KSR e M, B
THAMAR Y, 3% 5 Gribanova RUBFST PUAHYIG .
125 BRFEKY

EHZ M, SRR A RS, §EE
JEUIH ) CO, 1T 5 TR v i R A Al 03 & A TR AL AR
B, JERG—R R, DA i K B 5K T R,

(1)

—

B 10 &R SHRAKEMETE, RiSsaREEME "

Fig. 10 Contact angle before and after contacting with carbona-
ted water'?!

B B 3/, 3G 0 Ik R R B, Sohrabi
N OV T Rk A K ol AL S SO R S0 56 . S5
W, TEVEABRALIK 6 minZE AT, BRALAK 5 IR B
—H EAAHT (B 12), FESREIFAEE 2 h N, RS
AH” TR R AR R, X T TH R AR R K ) DTk s )
T 18%. TERRALKFFLEEA 1 dRF, A" XHEH
AR (0 TTRR SRR B T 28%, HAEAAY FERCR T
SERIABUZ A P2, FLARAL/K / SR iR 2 gk
JIREAR . 2R RAF N BN T AEARRIREE . 1450
T SRR A K B Ak (B 13). Bl S Ak K 3
fil)5, Smisk A FTREAR, ELBEE TR, Ak
FIREARIA s, i BRI T 3k 2095 TR 3% B ok S i
S AN G B AR AR AL 5K T A SE R B . GrapeBH JF
JEWAL KBRS . I EE R LI, A IR ] DU
B AARFBCRCR, Sg i B K A sk I T
R FLA O R 2 e

160

B 57K
[ RISIZN

Z1k REMN Z1

FaES FaES =f =B
B REMENREE. BUETSHAKEMAE RS
R

Fig. 11 Contact angle change before and after contacting with

REA Z1
TRa

KEAL
A

carbonated water!*¢!

(a) B4k K IR AT
& 12

(b) BALKIK2K S

BRAKIRERT R RMANEN (R B, EEAFREE)"

Fig. 12 Oil distribution of oil and water (a) before CWI and (b) after CWI"!



B K BIR B R SRR

211

25
—e—25°C
—=—40°C
—v—60°C
- o—e ——80°C

e

T

1 1 1
%0 5 10 15 20
% $1/MPa
B 13 AREIRETHER—BRUKEREER KA

Fig. 13 IFT between oil and carbonated water in different

Z

SH7K S SR SK S/ (mN-m™)

pressure and temperature®'!

Yang 25 A\ PVHEST 0 5K 10 B A b L EE S
MSRFR, TR R, KI5k ST REH CO, W Y
JNTIFEAR, 75 CO, MR E 56% I, fEBARAYFR HIK
TIF, AR Z R, B i A

2 ERAKIRIESE IR

AT, A ORBA KR AR ST 32 5 N S S
WRIEETE, 0N HRBIED. H, ERNREE
B0 ARRACAK DS | il KB i . fdk
K/ DA A S5y, PEISAR B AN el ik e ALK
1 CO, FENMK A% 18 Fik — [ BEA T ST

2.1 BRALKIRGHZER LIS

U KR S e S 0 s PR SK ISR 1 i T T =
Z—o H 1950 4k, CAZAFHE AR FEER RS
O JEIRTT RO K IR SE R, & SERp R 28 S
KM HEREERIER 3y, R IATLAEN, )
AR BRI 3 4 T /KBK, HAT R A A i R e
I,

S, BT AR A K B v R MR DT R E ST Y A
# F % A Heriot Watt University ) Mehran Sohrabi
University of Regina [t Farshid Torabi. University of
Calgary [Y) Mingzhe Dong. [ 7yl K27 (AL 50) 9 T
TP . Sohrabi A A i 1B e T J o AR 5
5, PPNERACKERESOR ;O TR, TR
WA K R AT AL S5, RS Al K SR e v g
IMPE AL ARS AL, sl ik . I8 sy <A
A, IR S0 WL EE 31 A I 52 ST e Ak 7K SKATL 2 3

RS AR BB 5 4 Y. Torabi 8 AT JE T
— BRIV UL, F ST RR ALK IR i o A A
BYESH, BRI E | TEAREE | SRy
AR BHESS . Dong % AJT R T — R FNBRALK / Jstith 4
fih S, ST AL K SR B Hh CO, £ 3 T il
e, HESL T RRAGIK /Db A 2R A% BT O R B, 5l
SR T B T YTHCHI R, oA T YRGS R
MUK AR & AR, R4 T RUSHE N R b Al
B G, RIEM IR K + 3105 1R 59 i 2 B
FEUE CO, WMMROCR, IFBEAT T 1A A SR 2y
Bre

BEE HALI BT IR A I8D, BURh O 4k TR X
Z e A ERAE R AL S RIT R AT AR, SRR
ERGEFHAGR] 7RI A Ak, FREGLE
FESMNEIERE SEOR, X EE MBI OIS T
—E RS P H TR R BRI ECR R AR, T
o eI A R R IR . REER T A KB
JO7 58 S — R BN RN 00, HET, B BT R BARARA
REAT R R B0 BT A2 T I A PR AT, 7 KR 2 5
%, FZRMORME; IR, PBICRAR .
A KIRS IR, R iR T R ek
YRR R BURIECR SR B T vk . TR NI
PR BB Al 2 20 0 5 U, JF R T BRSO
BRACAK K BRAL K + RS PR ARS8, IFXF e 1A
7] CO, ft T A T oAb /K IR . Ak K + 2 1 1 1 51
9K K SSEE AR SRR, I T TR R
G

Zia BT R MBRAOK ISR LR iy, F2A
AR JLEGAIR

(D) BRA K BCHEAT U B o A B A% R, e —
REASA e R MR I T7 1

(2) BRI HIR GRS ] T /K B PR3 K SR T

(3) ELAZAEATRRAL /K K A SRR HE K BIE 5 iR A 7K K
SRR o

FHIRHIFTE Y TR N AR AEA TSR 3 1 it — 2P R
RS

2.2 ERALKEWREKLE

Ak 7K th F H i CO, 1T Hy 7K A 2 7 4% 3 22 31 A
o, IR E IR . BRARAE K ), UL REAE A
KB S mly it — 2R B WA B T, BT,
HEboreg BIF R TR KIB IS, St RIyR
B, BAb/K REASHR R B WGH R4 = B R 2R IR
Grape™ F| i ALK AT T — RGBS K, BifbK



2020 4F 6 H 55 5 455 2 W)

ESRlE R STE(

212

0> L 119¢ 68'8C i N TH A 2 ST S1 LTT  9LTI~IE01 120~€1°0 (er) FATAL
01> v'6 1'29 LTS AN A 2 HE N 001 4 1> 8t L1 60S°1
01> 6 89 €'€9 AN A2 W 001 [4 1> 1T 8¢
01> 9L 6'9L €69 i NEH A 2N 001 z > ¥9°'91 L91'8 RIS
001~01 11 o3 (44 AENCH M 2 HENC - 4! - (44 0¢ 1612919
001~01 Sor T L1€ R e 2R A ov 1 9 8'€T 9T'11
001~01 Y4 TLS Lig AN A B o 4 9 [4R7 61l (s BADIEYS
001~01 9Tl a €9 AN A 2 HE N 001 4 1> S1'Ce ST 0T (61ABQAI
001~01 €6l €6 oy A N 8¢ L1 - €8'6T 1296 (5] TEZURIA
001~01 8'1T~8'C 09~1+ 13 AN A B wl 8t 60170 11~8 0S1~0¢€ (pIPEUY
0001~001 9¢' 11 0L 1'6$ A E 8¢ LT vl 8'LU8LT TET/091
0001~001 619 ¥9°L9 SH'19 A A E 8¢ L1 Pl I'€T/L€T 8S1/Thl [orIPOAKDS
0001~001 811 €0L '8¢ AN A B 8¢ vl 80 $91 0S8 (r1qRIYOS
0001~001 6 89 6S MENCH M B 8¢ 4! €8°0 91 0s8
0001< ¥ €L 69 WX M E 8¢ 4! €8°0 61 00€1  [¢,UsezooIo]
0001< €S SH9L 1L AN H M B 8¢ vl €8°0 S8l 00€T (YO
0001< 6'¢ I'tS T0S A E 8¢ vl 18 $'81 00€T (e)1qeIYOS
0001< 9L 9'8L L AN M 8¢ vl 780 $8l 00€1 (er1qRIYOS
0001< 6 9°L9 '8S i N H A 2N 8¢ L1 851 $T0 085t [ULGE)
0001< €el 8'6S S9v AENCH M AENC 8¢ L1 SP1 g3 08St
0001< 8L 9 T9S A N TH A 2 8¢ vl 4! s¢ 08St
0001< S01 v'LL 6'99 i N H A 2N 8¢ L1 Syl o3 085t
0001< 881 €69 7 MENCH M B 8¢ LT SP1 93 08St [¢19BTYOS
(quy (%) (%) (%) YAY T (Do) (edIN)/ (do)/ (%) (quyy g
W losk¥rgl  FMIETEIE SRR skXhRkMENC N SRS [OHERE =t 411971 Hedk BRIV Y

SJUWLIIAXI [ALD JO Alewiming ¢ d[qe],
BRTEREEN WX €%



B K BIR B R SRR

213

P TSR FNE PRI, Bl 78 55 it
o, R B K B 5K TR BRI ELA O AR AR E T
M. Perez 45 N PUIF EIRAL K S B WL, FXF
S U E R R AT AT Al B A KB R BRI AR
B R G RICE,  HIB R ICR I B (135 K
K, UM 23% 1K 5 5.0% 0, B WCRICER
M 26.9% 38 K % 38.6%( K] 14(a)). K 14 (b) &R T bk
K S A B MR CR B R AR A, IR, Zha
BRI s A LR RIREE T 2K sh & B 0, ik
KB W32 R (R 52 B W Fjelde 55 N P2 fifi ]
BRIRER i O TR T BRI A, . KB W Ak S fdi T
WA AW B S25 . AN 15 s, il HERAL KIS WA
Fe /KB W AT $ i 20% BB R ICR s KB WS i FH Bk
e B W T HE 5 8%~16% B W RMR . T8 45 A1
TERE T eAbK il . B, AR ek i

80
——70°F
w0 L . =110
o —A—150°F
R A
B
a0 b
=
* =
20
0 Il Il Il Il Il
0 1 2 3 4 5 6

AL KR %
(a) R BRALAK SRR R X b

B 14 EREFE S ERAL KIS TR B 7500

W24 hG, HRMAAVIRSEE, MAE24 hig, HRMA
M3 AN BH i (P 16). Seyyedi F1 Sohrabi®” i ik i 4
WA IR Eh A O FF B W L 00 S 4 fil A S2 6. 8
W SEERHF IR S 3 AR s 1B 17 RO T BRI ER A
2 O KIS WA A 7K I8 W ) R Hh I VN 2 - R
H AL, A AT IR, R AR A (A H
CaCO;y) /KB W b B g T L I%A 224k, IR
ARBWIG, RN S FWRER R, EWREmRiK
BB BORAE T W DR W AR A
BB, RN EFRE T B, FIy )
VAR T AR A OB Al /K I8 W B o SRS 1 T R
£, Manshad 55 A B4l TR ER B il Al K 2 A 798 0 51
55, IER B iR K RBAZHRAS LU = R B Tk B = 32
WR (] 18),

40

30 //////)

10 1 1 1
60 90 120 150 180

SRE/F
(b) TR £ 4 T B ALK TR A £

L
T —e—wmak

—a— K

SRUTER] %

Fig. 14 Carbonated water imbibition recovery at different pressure and temperature'"

80
TRikIK
—— - Rk
60
X
’g; 40
BK
20
0 1 1 1
0 5 10 15 20
B j8)/d
(a) Ik KBREKER
B 15 wkisREKERTEE

Fig. 15

60

e HRIKBR

80 100 120 140

0 20 40 60
B &l/d
(b) KB RETHRALK SR

Comparison of imbibition recovery between carbonated water and water'*



214

fRRAER 20204E 6 A 555 B 2 )

2.3 ERALKIRE 37 M

FARIRAKIRTE 2 AT B RCRAR %, (2>
HiA K BRTED S 0 FH S /b, ELW T B A il
AR R 5

1958 45, Oil Recovery Corporation 13 [E Oklahoma
MIFRE T 4 DORAK IR I SR H , A Y7
SN 4 iR, 1958 4F 4 [, Bartlesville ifli H JF J&

20

-
6]

KUEKI%
S

—u— TRERK

5 —a— HEK
0 | | |
0 50 100 150 200 250
B [8)/min
(@) BIRRUTEST LE
0.006
—W—ERERIK
—~ —A—hZIK
£
€ 0.004
-
£
™
J’;§ 0.002
)
0.000
0 50 100 150 200 250
B iEl/h
(b) BRREXT LE
120
I shERr-prits I AVER-EEA I BRI A
[ AEE-aHs B AEE-ERAe [ AEEEEMA
< 80
iy
_Eq
HE
MK
40
0
24 72 120
=B8N
(c) BRALKZ BRI At A0 Tk ih &
B 16 ®RWAKESIRITIEEfRARm

Fig. 16 Comparison of imbibition recovery between carbonated

water and water'™!

T K&S TR RRAK IR 925, frefbKE AR
24F, JRERURSR KBRS, B PR B AR
AR B R 7K R T A K I PR K Y 2~4 £, H
TETEABRAL K G B 2k S K 3R B B, 17K A5 AR R
1959 4% 4 A, Wirt il H T J& Tk £k 7K 3K 3 56 (Project

2.0
1.8
1.6
1.4

= 1.2
™
;Eé 1.0
’EE 0.8
0.6

——Ca%* —e— |\/|g2+

04 KB ALK B R

0.2
0

0 5 10 15 20 25
BRAKRERS

ALK SR

(S22 S SOV DS V!

—— Ca* —o— Mg* —e-S5*

(b) &
10 15 20 25
BRAKRERS
B 17 #AKERIRPARNEFRESZL
Fig. 17
bonated water imbibition”

Changes in ion concentration in solution during car-

——SW —&—FW

| |
0 8 16 24 32
B [8)/d
B 18 {REERHL KBRS RL KSR R YR T 54

Fig. 18 Comparison of imbibition recovery between low salinity

carbonated water and carbonated water'>*



B K BIR B R SRR

215

F 4 BAKIREE A K HED B il S8
Table 4 Reservoir properties of the block applied with CWI

337, AFNTARRGESEIE, H A 1S AR K
) 420 A/ K, WK HEUEE KSR B 700 4/ RS K

R UEAT FHBER/MD  TAFLBRE /% ) 1500 /K, 1959~1962 4R EL, H7™iik 215 000
K&S 56 17.6 Fii, IRE) T KA A TR Y 80% ., 1960 4, JT
. S 4 NTE=N Nai
Wirt (Project 33) 44 16.0 J& T Post (iak Pr@fdﬁﬁﬁﬁ%%ﬁ%’ﬁ, Bt 7 I A
Post oak 40 L6k AKEBIRIE RS S, 1 AEZ N H ™A 300 #ifi/ KEET
' % 860 A/ K. 1961 4E 10 A, Dome projectitf 17k fk.
Dome 22 14.5 N Y \
om IRIRE, {5 CO, FKFEH T IRATE ALK, Sk
White and Baker 24 21 KSR, PR ETE, B 1962 4E 1A, S5t ki
100 000 100 000 10 000 10 000
-~ SEkE - - SBkE
_ .. REE - BRI — —~
K 10000 | et -~.-310000 K 1K el - K
= o SRR B — ] £ EOF L0 | T 1000
0B L ] o / g
5 o] T "5 = | %
i O N {100 X
T 00} J1gg @ H m
1 /
10 1 1 1 10 10 1 1 10
1958 1959 1960 1961 1962 1959 1960 1961 1962
B jE)/ £ Bt jE)/
(a) K&S project (b) Wirt project
100 000 100 000 100 000
- - iKE
— —=HE —_ o~
¥ ¥OE
E!Eﬂg 1000 + - 1000 ﬂlg{ E'Eg{ 10 000
LN ML
m m
100 | =100
10 L L 10 1000 1 1 L
1953 1954 1955 1956 1957 1958 1959 1960 1961 1962 1963 1961 1962 1963 1964 1965
B jB)/ B8/
(c) Post Oak project (d) Dome project
10 000 10 000
g 1000 - 1000 "E
€ g
08 0
g X
o 00 {100
m m
- - SFKE
7
10 Il Il Il Il 10
1957 1958 1959 1960 1961 1962
B [8]/ 5

B 19

(e) White & Baker Project

B L /K IR BT 37 SEHE TR B 7= = i 4 5550

Fig. 19 Production history of CWI pilot tests™>*!



216

FAIMBLEER  20204F 6 H S S EH 2 )

Bl RME, 140 i/ Ko kIR 7K BE 0% 75 A b )23 rh Y
RERER T, IS ABE I P78, 1960 4 11 H,
3% [#] Texas M White and Baker il F - & B £L /K 3K 57 3%
S, A KBRS I AV A, ACRE T R ST
IKHREY 4~6 57, 1967 4, 5 [l Bl 437 4 o s DX T e
AAKERG 3 520, K R R A g B

A ALK IRE S 0 HZZ B4 Rk, ffbK
ORGSR AT, TR I

2.4 FR{LIKIR CO, £ TR

ALK B PR A S Al L RK KA T, F2 8
i RAE T 5 24838 CO, ZETM/K (G sh b FE, T A0
M RAEACY RIS A, FESATEUE BT, ZE%oK
AN Z B 2 se 4, PRI, /5 B84 R A 3he o4l
WK IRARZS . X T CO, TEIK gL st F2, I
WS 3 M TR R 25 A GE T
ARSI 102680,

FHREEOR B AR T, AR EE R R R
FOR, WAHIREE S TR RS RRT R, AR TR
A7 398 P85 A 25 RS £t ST AR AT SR AR TR A . Chang 5%
NN 2255 23 2] 1158 CO, FE2lK rh i 1 i B
E—EWE . I FHAEASITREMRE, i
AKAH A B SR, PR AS Iy e 5 RS U R
AR ARAS Ty FR I T oK AH 5 A 25 20 430 B AH 45
RSPRS00, FECHREMES T, g
PO AL B AR ik AR P IR A s e xR
RAWA BRI, A0k R S,
AT DAG AL A 57 A SR (441 41 Huron—Vidal IR &
FL], Wong—Sandler i & #HLI %), A 3 o knd
P EET CO K ZITIR R, Ja k) Bk —imik R
R iR Ty =
241 T A R0

B2 [ fk 24 X William Henry 7£ 1803 4F 41 ) = F1] %
B TEARRAEET, AR BRI A
5 W b B A R O RE T . X T CO, 7R
AKARFE R, R EEOT LRI A A (1),

H =2 (1)
X

Hopy H—H5r i W%, Pa;

x4 i WBEIR 1A

p,—45r i B, Pa.

FRE A T AR N R R, TR —K AR
ZH, CO, TR EARD, BOZ T EA A

PE. Nghiem 25 A 93 F 2 FlE #HE H T —E /81T
A1 R T2 4 (B 45 H,S, CO,, N, FIC~Cy) 7EK T %
fRIERTEE, S AW AR, BT —&n f§EAHE
AR, H R EEE A TR, B H 8
ZEUR

TEPHPARDS . AR HO2H A 43 1 4 54 2)
B 4

Je=Sw=0 2
Hoe f o fo, ELIR 03 AR SR RV b 3R B2
Pa,
it B RN PR RARUR R, A (Q2) Tk
HRAK(3):
S =XH, 3)
H EWRBE . I e g, PICAEAS [R1R B s 1 454
T, AT R
InH, = lnHl.*+vi(p_p)
RT
Hr: p"—Z%J], Pa;
H; — FHRIEEAE p” T
R — PR, (J/(mol™K™));
T—iEE, Ko
D7 A% (4) B9 5 12 HE T AR B AR AN R
i, Harvey ™ 2 i+ HTE )T SRR B0k
nH; =lnp, +A(T,,) +B(1-T,)""(1,) +

" NS
Clew(1-1.,)](7..)
Ho HY 2oy iAE AT R 2280
P, RKIHIAI ), MPaj
T, K AR, K
T, =T/T,, J7KHRT R EE 5
X FCO,, HR #A4=-9.4234, B=4.0087, C=10.3199;
p5 Al Saul F1 Wagner® 7£ 1987 4 H 9 2563 2C it
=X
I, TEAERIRE . 0N = FH T LARR
y‘j:

(4)

I ¢
InH, =InH> +—| v,
(=t [ vdp (6)

ool v, ALK B AR, emP/mol.
CO, Zr R+ AT LR H Gareial® 4 H i 28 55
N
v,,, =37.51-9.585x10°T,,, +8.740x10 77, —
5.044x107 T3

cels

(7)



TR K IR o SRR M 5 0 217
Fofr: T M08 °C. A -
242 ZBARE @y Ty

Chang%}\[m]?j—: 1998 4F 4 118 CO, fE4lik v
R AR

R, =a'p'{1—b-sin(g. cp

ﬂ if p<p” (8

c-p+1
R, =R, +m-(p-p°) if p=p° ©)]
/\EFI:
4 . .
a=Ya,-10".T, (10)
i=0
4 . .
b=>b-10"-T; 0<b<l (11)
i=0
4 . .
c=10"Y¢, 107 T} (12)
i=0
s 112
. 2 sin” (b
P 3 ( ) (13)
| 1==sin™" (b
| 1= Zsin ()]
R, =a-p°-(1-b) (14)
m=a{l-b|sin| =.- L1,
2 ¢ -p°+1
(15)
T_¢p 2cos[E c‘f J
2(c-p°+1) 2¢c-p°+1
Horr: R, R CO, TEAIK VR BE (sef/STB); T, (i HL

Bk oCs p WIS (psia); AFHHYRBINZE 5 PR,

TE Chang ¢ N\ N S, K ARBE AL HE AL CO,/ 7K
B —IeiRFR, HA CO, REMSTEIM A AR AR 77 7E,
I CO, TEIM—K IR R P i Al S50 R R -

Seorw = Jeopw (16)

B 0, By, o = Veo, o, v o AL, TARWHRIRAKM, v
TRE 5 CO, AL @, R CO, TEKAH A FE IR 434
FECOL/ K ZIeiR R, KAEE & CO, AT 7 T
e, HEER BN, BT Ry, ~1, it
At

x5 ZBWANERHRE
Table 5 Coefficients in formula 8~15

Horr: g2 A8l CO, 7RG AL ) R AR, W
HRES R
IHEMREZ G, CO, ZETMKH 1 23 Bt 5C 2 T 1
T (I8) B (= AHAETERIIE O ), BIHAE K i 43
FCL A A2 i A A I 45
Seora = Feopaw (18)

Horr, xR, FR WA B KA R CO, 1R
JE 55 YROFE R RE 438 B A 45
243 WEMEE B

TSRO ITIRIRE TR, TR AN )T,
EATAT ARG M P R A AR TE i . = R AR
i, B_ZBOL RS BN A B EEL, Y
RSN AT E N A | A WANG:8 4 45 T )
AN WEARTE R R, FCR AR, E5n
TUROTIRA FUE F T L TR SRR R R, B
E—KIKZ T, 5B AN RRIR & AW AH (ZKAH 50
AH), BUEGER 7 AR 2%

ST RO S KR B AR S R R, O 2
FARW T A A AR, Hop b A i
UNIQUACISIHINRTLIHE AL, HiZ A Hid HALE T
WABAT R TII, SAHTE H BB R, o5 —n
RS T FEAH AR T —W A . Huron Fil Vidal ™l o
Hr A W REA AL G B Ny RS T BR , {5 BINRTL
RAHN, BRRE T RRA a S8 Tt B
(LR T AR T R AR W T AR 7, I R R
TXEE AR AR R W FAE R . J5k, Pedersen™
S NG T Huron 58 AAYRIRL, HIF PV Tsim H1 & 7K AH
HIINZE

Huron Fl Vidal XPIRA 5 FE a ZEUSGHRER G0 F

N a. GE
a=>b L=
(Z{Z bl) ln2]

Hrpe G2 A A thag, Aoyt

(19)

28 i=0 i=1 i=2 i=3 i=4

a; 1.163 -16.630 111.073 —-376.859 524.889
b; 0.965 -0.272 0.0923 —0.1008 0.0998
c 1.280 -10.757 52.696 —222.395 462.672




218

FAIMBLEER  20204F 6 H S S EH 2 )

N

Gt & X, mbzexn(-ar,)
> ZZI_ J —
RT 5 % bzexp(-a,r,)
Horb o, HARBENLZRL, EEARNREH BREA L
W oa, =0 BaRERBEILR SRR, o, AR
TR ZOeH R AR, A QDI
! RT

Hopr g, WY j—iZCHIIRER S

X} Huron Fl Vidal 1R & RLIN #4748 >4 1 faffk, 7T A2
BAEGEH YR AR, xR HAR R SRR, 2
BIAEIR S W RFESEA TS 2 A 3R 1E, Huron A1 Vidal 1R
A AU R S TR IR G AR Y. 25 Bk
R, a5 AT A B BEA AL (LL 410 Huron Al Vidal 574 ) 7]
FHTRAL KR R N 2R T3 A hRasE A2, 7]
DAl PR 25 J7 #2 5 Wong—Sandler i5 A5 1 1) 7234 it
W CO, BK Bk ik £k 7K 3K v CO, MK A% 3ok &5 3tk i 1 5ok
TR, FROMPR-WSBLRL 74 768 () Qi 5 Z Ab A T-7%
L& CO, 1E i K i B 5 &R N, fdE FH PR EOS J7 2 1l
Wong—Sandler JiA HLUSRR fi# CO, FEACKH R

(20)

21)

3 ERAKRREEE N 2

3.1 BRILAKIKE

ALK ISR h, CO, feb =alAl, SR E24%
FREETHATLEL . BRI, CO, %3k iE AT AR Y HE 252 M e
KIRBER B R

20k 1k K H ) CO, A I8 B 58 4 10 Y 2% 1R I
Mosavat 25 A US98 T 7 A B A6 7K 1 A0 R B 50%
5100% M50, BRALKIR RO 22 5 o BAb /KK
SO AE S R AR R A SRR, M Al K R AR
M\ 100% FEAR 28 50% B, RISCEFFAR T 4.2%( & 20).
Ahmadi 55 A\ 97 R AP B B 2 R e T A )2 0 T
SRR S . 2 CO, 412 0.8 mol% ., 1.6 mol% .
3.2 mol% I}, B CO, MRBERUIG A, “RITFM KK
40.9% $E T+ 2 48.75%, iX 5 Mosavat 5 N\ i i 50 8 34
AHIA (L 21) v BE e Ak K i T A A5 58 21 CO,
REREY TG 3B E ATMAR T, A AR AL /K 3R IS T L3,
DR LM e e B IR A 7 B R MACR 35 8

CO, TEIK HY IRV fift B2 S e ) 5 10 38 1 o €2
I, BRI K 5E AR CO, I, AN[E] R J7 5 R 4
P AR B WA AN, PRI ) S5 2 x)
B AL K BRI 7= A — E 5 . Mosavat 55 A 7SV Ji2 41

IR, WFITAS RV B R B fL K SRR AR . 7
fie Ak 7K 1 CO, 18 R B2 34 Sy 100% 1) 45 14 T, il o
TRIEE 1 CO, B M8 B2 51 550 ik Ak 7K 3K
KR, ScmgE AN 22 Fron, B R 7 B98Ok,
CO, TE 7K H 118 V45 fife B2 e A 7K 0K SR AT 23 35 St 4 1 42
L ABYE S35 3] 6 MPalf, 15 Al B 5 R Ak 2k B R
WORAR R P A, PRI R S . R, FEK 5
EWACO, KR, ZEIITR W, fribKIKR
W 5 CO, B il B AR AL S B A AR R, FEIR 3] — &
JE TG, AR 7K B R W F8 1 4K A7 A 59 25 Fathollahi
S5 N VO M J2 250 T J I B AL K SR SE B0 6 B, i
A JE 71 4 2000 psi(13.79 MPa) il 3500 psi(24.13 MPa)
I, B ZRMR )l 42.73% F1 44.39%; 47K BRI
AT AL KBRS, 1 AR J7°4 2000 psi(13.79 MPa) Fil
3500 psi(24.13 MPa) i, fe 2R IR 515014 39.39% Fl
40.00%. SEERASHRFW, FEEE AmAKES, 3w
B R R A OS¢ v (R BRI A% s it oK R IS

80 2057
§
L A A A A A A A A =
70 A““ A4 ‘A S IR “’E
4A%an00s & 8 . S
60 AAA 15 =
A o ° A
N “ . J[\j

°\ 50 L] Y
M o ° X
a0 f 4 . 1102
:I;JIQ . o © © ° e -:'[’g
=30 . ° o <
. ° +
o Y
20 fa . o a BicksEEE@RER00%) |0 D
° & FBALKIRIKH R (1 FF2E50%) ON
10 [ e o =HCO, 5 NFRILKZ L (1BFIF2E100%) O
e o o FHCO,SENBRILKZ L (1BFIRE50%) Es)

\ o-000000052 L L L
0c¢ 0 ,|:L
0.0 1.0 2.0 3.0 4.0 5.0
ENE/PV

20 {AFIREH 50% 5 100% RHERAL KRR UL % L )
Fig. 20 Oil recovery of carbonated water with 50% saturated
and 100% saturated™

0.6
‘____.A—-—A—A—A—A
/A/.___o-—-o—o—o—u
’M’OA - / — *_—_*—_*_——*—*_*_*
5 .
’Idzl; WI
0.2 —¥— CWI-0.8% mol
—®— CWI-1.6% mol
—&— CWI-3.2% mol
0.0 L .
0 o 2 3
ANE/PV
E 21 IERERRN IR RIS R H 2 7

Fig. 21  Oil recoveree of CWI with different concentration'”



B K BIR B R SRR

219

PEATIRALK R, AR 19 25 57 X6 B 2L BRI ASCR Y 52
M AR/

Mosavat”* 38 i3 40 A IR SCE Y. 1 IRLEE X T fb
IKIKAFENR . SEERZE R R, 7E 25 °C 1 40 °C 55 1F
T, WRAK IR LSRRI R 68% F1 65% . T4 IR
FERFHi, CO, FEIHIZK H 8 il B2 S WA, PRt 7
40 °CHMT, B Aok B ik F2 b ik AT A o Y CO, 82
b, SRICREE 25 °C N IR AS AR (15 23).

3.2 EAE

HAET, SAZI0 M TRRFSE S S0
O TFFJE T B A K B 5 7K I il T 7K IR ) 3K 512 46
XPLE, SEERZERRY], EHEEHE T RAL K SR A SR AR
fm TR AT AL K 3R B 32 R AR . LA Honarvar 55
NS S5 SO B (I 24 FIER), BT AL
TR R 5 7 ABRACAK (8 5 2R MOR 5 5h 61.63% Fl

80 ; ; ; : ————1 2.0
,—’*’
P
A4

751 //’ §

115
o\o /.// e ‘]ili(
=70t - L o o———] &
M /.// ikl Ko
= . . g
N Ve 7/ Raal

HesF o7 s 2.0
i< 4 /9 T
Yot o ¢ X

D‘(GO // s H
I g b 051
// ,_I? B ON
s5f o d| o CO KPR S
e o TRALKIR R AU H R
50 Il L L I 1 0.0
0.0 2.0 4.0 6.0 8.0 10.0 12.0
£ 51/MPa

B 22 AEEDTERUKRREZECO, BEE"
Fig. 22 CWI recovery and CO, solubility in water under different

175

pressure!
80 20 5
- A A A A A A A 4 g
70 ﬁﬁ ‘A . s 4 %% a%TaaTaTs =
EN

AA& . e
60 | QAA ‘ 15 &
a . ® 3
A ° oy

X 50f .
7|%§ 401 4 . o ° 10 &
2 30 S w

&30k
= ° ,<
20 ® o . BKIRIUHAECE/(25 C) 5 M
He ° o BUAREHEE@0C) 1% Inp
1ok o P=HCO, 5 ENH K Z L/(25 °C) o
o090 o F=HCO, 5 NHALKZ LE/(40 °C) O
o
Q4000000008 Q L L L 0 'EEI
0.0 1.0 2.0 3.0 4.0 50 L
FENEIPV

B 23 AREIRE T kIR R I 7
Fig. 23  Oil recovery of CWI under different temperature!”

52.58%, FHAEMRALAK BRI L K 9K J5 Rk T 7K 3R Rl
215 9.05%. Mosavat 5 AU TORENE AR IR
KK, EEERRALKIR . AKIKJEBRALK IR IR . EAS
SR, AR A K 9K B 2R SR A8 A T /K 9K Bk
FEKIRIRIBCR, BRSO, 2R IR 22 F
i AHBOK R RSO BT (8] 25), 1 Tikfb Kk BA
U H, KRG TE A BB K O 25 5 Y 4 Je Rl
AKIR A AT SE, A E AR K IR, KRS
A 7K IR 5 T 2 i R /N LT DX S8 5 7K A A B A
. CO, HEA SR e /b, PR MCR A T Bk
AR BIR Y S5

70

60

50

40 |

IH R %

30 f

20 f

—o— EESTIATRIK
—a— JKIKESE AR K

10

0 1 2 3 4 5 6 1 8
ANE/PV

B 24 EEEATRALKILS KRR IR TR K IR IR g et

b

Fig. 24  Oil recovery of CWI and CWI after water injection!””!

100

90 F KX
I AL KR
80 | B KIEEHAKE

41 6.9

% 3/MPa

B 25 AEENTEZEBRL KRS KIREERALKIRIKM R
poi Al
Fig.25 Comparison of oil recovery of CWI and CWI after WI

at different pressure!""

10.3



220

FAIMBLEER  20204F 6 H S S EH 2 )

3.3 ENEE

Mosavat % A U7 I J 20 5 SR R 52 86, 5 N TR
TN X Al A 7K B CRSCR [ 5 Y R G
0.5 mL/min A1 1.0 mL/min i}, 1 A K SR I 9 SR MR
3N 56% . 54%, FZRMEEI IR T2% . 68%( &
26). FERARTEAEEE T, 7EABIRALK S 2 kst
AT, RIA L CO, fefg MK HIZEA AT
SR, Dong 58 AJFJEHA CIRER LI R, Mt A
B AR K A SRR A i s A A AL /K R ICR ), Dong
GNP IZ IT LS TR A B RN, 30
Tt ORGSR U Ahmadi A BT 5 0 BK
Brruhy, VEAE N 2 mL/AhF 4 mL/AhEE, BRAL K BR
FCERT 1 40.9% 1 50.1%, F53) H L 5 Dong %5
NSRS AR L

34 WRILKEE

Rumpf 2 A S T CO, FEAN [F]ER B2 B ER 7K i)
VR IE , CO, 7K HH A ¥ ik J3E i 3 J3E A9 384 T i i)

80 20
E
70 | AﬁiAAAAAéAﬁ Adsaraaaan k3]
24 S’ °
60 A‘&ﬁ o o & 15 g
s o ® -
) 2 o >
S 50F 4 % =
M o @ Q
& 40 10K
# f° ¢ >
= 3of, o £
S <
20 fa o A FALKIKICHE/(1.0 cm®/min) 15 HH
) A BKIISENE0.5 om¥/min) UT\‘
10L ° o =HCO, 55 ALK Z LE/(1.0 cm¥/min) ~
o 1) (@)
o© O =HCO,55E N L/KZ EE/(0.5 cm?/min) [S)
0 -c°°° 1 ! ) 0 ,33
0.0 1.0 2.0 3.0 4.0 5.0 ﬁ\
FEANE/IPV
B 26 AREIFNEE TR KIRRBZETEE ™
Fig. 26 Oil recovery of CWI under different injection rate!”
0.6
)
=
g
= 04
4
&
i
o —
gm 0.2 mNaC\_O
O mNaC\=4
rnNaC\=6
00 1 1 1 1
0 2 4 6 8 10

& $1/MPa

E 27 CO, EARREEKPRFEP
Fig. 27 CO, solubility in different salinity brine/®"

HE K, &30 T A% 22 5 B (&1 27).
CO, M 22 S % s Ak /K 3K CO, 1% i
SRR, EMRRAKIRACR . I, SRk R R
K IRE i R 2R ST N Z —

Sohrabi 28 A POME T T 3L 8l 1wt% F1 3.2wt% i)
e A 7K I 8 T B 2 e Ak 7K 3K 5 7K BIR 5 il £ 7K BIK ) 512
By SCOGES AR, MR AILKES, EhE R
1.0wt% B A 7K 0 3K 2803 LR B2 Sy 3.2wit% 1Y ik £k
K 1% 28(a) ) 5 /K IK)G FEABRAL KIS,
K 1.0wt% BB AL 7K 3R fie 2R MR 3 TR 3.2wt%

1.0
—e— W%
08 —— EE3Wt%
>
a
& 06
ﬁg u.___-/'—_.—_._—.—,.
H gt
=
0.2
00 1 1 1 1 1 1
0 2 4 6 8 10 12 14
FEANEIPV
(a) EEEmRALKIK
1.0
0.8 7KK B AL 7K IX
>
a
N 06 |
g /./.‘l—ll—ll———l/.——.’.-.—’—.
Hostp AN
= =
0.2 -"
00 F 1 1 1 1 1 1
0 2 4 6 8 10 12 14
SFEANE/PV
(b) KIS HRALIKIR (ZhE1.0Wt%)
1.0
7KIK Bk KO
0.8
>
a
o 0.6 |
E ——a—8 n
=R o
TS 04 /l""'
=
ozl f
H
0.0 3 ! L
0 6
SFEANEPV

(c) KIS HR AL KIR (ELZ3.2wt%)

B 28 AFEEEEEBRMAKIE, KIRERRWKIERBIZED L
Fig. 28 oil recovery of CWI with different salnity carbonated

water!®!



B K BIR B R SRR

221

AR KB (18] 28(b)).

UTAER, IER BE /K R4 i RS A B TR
FHEWOGE, MIEMREREERMT, Brfb /KK EA K
SR IR . CO, M BE R = 1R o R 432
T T CEREERRfE K IR (Low Salinity Carbonated
Water Injection o{, Carbonated Smart Water Injection) J5
2, 2P eE A K IK R S e

Manshad %5 A B85 fig— R 41 520y, & 7R
FEJ . B L R SR N Ak ) S Al As A, ANIR]
BN G EET , A TMRER B K AT e e B AR vt K S i
K73 72%, TAEZEC )T BREREE K A CO,, KTk
TIBEAR T 83%, HE—LRAR T Aok o — 2 f
FAsE T, ARER KA R 39.8 °, TEIXEL T INER
JEKHFHIIA CO,, HEfilffy AT REARZ 20.05 °( & 29).

Lee % N 38 o BB AT B i 1 I 3h B fi Ak 7K
IXEHOR, 30 X5 L T ARER BE AR AL K 3K L de Ak 3K

RERBEAR B K IR SRR, BUE R AE R R,
AR A B2 B3 A 7K IR WA 238 > ik P 7K B SR MAC R > I R 2 UK
PRRMOR > K AR, HARES T8 #h EE A K 3K,
IR BEBR ALK IR G N CO, MR EE . TR FEBEAR, &
R (R R K K R R S M . BRSPS i, g
AR E LR

FHEEEFIEER

A BB T /K K B A B O BRI AR, (e
T CO, #hift Tk, CO, fRidtt A ARG 2 E T[],
PR MACRA B dnfar g e 7K o CO, BEA G
SR SR K SRR — T LG

AR AR B2 A K5 Bl A 7 B A 45 5 2 S ST AR AR AR B 7K
YRREMS PRI AR ST Sy | SOk = TR E A RTEE T
ARG, TERRACK AN AR T M50 o ] N CO, 1%
B e FARCARER R K, SR PR RE s o e 25

3.5

35 32
—9—NaCl —®—KCl —4&—K| MgCl,
1 —»—CaCl, —4—Na,SO, MgSO, —w—K,SO,
E 777 a 28 |
R 18 & 24
S
E it
BS 9 —&—NaCl —#—KCl —&—KI MgCl, 20 -
—»—CaCl, —4—Na,S0, MgSO, —w—K,SO,
0 | | | 16 | | |
0 500 1000 1500 2000 500 1000 1500 2000 2500
& Hlpsi & S /psi
(a) KSR EK S (b) Heht B
E 29 ARENFHTREEBRMLKFEKS . EplmHIEE >
Fig. 29 IFT between oil and carbonated water and contact angle under different pressure!™*!!
0.200 120
60 CO,REE (B AL7KIR)
! Y, | e CO, R (1R £ LK)
50 F / = LS e Jﬁzﬁﬂfﬁfg(ﬁﬂﬁgﬁ) 1100
[ oem g 0150l A SRR ERERAAR )
) 40 + ,*' /\R \‘ \' ; mE
A % : 180 B
ﬁ 100 XA : =
= 30 o AW i
= O &% {60 B
= 20 i ! =
oo ’ 4
7KEK & 0050 1A 3
0 ———fEEEAE S 1. \ 140
------ BALAI AN
e R BRALKIR T e il gl Pl il
0 i i | 0.000 20
0 0 0 _ 20 30 0 10 20 30
JENEIPV ENEIPV
(a) RULEXSLE (b) BUREEE . JH1Et CO, EEXTLL

B30 (REREBRMUAKIR, BRALKIK, REEKIK, KIREERMLER ™

Fig. 30 Simulation results of low salinity carbonated water injection'®!



222

FAIMBLEER  20204F 6 H S S EH 2 )

hAK AL sk 1, feiE CO, HIKAHZE A AR ; RN
{60 | s o = TR BT i O o8 1 ) B
TR A NI R T 0% 0 Btk Ak K+ 3% T8I P R O
(Active Carbonated Water Injection) 75 /0> R B 5 56, If
SihirfboKoK . FRETEEFILK . KR EA T K H
RORHEATXF L. SEgR 2 SRR, fe oK + 2R T8 I 14 59
URAHAS T Al KR, BefgHE— D4R mRIUR

EXT CO, SR FE & A A KBIS:, Shu % A BT
JE T B AR K + 2 T T 4 7R 9K 5 K 2 CO, 3K (ACWIHCO,)
MYECR e, eI A R R, 5 EEE A CO, ML,
B ALK + R IEE VR E AT E R IEA SO, a2
[ CO, BIK 1% 2 155 >R WS 2 i B2 o KW 15 fm (181 31); >4
ACW B JE/RBUN T 0.4 PVIRE, ACW BE %€ 1A FH 4 1%
XSGR MR T W B /s {H 2 ACW Bt ZE (R Bk 3
0.6 PVHET, SCRBCEA THIMEER, HEH ACW B2
MR, FeZRCRAR /N (B 32). /NI ACW
BIEIFNREORUE ACW 55 8 42 il 72 43 42 ik, DL G st By
BRI BERAR™, R A RIAE —EEHF, ACW

100

FHAEN
80 r B+
SERER

SRR 00000
oo MNT
T|YUTUUUUTU<
<<<<<<<

BESRAARY

0 1 2\ 3
ENE%
REENT SRR ™
Fig. 31 Oil recovery for different methods'™!

& 31

40

—A— BENE
r —8— WAG Mg
| —®— ACWI [ E&

w
o

POHBRIG IR/ %
8

=
o

0.0 0.2 0.4 0.6 0.8 1.0
JENEIPV
(@) TEVEANER
E 33 ®riok+ REEEFIIRGE WAG R EUREE R 547 1+
Fig. 33 Sensitivity analysis for ACWI+WAG"

SRS AR S0 o e i, Ry R T R Ak K+ R EE
PEFIER v Sy, AR bR B, $ERIFIER T K
WRBEERTE, (FRH VR AR KRR B AR AR /N

T A N Al U 0 I R T R A K + 3R T
TEPEFIDR 5 AR SR T K B A (ACWIHWAG) 115
55, VAN T2k R R, IFEXE A MR K +
PG PR AN CO, VR IEIAT T HUBPER R /34T .
WHGEE IR, AT BT R WAG, TERRIL/K +3
AT 1 R A B B RE RS R 24 10% BRI, HLR2E
1) WAG B BER MR B8 5 1R B 14 K (K 33). Bl & ik ik
K+ R THE PEFIE AR AR, mAORICREH R,
JGTEZ) 0.8 PV E#a T P4, HWE IR ACWIHWAG
FEAEEARZ N 0.8 PV, X5 Shu%f A ACW+CO,
ORI 4 A ML 7E CO, FEA MR B E LT,
Bifi 5 fifk fb 7K + 2 TS MR 70 CO, MR IIE K, IR B i
ZORWCRARIR RN, I, E%5E COo, EAED
FIR T, 1A KRS W R SOR BRI

100

/%

80 -

=
H

S R R A

0 | | | |

0.0 03 0.6 0.9 12 15
ALK+ RIEFIREINEIPV
B 32 AERBRUK+REEEFNEREZERKPIRLER

e
Fig. 32  Effect of ACW injected volume for ultimate oil recovery™!!

40
—A— SiEmNE

—e— WAG W&
—=— ACWI FHER

w
o

N
o

IH RGN E %

-
o

0 . 1 . 1 . 1 . 1 .
0.0 0.2 0.4 0.6 0.8 1.0

B4t 7K o CO,RE/(10°*mol/cm?)
(b) TEVENRE K0



B K BR B R RSCR WS

223

3.6 NG

(D BRAC KR BE B R, B K SRR By (22
BRAC K AL, 1 sl 2 A3 R 23 5 S CO, H5 ff JEE
TR, SERGRAE T ALK EI AR AR

QX TIHEARPUATLESE, B AR A 3R
ORI T /K IR e ALK 3R

(3) TEAHRE X A K BRI ARCR B S WA A7 — 5
W, ARLHEREI LR RATIETE, Afift—2
9.

(4 IRERBERRALIK | 00 P79 + B ALK RS A
W LK IR A Al i — 2 P e L kR

4 A EME

4.1 BUKMEERIEHRIER

TEMRALK IR A SEBR R Y, A T &8 T iy
LB B, Slaughter i FIZEFF ORI K RIS , I E1E4
WA R TG, ok 2 AP e R, (Hit g it
D AR ER AR N R R ORI IR 1 1
DU BB ROR BAF, RAANEM, (H Y 50RE JE A
WG, AR R AL B ik

ALK AR, AR, b rdesE . £
IR AR VAT AL B R AL BE, W 7 AR Sk B4
WEREEF . WA BEIENLAE (A 34 R ).
I, TERR KB B St 2 TAE Y, BB IR ERE LT
W5 G SR I TAE

A K8 ol iy B AN SR D, R 2 X T
CO, IR PhBFFY, W H AN CO, TS KA

B 34 L80 mEMNEER MM REIMERF
Fig. 34 Corrosion morphology photos of L80 tubing (inner)®

PG, BT AR AR 7K O 6 1k AT 5 2% 5 2 2% CO, IR 1 )
PR H AT R AN 9 CO, A B R A, D
5] g oD Jey R e b SRR DL S S TR ok L a5k
P Jm R o 3 Mg, X 3 MR g
W EEMRBOE . BT RS L A B sh 3
B & @k L A R A SRR . Arne
Dugstad 1 Rolf Nyborg® i\ Sk &5 I Ji& 1l 3= % 2 FeCO,
BT i Jm e ik, DL RS sl A A R PR AR R BT D) )
W AR RN 1) FeC O, Rl 5t 17 1 Jl i) o o ok 2 B2
A TR R R], T E S AR A IR R SE R
XA R WS, Sk SRR 80 °C
FUETIh 10 MPaZidy, X 55AHA BT BEFIER A
K, BN H AT 3 BAT — A 18] B 5 R PPl 7= A
Pl R . TR 15 R I ol R R K IR
JE = T S R R B8, TR sh B T R R
Wi, BEMEHIRCAAEEMIE IR, Wah & B
PESRXE LI AL

A 3RIE CO, il R S hrfiol, T,
AR R BN &0 T CO, 23R . JE . SR &K
N pHAEXT 3 Fil£S 4% FAEENSO . P105 F1SM110
AT RIS B, 90 °C, WHCA 1.5 m/si, Bl CO,
SYETEE, OB RS THERE, fECO, RN
2.5 MPalif, BRN8O #IAN, FHeAbkhi i ik 55 5 i
KAH; 90 °C, CO, 435K 2.5 MPaf}, [ifi 5 It 3 it 14
I, R TR RE, 7E 1.5 mysEE, ARG ik
RIRBN I KAA 5 TR P 7K R A ARk 14 T8 b 3 S48 5 M A
K, TR pH AR JE5 e ok 3 5 M AR &

JE IR F2 R XA A P Tl 3B AR A A
PF, RS TR IE R, WA | AR
IR, RIS R, TSR R . HH
B Iy A A v . B R . BRI
HLIE2ETRSE I i R e B2 FEAT A M A

4.2 FBRAKBRFHFREAR

WA KA b, T CO, FE AR S X2 BT 2
SrEGThAE ., SO ERALSY (AN ) 7R ST PRI AR
RS A LA AT AT i, RO AR TR
CIEIESLMEANE = B O HAT, AR ALK R e
HR T LR S8, (HHAEHIFLELL CO, 4Kt
FEP R AT BOCRERALBEAT , WIS %,

5 B4 i A O 38 g S 56 3 CO, BRI T o
BT R &R (R 7), HMRARICO, ¥R, PR
TR U 7 A A, T A AR AN R R R T
B I HLGH B B R, CO, 9T RUR Y



224 AilEkAE 2020456 A 25 5 B 2 M
Fz6 BN AL
Table 6 Comparison of corrosion monitoring methods
EEaRVS R RH PR R R A 1 L fb A R

FAREH SEdksEEEEt SEks R S BB G AL A KON

RIS e E Ay juisues SRR il R Ik s ot o5
R & fle—rh = =

W EE 1~6 4~ H JINEF /R St NI 518

WA &, RS A THI AT T ST 1
P W, P57 T8 I P WA, SR [EPag i
B VERu e ) T AR R a0 N2 i = 5 W A UL O U L o o s D3 2 L D O 7 N < e s | LS I g )

R RAH RN T ORREER I & IR R U N e 78773
£7 4MPaTCO, HFHEIREBFHHIERIE
Table 7 Asphaltene concentration in crude oil before and after CO, diffusion at 4 MPa®"
Wit BT 48 /%

Il X /%

i b v R P

PN 0.51 0.18 64.17

HORE 1.16 0.34 70.69

MRIIV R 2.68 0.33 87.69

T 3.52 0.19 94.60

Wit U AR R R Ay, S b CO, 9 HK
HiJe B4 B 0 7 o e A A S W DR 23 0 i R A
IR

5 4B

BALK SR — T CO, $ R IR EOR, Z55 T
CO, BRARKARAY DL AL, o —Ff AT AR 1 7
5o B I LT A2 B9 77 16] R RO AR 1) 1 A
¥, HRTA ZR R AR I R IECR 7%, Ho
B ALK SRR B R B —E RN . BEE R
B WL, B ALK 3R] 5 A SR H AR 455 (1
WK PER] ), FE— PR TR AR SRR ISR . A
WICREIUN R 25E -

(D BRI AR R, X hmEE ., KB
R AL, ALK SRR SRR AR s D
IKBEIR BN AT AL R AE T, BRAK SR RERS 1 —

%75 ik

AR AR

() A /K IR T Z AL R K Y CO, A
KA AR, SR G . FTROK BTN
RS JR IR | PR B DRG B2 AR S T 7k A

(3) ik CO, 3 it P ) = 207 1A ) W ik |
2y A AR H AT A Ak, Hd, 28Uk
HEMEBEBONE, w T, o A
F BN B R, (BRI B 2%

(4) BRAG K BB R 3 MR W, B AL KR 2
TEARIHL, TEARRE | B /K B2 100 Bk AL 7K B R
SR o KB T K IR A5 2 T R A R B K A 4
REHE— 204 e A K KBl ACR

(5) BRACKIAEARZ WA 2 7RI, PR35
Sl R mIEAJFEARE . LR, AKX
IO FH %) 2 S TR0 Ay e A /KRS 5 A8 ) R et 15 e A 7K 0K
BB IR, X LE R Rt — APk, 7R IKE
ES NP @ NV VAR

[1] CHENY, OLIVER D S, ZHANG D. Efficient ensemble-based closed-loop production optimization [J]. SPE Journal,2009, 14 (04): 634—

645.



B K BIR B R SRR 225

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

HAN L, GU Y. Miscible CO, Water-Alternating-Gas (CO,—WAG) injection in a tight oil formation[C]. SPE Annual Technical Confer—
ence and Exhibition, Houston, Texas, 2015.

TIFFIN D, YELLIG W. Effects of mobile water on multiple-contact miscible gas displacements [J]. Society of Petroleum Engineers
Journal, 1983, 23(03): 447—-455.

TIFFIN D, SEBASTIAN H, BERGMAN D. Displacement mechanism and water shielding phenomena for a rich-gas/crude-oil system
[J]. SPE Reservoir Engineering, 1991.6(2): 193—199.

LIN E C, HUANG E T S. The effect of rock wettability on water blocking during miscible displacement [J]. SPE Reservoir Engineering,
1990, 5 (02), 205-212

KHALIL F, ASGHARI K. Application of CO,—foam as a means of reducing carbon dioxide mobility [J]. Journal of Canadian Petroleum
Technology, 2006, 45(5): 37—42.

CHRISTENSEN R J. Carbonated waterflood results-Texas and Oklahoma [C]. Annual Meeting of Rocky Mountain Petroleum
Engineers of AIME, Farmington, New Mexico, 1961.

RIAZI M, JAMIOLAHMADY M, SOHRABI M. Theoretical investigation of pore-scale mechanisms of carbonated water injection [J].
Journal of Petroleum Science and Engineering, 2011, 75, 312—326.

SOHRABI M, EMADI A, FARZANEH S A, et al. A thorough investigation of mechanisms of enhanced oil recovery by carbonated
water injection [C]. Houston, Texas: Presented at SPE Annual Technical Conference and Exhibition, 2015

MOSAVAT N, TORABI F. Application of CO,—saturated water flooding as a prospective safe CO, storage strategy[J]. Energy Procedia,
2014, 63:5619-5630.

SOHRABI M, RIAZI M, JAMIOLAHMADY M, et al. Mechanisms of oil recovery by carbonated water injection [C]. International
Symposium of the Society of Core Analysts, Noordwijk, the Netherlands, 2009.

SOHRABI M, RIAZI M, JAMIOLAHMADY M, et al. Safe storage of CO, together with improved oil recovery by CO,—enriched water
injection [J]. Chem Eng Res Des, 2011, 89 (9):1865-1872.

LASHKARBOLOOKI, RIAZI M, AYATOLLAHI S. Experimental investigation of dynamic swelling and Bond Number of crude oil
during carbonated water flooding: Effect of temperature and pressure [J]. Fuel, 2018, 2014: 135—143.

YASUDA E 'Y, KOROISHI E T, TREVISAN OV, et al. Study of petrophysical properties alterations of carbonate rocks under carbonate
water injection [C]. International Symposium of the Society of Core Analysts, St. John’s Newfoundland and Labrador, Canada, 2015.
MULLER T, LAKE L W. Theoretical study of water blocking in miscible flooding [J]. SPE Reservoir Engineering, 1991, 6 (04): 445—
451.

GROGAN A T, PINCZEWSKI V W, RUSKAUFF G J, et al. Diffusion of CO, at reservoir conditions: models and measurements [J].
SPE Reservoir Engineering, 1988, 3 (01): 93—102.

GROGAN A T, PINCZEWSKI W V. The role of molecular diffusion processes in tertiary CO, flooding[J]. Journal of Petroleum
Technology, 1987, 39 (05): 591-602.

BIJELJIC B R, MUGGERIDGE A H, BLUNT M 1J. Effect of composition on waterblocking for multicomponent gasfloods [C]. SPE
Annual Technical Conference and Exhibition, 29 September—2 October, San Antonio, Texas, 2002.

MCFARLANE R, BRESTON J, NEIL D. Oil recovery from cores when flooded with carbonated water and liquid CO, [J]. Producers
Monthly, 1952: 23-35.

SOHRABI M, RIAZI M, JAMIOLAHMADI M, et al. Carbonated Water Injection (CWI) studies [C]. 29th Annual Workshop &
Symposium, IEA Collaborative Project on Enhanced Oil Recovery. 2008.

JEZS . Bos e T S R EA ST [D]. MGEREE T K24, 2016 4. [TANG J. Numerical simulation research of CO, injection for
tight Oil [D], Chengdu University of Technology, 2016.]

XN, IVKH, Wi, 55 . Ny CO, XTI S B IORS BE RS2 ma D52 [J]. b B Al B CARHE S5 i, 2018, 38 (12): 148—149.
[LIUHT, SUNY T, LIN T, et al. The influence of N, and CO, on the oil viscosity of Bohai [J]. China Petroleum and Chemical Standard
and Quality, 2018, 38 (12): 148—149.]

SHOKRI AFRA M J, BAHALOO HOREH M, ROSTAMI B, NOROUZI H. Laboratory investigation of oil viscosity effect during
carbonated water injection: Comparison of secondary and tertiary recovery [J]. The Canadian Journal of Chemical Engineering, 2018, 96
(8), 1805—-1813

MCMANAMEY W J, WOOLLEN J M. The diffusivity of carbon dioxide in some organic liquids at 25° and 50°C [J]. AIChE Journal,
1973, 19 (3), 667—669.

ALI M, FAIZUL M, RADZUAN J, et al. Carbonated water injection for recovery of oil and wettability analysis [J]. Applied Mechanics
& Materials, 2014. 695: 499—-502.

SEYYEDI M, SOHRABI M, FARZANEH A. Investigation of rock wettability alteration by carbonated water through contact angle

measurements [C]. 18th European Symposium on Improved Oil Recovery, Dresden, Germany, 2015.



226

FAIMBLEER  20204F 6 H S S EH 2 )

[27]

(28]

(29]

[30]

[31]

[32]

[33]

(34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

SEYYEDI M, SOHRABI M. Enhancing water imbibition rate and oil recovery by carbonated water in carbonate and sandstone rocks
[J]. Energy & Fuels, 2015, 30 (1), 285—293.

CHIQUET P, BROSETA D, THIBEAU S. Wettability alteration of caprock minerals by carbon dioxide [J]. Geofluids, 2007, 7 (2), 112—
122.

GRIBANOVA E V. Dynamic contact angles: Temperature dependence and the influence of the state of the adsorption film [J]. Adv.
Colloid Interface Sci., 1992, 39 (0), 235—255.

KAYHAN I, S84, A 520, %5 ARIRAH CO, BREE iR T RUSCR [J]. AN TR, 2001, 1: 7-10+14. [KAYHAN I, MO Z M, SHI
J X, et al. Enhanced oil recovery by immiscible CO, flooding [J], Foreign Oilfield Engineering, 2001, 1: 7-10+14.]

AR, M, 2R, S IR AR T COy— BRI — 7K (R SR AR A BRI ok I 52 [J]. A1i2#4R 2016, 37 (10):
1265—1272+1301. [LI B F, YE J Q, LI Z M, et al. Phase interaction of CO,-oil-water system and its effect on interfacial tension at high
temperature and high pressure [J]. Acta Petrolei Sinica, 2016, 37 (10): 1265—1272+1301.]

GRAPE S G. Imbibition flooding with CO,—enriched water [D]. Texas A&M University, College Station, Texas, 1990.

YANG H, JAMES L A, JOHANSEN T E. Carbonated water injection for EOR in one dimensional flow with constant pressure boundar—
ies [C]. International Symposium of the Society of Core Analysts, Napa Valley, California, USA, 2013.

MESMARI A A, MAHZARI P, SOHRABI M. Modelling formation of a new fluid phase during carbonated water injection [C].
International Petroleum Technology Conference, Bangkok, Thailand, 2016.

SHU G L, DONG M Z, HASSANZADEH H, CHEN S N. Effects of operational parameters on diffusion coefficients of CO, in a
carbonated water—oil system [J]. Industrial & Engineering Chemistry Research, 2017 56 (44), 12799—-12810.

ke Jg, X, 5K S A B0 i AT I Z IR U], AR B IR A, 2013, 32(1): 41-44. [ZHANG W, LIU X, ZHANG Y W.
Worldwide tight oil and its current exploration & development conditions[J]. Petroleum technology BBS,2013,32 (1): 41-44.]

YU HY, CHEN Z W, YANG Z L, et al. Allied in-situ injection and production for fractured horizontal wells to increase hydrocarbon
recovery in tight oil reservoirs: A case study in Changqing Oilfield [C]. International Petroleum Technology Conference, 26—28 March,
Beijing, China.

PRI, TR, RREUEE, 4% . SO 2 UK 20K R RIHAE ) TR n 471 [J]. A=, 2017, 38 (12): 1411-1418. [CHENG S
Q, WANG Y, LANG H H, et al. Feasibility of inter-fracture injection and production for the same multistage fractured horizontal well in
tight oil reservoir [J]. Acta Petrolei Sinica,2017,38 (12) : 1411—-1418.]

THETE A TPAR, S A L BUBIE S GRS I R R AT TS (], AR, 2018, 3 (1) : 32—44. [YU HY, YANG
Z L, MAT, et al. The feasibility of asynchronous injection alternating production for multistage fractured horizontal wells in a tight oil
reservoir [J]. Petroleum Science Bulletin, 2018, 3 (1): 32—44.]

XU 8. PO Z3 Hb B0 0 e 6 2 B AL B 5T (D], b R 22 B 5T AR BE (BB I AR 1 24 F 98 ), 2014. [LIU Q. Porous flow
mechanics of tight oil reservoirs in Sichuan basin [D]. University of Chinese Academy of Sciences, 2014.]

YU HY, YANG Z L, LUO L, et al. Application of cumulative-in-situ-injection-production technology to supplement hydrocarbon
recovery among fractured tight oil reservoirs: A case study in Changqing Oilfield, China [J]. Fuel, 2019, 242: 804—818.

YU HY, RUI Z H, CHEN Z W, et al. Feasibility study of improved unconventional reservoir performance with carbonated water and
surfactant [J]. Energy, 2019, 182: 135—147.

SOHRABI M, KECHUT N I, RIAZI M, et al. Coreflooding studies to investigate the potential of carbonated water injection as an
injection strategy for improved oil recovery and CO, storage [J]. Transport Porous Med 2012, 91(1): 101-121.

KECHUT N I, SOHRABI M, JAMIOLAHMADY M. Experimental and numerical evaluation of Carbonated Water Injection (CWI) for
improved oil recovery and CO, storage [C]. SPE EUROPEC/EAGE Annual Conference and Exhibition, 23—26 May, Vienna, Austria,
2011.

FOROOZESH J, JAMIOLAHMADY M. Simulation of carbonated water injection coreflood experiments: An insight into the wettability
effect[J]. Fuel, 2016, 184: 581-9.

SEYYEDI M, SOHRABI M, SISSON A, et al. Experimental investigation of the coupling impacts of new gaseous phase formation and
wettability alteration on improved oil recovery by CWI[J]. Journal of Petroleum Science and Engineering, 2017,150: 99-8.

AHMADI M A, HASANVAND M Z, BEHBAHANI S, et al. Effect of operational parameters on the performance of carbonated water
injection: Experimental and numerical modeling study[J]. The Journal of Supercritical Fluids, 2016,107: 542-8.

MAHZARI P, TSOLIS P, SOHRABI M, et al. A comprehensive experimental study of pore-scale and core-scale processes during
carbonated water injection under reservoir conditions[C]. SPE Kingdom of Saudi Arabia Annual Technical Symposium and Exhibition,
24-27 April, Dammam, Saudi Arabia, SPE 188142, 2017.

KILYBAY A, GHOSH B, THOMAS NC, et al. Hybrid EOR technology: Carbonated water-smart water flood improved recovery in oil
wet carbonate formation: Part-II[C]. SPE oil and gas India conference and exhibition, 4-6 April, Mumbai, India, SPE 185321, 2017.
SHAKIBA M, AYATOLLAHI S, RIAZI M. Investigation of oil recovery and CO, storage during secondary and tertiary injection of



B K BIR B R SRR 227

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]

[72]
(73]

[74]

[75]

[76]

carbonated water in an Iranian carbonate oil reservoir[J]. Journal of Petroleum Science and Engineering, 2016, 137:134—143.

PEREZ J M, POSTON S W, SHARIF Q J. Carbonated water imbibition flooding: An enhanced oil recovery process for fractured
reservoirs[C]. SPE/DOE Enhanced Oil Recovery Symposium, 22—24 April, Tulsa, Oklahoma, 1992.

FIELDE I F, ASEN S M, ZUTA F Z. Improvement of spontaneous imbibition in carbonate rocks by CO,—saturated brine[C]. In 16th
European Symposium on Improved Oil Recovery, Cambridge, UK, 2011.

EH, BT, N, 55 BRIRZK A A BB R MR K 520 SE 88 [J]. V92222 4R ( A SRR R, 25(2): 48-50.
[WANG R, LU CY, YUE X A, et al. Experimental study on the effects of carbonate water on rock wettability and imbibition recovery—
[J]. Journal of xi 'an petroleum university (Natural Science Edition), 25(2): 48—50.]

MANSHAD A K, NOWROUZI I, MOHAMMADI A H. Effects of water soluble ions on wettability alteration and contact angle in smart
and carbonated smart water injection process in oil reservoirs[J]. Journal of Molecular Liquids, 2017, 244:440—452.

HICKOK C W, CHRISTENSEN R J, RAMSAY H J. Progress review of the K&S carbonated waterflood project[J]. Journal of Petroleum
Technology, 1960, 12(12):20—24.

SCOTT J O, FORRESTER C E. Performance of Domes Unit carbonated waterflood-First stage[J]. Journal of Petroleum Technology,
1965, 17 (12): 1379—-1384.

RAMSAY H J, SMALL F R. Use of Carbon Dioxide for water injectivity improvement[J]. Journal of Petroleum Technology, 1964,
16(01):25-31.

HICKOK C W, RAMSAY H J. Case histories of carbonated waterfloods in Dewey-bartlesville Field[C]. SPE Secondary Recovery
Symposium, 7—8 May, Wichita Falls, Texas, 1962.

KISLYAKOV'Y P, KOVALENKO K I, BABALYNA G A. Treatment of well-Bore area of injection wells with carbonated water[J]. Neft
Khoz, 1967, 45(4):41-44.

LIY K, NGHIEM L X. Phase equilibria of oil, gas and water/brine mixtures from a cubic equation of state and Henry’s Law [J].
Canadian J of Chemical Engineering, 1986, 64: 486—496.

CHANG Y B, COATS B K, NOLEN J S. A compositional model for CO, floods including CO, solubility in water[J]. Permian Basin Oil
and Gas Recovery Conference, 27—29 March, Midland, Texas, SPE 35164, 1996.

WONG D S H, SANDLER S I. A theoretically correct mixing rule for cubic equations of state [J]. AICHE Journal, 1992, 38: 671—680.
ZHAO H, SERGUEI N L. Phase behavior of the CO,—H,0O system at temperatures of 273-623 K and pressures of 0.1-200 MPa
using Peng-Robinson-Stryjek-Vera equation of state with a modified Wong-Sandler mixing Rule: An extension to the CO,—CH,—H,0
system[J]. Fluid Ph. Equilibria, 2016, 417: 96—108.

NGHIEM L X, AZIZ K, LI'Y K. A robust iterative method for flash calculations using the Soave-Redlich-Kwong or the Peng-Robinson
equation of state [J]. SPE Journal, 1983, 23(03): 521-530.

HARVEY A H. Semiempirical correlation for Henry’s constants over large temperature ranges[J]. AICHE Journal, 1996, 42(5): 1491—
1494.

SAUL A,WAGNER W. International equations for the saturated properties of ordinary water substance [J] . J. Phys. Chem. Ref.
Data,1987, 16 (4): 893—-901.

GARCIA J E. Density of aqueous solutions of CO,[J]. Office of Scientific & Technical Information Technical Reports, 2001.

ABRAMS D S, PRAUSNITZ J M. Statistical thermodynamics of liquid mixtures: A new expression for the excess Gibbs energy of
partly or completely miscible systems[J]. AICHE Journal, 1975, 21:116-128.

RENON H, PRAUSNITZ J M. Local compositions in thermodynamic excess functions for liquid mixtures[J]. AICHE Journal, 1968,
14:135-144.

HURON M J, VIDAL J. New mixing rules in simple equations of state for representing vapour-liquid equilibria of strongly non-ideal
mixtures[J]. Fluid Phase Equilibria, 1979, 3(4): 255-271.

PEDERSEN K S, MICHELSEN M L, FREDHEIM A O. Phase equilibrium calculations for unprocessed well streams containing hydrate
inhibitors[J]. Fluid Phase Equilibria, 1996, 126(1): 13—28.

WONG D S H, SANDLER S I. A theoretically correct mixing rule for cubic equations of state [J]. AIChE J, 1992, 38 (5): 671—-680.
YANG Z L, YU HY, CHEN Z W, et al. A compositional model for CO, flooding including CO, equilibria between water and oil using
the Peng—Robinson equation of state with the Wong—Sandler mixing rule. Pet. Sci, 2019, 16: 874—889.

Bk Btk KB CO, 1538 K ZH AR AIAIFGY [D]. Al R 2 (AL a0 il-18 3¢, 2019. [YANG Z L. The CO, transfer and compo—
sitional modeling during carbonated water injection[D]. China University of Petroleum (Beijing), 2019.]

MOSAVAT N, TORABI F. Performance of secondary carbonated water injection in light oil systems[J]. American Chemistry Society
Publications, 2014, 53(3):1262-73.

FATHOLLAHI A, ROSTAMI B. Carbonated water injection: Effects of silica nanoparticles and operating pressure[J]. The Canadian
Journal of Chemical, 2015,93(11):1949-1956.



228

FAIMBLEER  20204F 6 H S S EH 2 )

[77]

[78]

[79]

[80]

[81]

[82]

(83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

HONARVAR B, AZDARPOUR A, KARIMI M, et al. Experimental investigation of interfacial tension measurement and oil recovery
by carbonated water injection: A case study using core samples from an Iranian carbonate oil reservoir[J]. Energy & Fuels, 2017, 31 (3):
2740-2748.

MOSAVAT N. Utilization of Carbonated Water Injection (CWI) as a means of improved oil recovery in light oil systems pore-scale
mechanisms and recovery evaluation [D]. University of Regina, 2014.

DONG Y, DINDORUK B, ISHIZAWA C, et al. An experimental investigation of carbonated water flooding[C]. SPE Annual Technical
Conference and Exhibition, Denver, Colorado, USA, SPE 145380, 2011.

RUMPF B, NICOLAISEN H, OCAL C, et al. Solubility of carbon dioxide in aqueous solutions of sodium chloride: Experimental results
and correlation[J]. Journal of solution chemistry. 1994, 23(3): 431-448.

MANSHAD A K, OLAD M, TAGHIPOUR S A, et al. Effects of water soluble ions on interfacial tension (IFT) between oil and brine in
smart and carbonated smart water injection process in oil reservoirs[J]. Journal of Molecular Liquids, 2016, 223:987—993.

NOWROUZI I, MANSHAD A K, HMOHAMMADI A. Effects of dissolved binary ionic compounds and different densities of brine
on interfacial tension (IFT), wettability alteration and contact angle in smart water and carbonated smart water injection processes in
carbonate oil reservoirs[J]. Journal of Molecular Liquids, 2018, 254: 83-92.

LEE J H, JEONG M S, LEE K S. Geochemical modelling of Carbonated Low Salinity Water Injection (CLSWI) to improve wettability
modification and oil swelling in carbonate reservoir[C]. SPE Latin America and Caribbean Mature Fields Symposium, Salvador, Bahia,
Brazil, SPE 184915, 2017.

SHU G. Improvement of carbon dioxide EOR in water-wet reservoirs by using active carbonated water[D]. University of Calgary, 2016.

BLACKFORD T A. Carbonated waterflood implementation and its impact on material performance in a pilot project[C]. SPE Annual
Technical Conference and Exhibition, 27—30 September, Dallas, Texas. SPE 16831, 1987.

WA, BRI, ik, 4 IR L8O YRR I ML [J]. RIHA, 2017, 46(3): 236-245. [TAN C Y, YIN Q S, YANG
J, et al. Corrosion mechanism of L80 tubing in a Bohai Oilfield[J]. Surface Technology, 2017, 46(3): 236—245.]

NYBORG R, DUGSTAD A. Understanding and prediction of mesa corrosion attack[C]. Corrosion NACE International, California,
2003.

SCHMITT G, BOSCH C. A probabilistic model for flow induced localized corrosion[C]. Corrosion NACE International, Orlando,
Florida, 2000.

AT R FEI, B  JURR PR XIS A CO, IS T4 B (3. TR bl 5 4], 2005, 25(4): 241-244. [LLJ P, ZHAO
G X, HAO S M. Several factors influence CO, corrosion behavior of casing steel[J]. Journal of Chinese Society for Corrosion and
Protection, 2005, 25(4): 241-244.]

CLEVERSON E, NIMA R, AMER A, et al. Comprehensive review of carbonated water injection for enhanced oil recovery. Fule, 2019,
237:1086—1107.

TR R, RS R FGAE . CO, SRR b B U T I T AR A HE T SR B 5 i [J]. SRR AR, 2012, 19 (2): 107-109.
[ZHANG JY, ZHAO F L, HOU J R, et al. Asphaltene deposition and its impact on oil recovery during CO, flooding [J]. Special Oil and
Gas Reservoirs, 2012, 19 (2): 107-109.]

SRR, 25 B, RS AL CO, TR AR A9 HIOR S DAY I 7 BRUURR [J]. S L2, 2011, 28(04): 410-413. [DUAN X G, HOU
JR, ZHAO F L, et al. Diffusion of CO, in crude oil and asphaltene deposition[J]. Oilfield Chemistry, 2011, 28 (04): 410—413.]

(FriEhE FHE HE DHEHE)



