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Abstract ; The loss of injectivity has become one of the key factors restricting the recovery efficiency in CO, water-alterna-
ting-gas (WAG) projects for low permeability reservoir. In this paper, considering the solubility of CO, in oil and water and
the evaporation of oil components by CO,, a method of characteristics was used, and a retardation factor was introduced to
modify the Buckley-Leverett( B-L) equations during CO, flooding and water displacing CO,. Then, the front and rear velocity
for CO, flooding and water displacing gas can be determined. A mathematic model to calculate the injectivity of CO, WAG
was proposed based on the flowing theory of composite reservoirs and the front and rear velocity of CO, and water flow in the
WAG process. The methods of Laplace transformation and Stehfest numerical inversion were applied to solve the model and
obtain an approximate solution of the bottom-hole pressure. The analytical model was verified by numerical simulation results
for reservoirs with different permeability. Sensitivity analysis shows that, in comparison with partial oil-wet reservoirs, the in-
jectivity of water is lower for partial water-wet formations. The water injectivity increases with the reduction of CO,-oil interfa-

cial tension. When the reservoir permeability is lower than 5107 um® | the injectivity of water deceases significantly.
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tensions between oil and gas
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Fig.8 Pressure drop versus time for different

interfacial tensions

3.3 ZEEXRRR

XF TAIRE B, A BE 1 X8 i R AR
ISR AR Ay ST AT b 7R TR ARE T BB R Y
AL 2 AR B R T K 100 d R B IR
EAEZEEZ (] 9) , iR BB ER/NT 5x
107 wm? B R 22 il 5 375 32 18 s/ i 2 J)
HER RUBEARE Sy /N, NI AE 3 5L e

60

>
o
T

HEANEZE/MPa
S 8

0 5 10 15 20 25
BEE /1000’
B9 ARZERMEEKI00 dEENEE
Fig.9 Pressure drop for formations with different

permeability after injecting water for 100 d



-98 . T E G HKFFIR(ERAFR)

2018 -8 A

X TBEFR/NT 5x107 wm® BHLZ  TETF R Z 15
FEOT T SR FE RN 5 SEE K RE IR

4% B

(1) %518 CO, 75 1AK% M CO,
X AR AR oy AR VE R X B-L 5 B ATE
IE 85 E 2 R ARG IS, d r 35 T
CO, KA ARE S AR | 5 5 A I 45
FXFEL B 0IE TR AL 0 AL, AR E B ThE CO,
IR BRI A RE T ) T BE T A,

(2) Hb 2 TR 1 X6 I 227K SR A RE T B 4
R AH T IR e b 2 A D K b 2 o B P A
KXF CO, P8 A, i 7 A BB T /N ; I B2 7K K
AR SIBE CO, 55 v [B) AL 18 78 7 /N i 3
HHNF A ABE 7 B4 R e R B AR /DN

(3) X TR 33 W, > W 2 1 R KT 5 x
107 pm? W, ZEHEAT CO, KA T Rikitz
W, BEXHK A ASE ARSI TV, 5 IR 30T A fE
FI AR Ty R AT AT A R i A BRI T A
E S IMPRyi

SE

(1] e R 3P, e i, A5 AR i 0 3R e R IR
AT 1], KRR T,2006,26(3) :100-102.
CAO Xueliang, GUO Ping, YANG Xuefeng, et al. An a-
nalysis of prospect of EOR by gas injection in low-perme-
ability oil reservoir[ J]. Natural Gas Industry,2006,26
(3):100-102.

[2] B, B, B, . I AR S R

FEPPH [T ] VRS AR A 4R (H AR L2002,
24(5) :46-50.
GUO Ping, LI Shilun, DU Zhimin, et al. Evaluation on
IOR by gas injection in low permeability oil reservoir
[J]. Journal of Southwest Petroleum University ( Science
& Technology Edition) , 2002,24(5) :46-50.

[3] KHLEBNIKOV V N, MISHIN A S,ANTONOV S V4.

B LAAR B CO, TR ORI A0 K AR AL 1 14 3K
XEECLTT. o A RS 2R (A AR BRI 2016, 40
(5):151-158.
KHLEBNIKOV V N, MISHIN A S, ANTONOV S V, et
al. Comparison of oil displacement by gases and CO, u-
sing core model and slim-tube[ J]. Journal of China Uni-
versity of Petroleum ( Edition of Natural Science) , 2016,
40(5) :151-158.

(4] @z R, E A, 55 RHRB I Co, dEiR AR
GRAEPARAE S SRR LY ] AR 5 0T &, 2014,

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

41(1):79-85.

GAO Yuncong, ZHAO Mifu, WANG Jianbo, et al. Per-
formance and gas breakthrough during CO, immiscible
flooding in ultra-low permeability reservoirs [ J]. Petrole-
um Exploration and Development, 2014 ,41(1) ;79-85.
IV W, FM, % I5 48C0, JRIH e T K5 X K
SEEZHMALT]. P EAA MR =4 (A RBF
FR) ,2012,36(6) :89-93.

GUO Ping, HUO Lijun, JIANG Bin, et al. Parameter
optimization of water alternating gas of Fang 48 CO, flood-
ing pilot area [ J]. Journal of China University of Petrole-
um ( Edition of Natural Science) , 2012,36(6) :89-93.
CHRISTENSEN J R, STENBYE H, SKAUGE A. Review
of WAG field experience [ J].
& Engineering,2001,4(2) :97-106.

B, BOCH , B & [, % CO, e P 4 o A
FAY MABCHEI L[] R E AR R (AR
Bl220R) ,2016,40(3) :136-142.

ZHAO Renbao, AO Wenjun, XIAO Aiguo, et al. Diffu-

SPE Reservoir Evaluation

sion law and measurement of variable diffusion coefficient
of CO, in oil [J]. Journal of China University of Petrole-
um ( Edition of Natural Science), 2016,40 (3) . 136-
142.
ROGERS J D, GRIGG R B. A literature analysis of the
WAG injectivity abnormalities in the CO, process [J].
SPE Reservoir Evaluation & Engineering, 2001,4 (5) .
375-386.
Jr ROPER M K, POPE G A, KAMY S. Analysis of terti-
ary injectivity of carbon dioxide[ R]. SPE 23974, 1992.
ROPER JR M K, CHENG C T, VARNON ] E, et al.
Interpretation of a CO, WAG injectivity test in the San
Andres formation using a compositional simulator[ R].
SPE 24163, 1992.
CHRISTMAN P G, GORELL S B. Comparison of labo-
ratory and field-observed CO, tertiary injectivity [ J].
Journal of Petroleum Technology, 1990,42 (2) :226-
233.
PRIEDITIS J, WOLLE C R, NOTZ P K. A laboratory
and field injectivity study: CO, WAG in the San Andres
formation of West Texas[ R]. SPE 22653, 1991.
KAMATH J, NAKAGAWA F M, BOYER R E, et al.
Laboratory investigation of injectivity losses during WAG
in West Texas dolomites[ R]. SPE 39791, 1998.
BTy A S D S I W G = LT RE PN
I3 RARACL Y. Pa R A i R 2R ( A ARRERR)
2008,30(6) :121-125.
LI Juhua, JIANG Tao, GAO Wenjun, et al. Analysis

and optimization of injectivity by gas alternating water



%42 K

%4 9

FH E R T B-L 5 RS EHE CO, KAK

ENAE S .99 .

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

[23]

(24]

[25]

flooding in reservoir [ J]. Journal of Southwest Petrole-
um University (Science & Technology Edition) , 2008,
30(6) .121-125.

FEEETE X, S8°F, 45, KB B R UK SS- A BiE
T AT ST [ D] PO R A iR i ( A SRR
fR) ,2011,33(5) :114-117.

DU Jianfen, LIU Wei, GUO Ping, et al. Law of injec-
tion capacity changes of gas-water alternative injection in
low-permeability reservoirs [ J]. Journal of Southwest
Petroleum University ( Science & Technology Edition) ,
2011,33(5) :114-117.

PIZARRO J O S, PETROBRAS, LAKE L W. Under-
standing injectivity in heterogeneous reservoirs [ R ].
SPE 39697, 1998.

YANG D Y, SONG C Y, ZHANG J G, et al. Perform-
ance evaluation of injectivity for water-alternating-CO,
processes in tight oil formations [ J]. Fuel, 2015
(139) :292-300.

NOH M H, LAKE L W, BRYANT S L, et al. Implica-
tion of coupling fractional flow and geochemistry for CO,
injection in aquifers[ J]. SPE Reservoir Evaluation &
Engineering, 2007,10(4) :406-414.

AZIZIE, CINARY. Approximate analytical solutions for
CO, injectivity into saline formations [ J]. SPE Reser-
voir Evaluation & Engineering, 2013,16(2) :123-133.
ROUZBEH G M. Modeling the fluid flow of carbon diox-
ide through permeable media [ D]. Austin; The Univer-
sity of Texas at Austin, 2012.

MCMILLAN B, NAVANIT K, BRANT S L, et al. Time-
dependent injectivity during CO,storage in aquifers [ R ].
SPE 113937, 2008.

IR B IR ML M ] st A Tolk At
2009:5-16.

TANG R W, AMBASTHA A K. Analysis of CO, pres-
sure transient data with two- and three-region analytical
radial composite models [ R]. SPE 18275, 1988.
AMBASTHAA K, RAMERY H J. Pressure transient a-
nalysis for a three-region composite reservoir [ R]. SPE
24378, 1992.

TR, £ TR, 45, SO CO, BRARXTE 2 A
BRI ILT ] b E A Rz 4l (A AR |

[26]

(27]

(28]

(29]

[30]

[31]

2011,35(4) .108-112.
REN Minyan, WANG Zhen, XU Yang, et al. An im-
proved relative permeability model and its application for
CO, injection EOR process [ J]. Journal of China Uni-
versity of Petroleum ( Edition of Natural Science) ,2011,
35(4) .108-112.
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]. So-
ciety of Petroleum Engineers Journal, 1983,23 (3).
521-530.
AR, 22 B3k, XU R4, 4. 2 IE IR 73 RUU Y BWRS
RUIRZE 7 S HAE CO, - IR R Z AR S T3 v B 1
[T]. AR 2E 4 (A SRR ,2013,37(2)
81-88.
LIAN Liming, QIN Jishun, LIU Tongjing, et al. A
BWRS type EOS based on modified mixing-rule and its
application in phase behavior of CO,-crude system []J].
Journal of China University of Petroleum ( Edition of
Natural Science) , 2013,37(2) .81-88.
R A T T el T R R AR S K T R A R Y
BEFEL D] AT AR (L), 1996.
GAO Jun. Gas solubility in aqueous electricity under
high pressure and high temperature [ D]. Beijing: Uni-
versity of Petroleum ( Beijing) , 1996.
2R BREXER. KT Laplace ZU{A [ Stehfest J775
f— i TEIE[T]. AilaEdf,2001,22(6) :91-92.
TONG Dengke, CHEN Qinlei. Remark on Stehfest nu-
merical inversion of Laplace transforms [ J]. Acta Petro-
lei Sinica, 2001,22(6) :91-92.
ZIGE. MJZ W BEE [ ML 08 £ R i
2001.
EPIGERE. LI 5K I XK i CO, W AR 2 7
AR [T]. 700 K AR <441, 2013,35(3)
122-123.
SHU Xiaohui. Effect of interfacial tension on oil-gas rel-
ative permeability curve in CO, flooding for low permea-
bility reservoirs [ J]. Journal of Oil and Gas Technology,
2013,35(3) :122-123.

(h# FEF)



