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Abstract Improvement of water flooding sweep efficiency can significantly enhance the development of carbonate reservoirs.
In this paper, an ion-matched suspension was obtained and studied with stereoscopic microscopy and a laser particle size
analyzer, based on considering the ion composition of formation water. The suspended calcium sulfate particles are in a critical
saturation state, most of which are approximately 10 um in size, and the maximum size can reach 50 um after standing due to
flocculation and aggregation. Experiments on static properties of suspension show that, due to the “retrograde solubility” of
calcium sulfate and the change of hydrate, its particles disappear slowly when the temperature is less than 45 °C and precipitate
rapidly when the temperature is 90 °C. The concentration and particle size of calcium sulfate particles increased significantly
with a change of salinity and ion composition. In the parallel core experiment with a permeability ratio of 4.7, the ion-matched
suspension increased the flow distribution ratio of the lower permeability core by up to 9.8% and the ultimate recovery factor by
approximately 4.3% of original oil-in-place (OOIP). The influence of temperature, pressure, and salinity, as well as the ion ex-
change between the injected water and the formation water, causes the saturated calcium sulfate in the suspension to periodically
dissolve and precipitate, resulting in pressure fluctuations. Pressure fluctuations complicate the dissolution/precipitation charac-
teristics of calcium sulfate and eventually lead to altering the flow distribution ratio in parallel models in the late stage of water
flooding. The unstable ion-matched suspension containing saturated calcium sulfate is a new attempt based on material science to
the field of petroleum production and has promising potential. It is more effective, reliable, and environmentally friendly than the

uncontrolled in-situ particles produced in conventional under-saturated ion-matched water flooding.

Keywords

doi: 10.3969/].issn.2096-1693.2024.01.007

0 515

7ICER R R PR il e R 2k 5 it )2 o R K R B
VEBC/K 3K 3 SR B 27 I U2, B DLk 2
R AR BT e, JeAE el Eh /KA A 3 Y kA
P HUE R E B T ZIERE R S S
THIFEORN S 56 Pk S8 B 4 S OB A R E I B, T
TEHLCE P REAR 7K AR, W3 LY Ekofisk
SABEE M L )

i S AL FIA R ST 2, 255G 40 2 1 DL e
M, ASOE LB ICEC RO —F T U Bt
Bk, E—MARE—rRAY), HA s R
PRSEURL T LADTRE GEF R T 1 pum BB 508~ £ 2 AR
ULy, DX TR i F 2z, B VeReE T RO
WA — B AR AR RSR[5 F- DR ECK,, B AERE R
AT SORAE ST FRIEORIIE B 5 RS () 0 S 3 it 2
— o TRRE B 1L

H A2 R 28058 e - B3 1 VR e K (S fh e
K RS EAAHER A (AT ), T2 TR L
o AL OV R A AR T, T S g R A Al i
HWAEHAA N 2.5 em( B 3.8 cm) L [RIAE AL D EL
PREAOHREE, DM SRimace ™, 5540 17 K EEAHOC ]
o — BN A S AR RN VR T TE 23 R oK I 1 1
WRE, JF A RTRESIINEIZ 2B, I FE R K 5K
B0, HR:, 55— BB G A Ry R A R S UL i /K B
I A R R 2 R AN M OB ), AT D e R
3%, Chakravarty 55 M1\ Sy 33 #E ok 3 22 /& CaSO, il

carbonate reservoir; EOR; smart water; suspension; calcium sulfate

CaCO;, FE W THFEAMIKGFLPRZS [ 3A K
22 [R) AR B FH A B IR B R R 1 £8P B B AR TR B A
SR, IR R AR BT A TEAT 52 TOM B Jh 203 ) A v
BN RIS, & T an a4 il Z2 LA T s A £h 5
B AV A AR RIS, A B oAV ik o] 5 i 7 B
R 2 e 2 RO SR SR I T T iR R it — 20 IA R

AR SCHE T OB R 22 A S B R B, B e
PR PE R CaSO, RYDTRE . VA AR IE AL PR W Y 7
Az, FET AR Ml X v K B TS DR R R
¥ (Smart Suspension, {&FxSS). [RIHF, 1535 T H—Fh
7% J& A b JZ K AFAE 1Y B - DL BC T AK (Pre—matched
Brine, fAFRPMB). ASAF5Y 3 22 o A i i
B OB SR TR TR VG e AR T TR = 7K SRR
R T, B LS5 T (1) Aol 7675 i AR
KEFASATHRE T, AT A B FR AN CasS0, BT
W () E CaSO, FEFE A B T Z LA BiAn i & 4=
T AR AR () BAS SR T R [ 1 2R 4
FIEBE; (4) 1A CaSO, B I W — D4 5 i ML s It
BC AR T .

1 SRR B AE AR

) fifg )2 o A — 5 A 2 KGR A AN ]
WK, STREE S 74, rmEs ek, 76
JREBIXBIE A HTHLIEIK o TR A ¥R IF Mishirif i
FEKIE S B TSN ZE 1 s, Hrh)Z2 K0 k)
(TR & M B 7 Ca> . WM 1L



P T C LB PP VR R B R A G S SR s ) S LB Sy

91

R1 PRGETHEEEKIER
Table 1 Main water source of the Halfaya oilfield

Na* K* Ca* Mg** Cl- SO, TDS IS
/(mg/L) /(mg/L) /(mol/L)
HiJZoK 60 369 1707 8000 1944 114 488 360 187 817 3.53
K 14 071 0 880 1391 24377 3217 43 959.4 0.86
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Fig. 1 Solubility change of calcium sulfate in pure water
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Table 2 Water for preparation of ion-matched suspensions

Na* K* Ca* Mg Cl SO, TDS IS
P
/(mg/L) /(mg/L) /(mol/L)

Bk FS 37220 853.5 4440 1667.5 69 432.5 1788.5 115 888 2.21

FS+ 37220 853.5 5000 1667.5 70 750 1788.5 1174392 222

SS / 853.5 5000 1667.5 / / / /
RIHIIK

PMB / 0 2000 1391 / / / /

R F 2 MM, FS+HL= SO (SO 1 T RE S A Na,SO, 2 2200 mg I, Bepirf H i e —dtt

Ca” it Z b2y 2.4), Bk, & 5Gm3Eh FS+Y btk
W G212 A Na,SO, 24, BRI 200 mg, R34 4
i 0 AR e M — RO R AL (A&l 3 42, 1A
PR — DR Y (IR 20 °C) 5 45 1k, 15 FIFIA
SSHIESFAIAL, Bk 2. Rm, T PMB
BTA, IR 2:
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Fig. 2 Photo of FS (left) and FS+ (right)
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Table 3 Calculated ion composition of SS and PMB
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Fig. 3 Mastersizer3000 Laser Particle size analyzer (left)
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Fig. 4 Particle size distribution of suspension

Na* K* Ca* Mg Cl SO~ TDS IS
/(mg/L) /(mg/L) /(mol/L)
SS 37220.6 853.5 5000 1667.5 69 388.7 3180 117 796.5 2.27
PMB 14072.2 0 2000 1391 24 289.4 6000 471776 0.99
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Table 3 Calculated ion composition of SS and PMB

Na* K" Ca* Mg Cl- SO, TDS IS
/(mg/L) /(mg/L) /(mol/L)
SS 37220.6 853.5 5000 1667.5 69 388.7 3180 117 796.5 2.27
PMB 14 072.2 0 2000 1391 24 289.4 6000 471776 0.99

5 100X EHRIE THALRA (ZiR 20 °C)
Fig. 5 Particle morphology under 100 X microscope (tempe-
rature 20 °C)
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Fig. 6 Schematic diagram of the flocculation process
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Table 4 Core used in parallel displacement experiment

£ 70 1M & 45

SRS — S
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JKIME 155 7 fmD 23.94 5.05 12 4.26
ALK FNE S,/ % 34.55 21.13 25.74 21.72
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Fig. 8 Pore radius distribution of core used in experiment I
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Table S Ion composition of injected water in core displacement experiment

Na’ K* Ca Mg?* cr SO TDS IS

/(mg/L) /(mg/L) /(mol/L)
HJZ K 60 369 1707 8000 1944 114 488 360 187817 3.53
7K 14071 0 880 1391 24377 3217 43959.4 0.86
SW-450 12 859.8 0 880 1391 15925.8 12 868 43948.0 0.93
ss 37220.6 853.5 5000 1667.5 69 388.7 3180 1177965 227
PMB 14 072.2 0 2000 1391 242894 6000 47776 0.99
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Fig. 17 Recovery curve of experiment II
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Fig. 18 Flow distribution and pressure difference curve in experiment II
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