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Characteristics and efficient imbibition-oil displacement mechanism of gemini
surfactant slickwater for integrated fracturing flooding technology
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0il & Gas Development s Ministry of Education, China University of Petroleum , Shandong Qingdao 266580, China)

Abstract; The integrated fracturing-energizing-displacement technology is considered a critical means for efficient development of ul-
tra-low permeability reservoirs. To meet the technological requirements of “low dosage, strong drag reduction, high oil displacement
recovery and low damage”, a gemini surfactant slickwater fracturing fluid was developed based on hydrophobic association and elec-
trostatic shielding effect. The system consists of 0.21% gemini surfactant YZS18-YZS18, 0.17% betaine additive COHSB and
0. 17% counterion additive NaPts. It exhibits excellent fracturing and interface control characteristics, with a drag reduction rate of
more than 75% and a retained drag reduction rate of more than 98% after continuous cyclic shearing at 80 C for 30 min. The damage
rate in the ultra-low permeability core is only 3. 2%, 78. 9% lower than that of the polymer slickwater. The interfacial tension of gel
breaking liquid can be reduced to 10"'mN/m, and the strong wettability alteration ability can reverse oil wetting to water wetting.
The imbibition and oil displacement mechanism was further explored by the combination of physical simulation and nuclear magnetic
resonance technology. The results show that compared with water flooding soak and conventional polymer slickwater system. the
gemini surfactant slickwater system can achieve a pressure reduction rate up to 73. 5% ; the oil displacement recovery is 15. 5%, 2.9
and 1. 6 times that by water flooding soak and polymer slickwater, respectively. Compared with the direct flowback after filtration,
well soaking can increase the oil displacement recovery by 27. 0% to 31. 1%. The gemini surfactant slickwater system demonstrates
the high-efficiency oil displacement mechanism of “long-distance filtrating, thorough drainage, and high recovery”. Well soaking can
enhance the oil-water imbibition replacement effect. During imbibition process, the crude oil in small holes shows the highest utiliza-
tion rate of 72. 1%. At the initial stage of imbibition, the crude oil was mainly recovered from small holes; in the mid-to-late stage of

imbibition, the oil was mainly originated from the medium and large holes. Optimizing oil displacement process can help achieve a
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high utilization rate of crude oil in medium and large holes.
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Reaction formula for the synthesis of gemini surfactant and construction process of gemini surfactant slickwater
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Fig.2 Dynamic displacement device
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Table 1 Basic parameters of cores

e "R KE/S fLBE/ BER/
=

cm cm % mD

CQ1  2.49 3.00 14.25 0.83

CcQ2 2.50 3.01 14.12 0.76
CQ3 2.50 2.99 13. 85 0.79
CQ4 251 3.01 14. 62 0.81

CQ5 2.49 3.00 13.95 0.82
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Fig.3 Diagram of fluid migration in the fracturing process
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Fig.4 Drag reduction performance of three fracturing fluids
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Fig.5 Viscosity change curve of gemini surfactant slickwater

before and after gel breaking
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Fig.6 The variation curve of interfacial tension with test time
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Fig.7 The variation curve of interfacial tension with the

concentration of gel breaking liquid
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Fig.9 Dynamic displacement pressure of different working fluids
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Fig.8 Diagram of underwater oil contact angle change before and after gel breaking liquid treatment
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in filtration and oil displacement stages
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Fig. 11 Oil recovery by dynamic displacement using

different working fluids
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of different working fluids
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Fig.13 Dynamic displacement pressure under different shut-in time
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Fig. 14 Oil recovery by dynamic displacement under different

shut-in time
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Fig.16 T, spectrum during the imbibition process
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Fig. 18 Conversion relationship between pore size distribution

and T, relaxation time
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Fig. 19 Utilization degree of oil in pores of different sizes
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Fig.20 Final utilization degree of oil in pores of different sizes
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Fig.21 Contributions of the different-sized pores to oil recovery

RO TR TS A m R 2T
L ALBE R R NFL AL R TR AL LA B)
PR JEE o i » DRI/ LB 2 B A i 3 194 % i 5 k5% A
SR AUB o H A/ HL 3l TR JEE fig /0y » M 28 B i /)
AR M ST . 25 b B id . 7 B IR E il 0 WOT R i
R EE AR IR T /N L AR AL AR A D
R LA 11 KL A4 3L S LT3 /0 » it 2 HE R T2 m) LA
PHEVBCR R EE W B .

3 4 e

(1) 2 17 T35 1 790 0 TR /K L 45 10 R A 2 e
A H D RE AR . R ZR U8 LA I T B DI e A R
80 CEZAEHETY] 30 min, WP A IR 75% LA F L B AR LR
BHRRT 8% ., FEAKIE A O BT 328 11 15 1 590 v IR K
R E LB RGEFERN R 3.2%. BEEW
MPAM20s MK A O FE R TRE T 78.9% . K FIE
VO VR AR L A R A K 0 AT A 107 mN/m
TV S 1 7588 R T 2 1T S K

(2) I BT R0 2 T T3 P 700 3 R KR R R AR
HEAS Vg CRAR 27 0 R CHE IR DL . iR R 5 KA
FALE R KRR 65. 7% HEBK B 3 28. 9% ;
5 A& Y MPAM20s ¥ 18 K A1 H, 0k 2k B R
56. 0% » HEIK [ TE 2K 73. 5% . AL~ 3% 10 3 1k 70 1 T8
KRB JE T 1 e 2 HE B SR WA R B Ol 15 5% A& T K A
1y 2.9 f%, & MPAM20s WK 1. 6 1%,

(3) B 7R T RT3 11 3 P 590 o T80 /K el 58 A 8 I
HESKATLEE . 3 4 00 40 AN 23 3 b 2 10 3 56 () B A
42 15 T SR MR A L 0B K B R HE W S HE
BRKOR R B AT B R 27, 0% ~31.1% . /INFL I D il 3
PR EE B o8 72.1% o B W) 1R W% 3 2 0Tk ok
P /NAL T o 5 9 SR W3 2 S BTk T b AL AR AL .
e H (B W ) 58 1 LA o i 2o A A6 HE B T2 R A
FLAKAL A SR A5 20 s S AR R B

S ER: DB % Ap U K JE 2. kPa;
Ap>— IR Z 4 F i 24 K 22 . kPa; C,— CST [ fH
BRI M5 80 ) R IR B FF a1 I E IR s 5
to — BRI N5 550 43 R IR & RF i 9 00 5 I 8] s 5
e —REFR M) CST AN 7 B 6] 5 00— P AR N
() CST A & I 8] o s 50— O BN A UE R AL HHG K —
I hHE 5 A, mDs K, — 5 3 J5 5 8 4, mD; d—fL Wk B
A s s Ty — S ERIN ] s ms s c—DEJC B %, o/ s,

£ % X

L] SRalAr, SA7, B, o ) S50 i 7 284 30K it o AR 3 T % ke Joe 7
FICIT. A 0247 . 2022, 43(12)  1788-1797.
GUO Jianchun, MA Li, LU Cong. Progress and development di-
rections of fracturing flooding technology for tight reservoirs in
China[ J]. Acta Petrolei Sinica,2022,43(12) ;1788-1797.

(2] ZEMHT7 B4, ik . 5. B A0 J0 (e 3 M0l <O & P 1E
K ALY FmaFR . 2020,41(12) 117191733,
LI Xiangfang, FENG Dong,ZHANG Tao,et al. The role and its
application of capillary force in the development of unconvention-
al oil and gas reservoirs and its application[ J]. Acta Petrolei Sini-

ca,2020,41(12) :1719-1733.



1420 al H

e

ki 2024 4 45 %

(3] Bk, o B h ol b3 2 T 1T I A Pk 5 R ok Bl 4 O T
], AR 2020, 41(12) 1 1445-1464,

JIA Chengzao. Development challenges and future scientific and
technological researches in China’s petroleum industry upstream
[J]. Acta Petrolei Sinica,2020,41(12) :1445-1464.

[4] ZHAO Mingwei, SONG Xuguang, ZHOU Dan, et al. Study on
the reducing injection pressure regulation of hydrophobic carbon
nanoparticles[ J]. Langmuir,2020,36(15) :3989-3996.

[5] o, WAEA 2R, 55 4 2 22 RO 24 5% i OB R DA Y
[T, A 247 ,2019,40(5) :587-593.

SU Hao, LEI Zhengdong, LI Junchao,et al. An effective numeri-
cal simulation model of multi-scale fractures in reservoir[ J]. Acta
Petrolei Sinica,2019,40(5) .587-593.

[6] ZHAO Ligiang,CHEN Yixin.DU Juan,et al. Experimental study on
a new type of self-propping fracturing technology[]]. Energy.
2019,183:249-261.

[7] BRI BRI AR G5 BRI — A A WO O R

LI, 3l <t R 5 R W% . 2022, 29(3) 1 162-170.
ZENG Huiyong, CHEN Lifeng, CHEN Yadong, et al. Research
progress on fracturing-oil displacement integrated working fluid
[J]. Petroleum Geology and Recovery Efficiency,2022,29(3)
162-170.

[8] LIU Yikun, WANG Fengjiao, WANG Yumei, et al. The mecha-
nism of hydraulic fracturing assisted oil displacement to enhance
oil recovery in low and medium permeability reservoirs[J]. Pe-
troleum Exploration and Development,2022,49(4) ;864-873.

[9]  EAHE, S 2K 5. 3E 5 BLAK 2 e 2L B0 B AR 3k i T b
LT A 2E4R . 2012, 33 G ) 1) :149-158.

WANG Yonghui, LU Yongjun, LI Yongping. et al. Progress and
application of hydraulic fracturing technology in unconventional
reservoir[ J]. Acta Petrolei Sinica,2012,33(S1) :149-158.

[10] PENG Xiaolong, WANG Xiangzeng,ZHOU Xiang, et al. Lab-on-
a-chip systems in imbibition processes:a review and applications/
issues for studying tight formations[J]. Fuel,2021,306:121603.

[11] YANG Zhengming,LIU Xuewei, LI Haibo,et al. Analysis on the
influencing factors of imbibition and the effect evaluation of imbi-
bition in tight reservoirs[ ] |. Petroleum Exploration and Develop-
ment,2019,46(4) :779-785.

[12] 9k R ek A 400, 45 30380 1 XK 03 3 3 TR K e 24 WPk BE 3P
W] il Ak, 2022,39(1) 1 28-32.

ZHANG Ying,ZHOU Dongkui, YU Weichu, et al. Performance
evaluation of low-damage slick water fracturing fluid in Mahu
well areal 7. Oilfield Chemistry,2022,39(1) :28-32.

[13]  BRSEREBUsth, sk 75, 45 E 5 MLm= SR JE 224 T vl BEL 70 40 9 3o g
(17 3 B AL 2, 2021,38(2) : 347-359.

CHEN Hao, BI Kailin, ZHANG Jun, et al. Progress of drag re-
ducers used in slickwater hydrofracturing of unconventional hy-
drocarbons[ ] . Oilfield Chemistry,2021,38(2) :347-359.

[14] ¥, ThaBog, AR 55 AN TR 2400 KPS [ 4k 4% ik /2 L I
W 3 5 T LT LT ] A ik S TR, 2023,37(1) 2 86-90.
GAO Xiang, MA Xinyao, LI Cunrong, et al. Damage mechanism
of different fracturing fluids to pore throats of Fuyang reservoir

in Daqing oilfield[J]. Petroleum Geology and Engineering,2023,

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

37(1) :86-90.

KANG Wanli, MUSHI S J, YANG Hongbin, et al. Development
of smart viscoelastic surfactants and its applications in fracturing
fluid: a review[ J]. Journal of Petroleum Science and Engineering,
2020,190:107107.

DAVOODI S, AL-SHARGABI M,WOOD D A,et al. A compre-
hensive review of beneficial applications of viscoelastic surfac-
tants in wellbore hydraulic fracturing fluids[J]. Fuel,2023,338:;
127228,

HUANG Zigao, MAO Jincheng, CUN Meng, et al. Polyhydroxy
cationic viscoelastic surfactant for clean fracturing f{luids: Study
on the salt tolerance and the effect of salt on the high tempera-
ture stability of wormlike micelles[J]. Journal of Molecular Liq-
uids,2022,366:120354.

B, SISO L A AR I L S B0 IR 2 4 B A B W HE SR B AL .
A A . 2021,42(7) :924-935,

HUANG Xing,DOU Liangbin,ZUO Xiongdi,et al. Dynamic im-
bibition and drainage laws of factures in tight reservoirs[J]. Acta
Petrolei Sinica,2021,42(7) :924-935,

LIU Yifei, GUO Xu,ZHAO Mingwei, et al. The effect and en-
hancement mechanism of hydrophobic interaction and electro-
static interaction on zwitterionic wormlike micelles[ J]. Colloids
and Surfaces A:Physicochemical and Engineering Aspects, 2022,
648:129424,

REVRAT b TUa SRR AL FOR &R B & TUS SR 2GR 55 1 ¥ 4r 3F
%0k NB/T 14003, 12015 ST, b 50 48 th fiit 20163,
Standardization Technical Committee for Shale Gas in the Energy
Industry. Shale gas fracturing fluid: Part1 NB/T 14003. 1-2015
[S]. Beijing : Xinhua Publishing House,2016:3.

MITISHITA R S,ELFRING G J,FRIGAARD 1T A. Turbulent
drag reduction of viscoelastic wormlike micellar gels[J]. Journal
of Non-Newtonian Fluid Mechanics,2022,301:104724.

XU Hang, LI Yuan, YU Guolin, et al. The enhancement of performance
and imbibition effect of slickwater-based fracturing fluid by using MoS2
nanosheets| ] . Petroleum Science,2023,20(4) ;2187-2201.

LI Shuai, TANG Jun,DING Yunhong, et al. Recovery of low permea-
bility reservoirs considering well shut-ins and surfactant additivities
[J]. Energies,2017,10(9) : 1279.

TETTEH J,BAI Shixun, KUBELKA J.,et al. Surfactant-induced
wettability reversal on oil-wet calcite surfaces: experimentation
and molecular dynamics simulations with scaled-charges [ ] ].
Journal of Colloid and Interface Science,2022,609:890-900.
RS L b ke 2 s S5 g 3 S T K i [ 2 R B I R AR
[J0. AR 5 2023,44(7) 1 1129-1139.

WANG Mibang, YANG Shenglai, LI Shuai, et al. Water-oil-solid
multi-phase flow law of high-pour-point oil reservoir[ J]. Acta
Petrolei Sinica,2023,44(7):1129-1139.

BREC, EARSCOR B U L A5 B R S TR AE X 0%/ TUE R R B W)
AR — DUE R 7 B+ 8 BEBUE M ZE F e B EA T
Ja B[], 247 2023 ,44(10) 1 1683-1692.

WEI Bing, WANG Yiwen, ZHAO Jinzhou, et al. Influence laws
of solid-liquid interface characteristics on the imbibition behav-

iors of tight/shale reservoirs:a case study of tight reservoirs in



%93

8 B 4 T K — A Al L 2 T 4% 1 70 T8 K A e B e S W HR SR AL

1421

[27]

[28]

[29]

[30]

Member 7 and 8 of Yanchang Formation and shale reservoirs in
Longmaxi Formation[ J]. Acta Petrolei Sinica, 2023, 44 (10):
1683-1692.

SINGH K, MARANGONI D G. Synergistic interactions in the
mixed micelles of cationic Gemini with zwitterionic surfactants:
the pH and spacer effect[ J]. Journal of Colloid and Interface Sci-
ence,2007,315(2) :620-626.

BAKSHI M S,SINGH ]J,SINGH K,et al. Mixed micelles of cat-
ionic Gemini with tetraalkyl ammonium and phosphonium surfac-
tants; the head group and hydrophobic tail contributions[]].
Colloids and Surfaces A: Physicochemical and Engineering As-
pects,2004,234(1/3) .77-84.

R A BT BT XA G5 R TR A A 2 0 O FLBR AR AE LT .
£ . 2016,37(2) :248-256.

GAO Shusheng, HU Zhiming, LIU Huaxun, et al. Microscopic
pore characteristics of different lithological reservoirs[ J]. Acta
Petrolei Sinica,2016,37(2) :248-256.

WANG Xiangzeng. PENG Xiaolong. ZHANG Shoujiang, et al.

[31]

[32]

[33]

U B 2023-05-18 2 [E H B 2024-04-13

Characteristics of oil distributions in forced and spontaneous im-
bibition of tight oil reservoir[ J]. Fuel ,2018,224;280-288.
ZHAO Mingwei, LI Ying, DAI Caili, et al. Novel silicon quantum
dots for efficient imbibition oil recovery in low permeability res-
ervoirs[ ] . Fuel ,2023,347 128481,

R AR BAE R AF L T R B I A VT R A I 1 oL
K LT A2 4. 2024,45(3) : 574-585.

LI Boliang, LI Binfei,JI Yanmin, et al. Mechanism and applica-
tion of flue gas-assisted steam injection for heavy oil recovery
[J]. Acta Petrolei Sinica,2024,45(3) :574-585.

SYD YD PEARE AT, TR S5 DU 1 3t T AH T AL B 2 X FL B
25 () BTk E it RAELT]. /17l 4% . 2024, 45(3) :531-547.

HUI Shasha,PANG Xiongqi. CHEN Zhuoheng., et al. Quantita-
tive characterization of the contribution of pore types to pore
space of marine shale in Sichuan Basin[]J]. Acta Petrolei Sinica.,

2024,45(3) :531-547.

i EREE

(k3% 1398 W)

[17]

[18]

[19]

[20]

SRHERE A £ W MR A LRI A A BOR R IR AT ] B
R H EBR 4 B HE 2006 ,29(4) :235-238.

ZHANG Jinduo, YANG Ping, WANG Yunlei. Spectral decompo-
sition of seismic data and its application in oil & gas exploration
[J]. Progress in Exploration Geophysics,2006,29(4) ;:235-238.
hICH SR AR 55 SRR AR S R AE TR O vk B R S L) .
AL ER R E 2011, 46(2) :232-236.

HAN Wengong, ZHANG Junhua. Theoretical study on charac-
teristic of weak signal and its identification[ J]. Oil Geophysical
Prospecting,2011.,46 (2) :232-236.

KP4, 10 T M, 5Kk TLAE. VG JC I8 R R RS2 43 B O ik B
O], AP .2016,55(2) - 280-287.

ZHU Bohua, XIANG Xuemei, ZHANG Weihua. Strong reflec-
tion horizons separation based on matching pursuit algorithm and
its application[ J]. Geophysical Prospecting for Petroleum, 2016,
55(2) :280-287.

ARG IRRTE AL AF. B TR N R RS 5 2 T
O3 K A LT ] A7l BR 4 B €. 2009, 44(6) :675-679.

LI Shuguang, XU Tianji, TANG Jianming, et al. Seismic signal

multi-wavelet decomposition and reconfiguration based on wave-

[21]

[24]

(e H B 2023-10-19

let in frequency domain[ J]. Oil Geophysical Prospecting, 2009,
44(6) :675-679.

R, BT IE BRI AL, 45, B TP 22 38 DG BE 30 25 182 381 )
ORI A7 Hu Bk 9y B 56,2017 ,52(3) :532-537,547.

DENG Zhiwen, ZHAO Xianzheng, CHEN Yuhong, et al. Fault iden-
tification based on multichannel adaptive waveforms matching pursuit
[J1. Oil Geophysical Prospecting,2017,52(3) :532-537,547.
WANG Y H. Seismic time-frequency spectral decomposition by
matching pursuit[ J]. Geophysics,2007,72(1) : V13-V 20.

BT AR, BB AR — R T 4 R B 1 5R SA
RAE SO ). A PR, 2023,35(4) : 70-78.

LI Shengjun, GAO Jianhu, ZHANG Fanchang, et al. A strong
seismic energy reduction method under compressed sensing[ ] ].
Lithologic Reservoirs,2023,35(4) ;70-78.

BRE 1S . e gt 22, /I, 45 3t 7% U TR 46 8 R T8 O ik I L
CI]. A5 5 FF % . 2020,47(6) :1149-1158.

CHEN Yanhu,BI Jianjun, QIU Xiaobin, et al. A method of seis-
mic meme inversion and its application[ ] ]. Petroleum Explora-
tion and Development,2020,47(6) :1149-1158.

wemE H o 2024-04-00  FREE KD



