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Abstract : In order to meet the demand for complex water blending fluid with high mineralization, the rheological

properties of partially hydrolyzed polyacrylamide (HPAM) in KCI, CaCl,, MgCl,, and simulated seawater each with a

mineralization of 20X 10* mg-L™" are studied. HPAM is cross-linked with organic zirconium to develop a novel HPAM gel

fracturing fluid system that can resist ultra-high mineralization,and the cross-linking process is also studied in depth.It is

demonstrated that the salt solution with a high mineralization decreases the steady-state viscosity and viscoelasticity of

HPAM ,among which Ca®* solution has the most significant impact.The gel strength of HPAM in tap water, KCI solution,

simulated seawater, MgCl, solution, and CaCl, solution declines sequentially. The cross-linking process of HPAM at

constant temperature and small amplitude oscillation can be described by a four-parameter rheology-kinetics equation.The

temperature-rising cross-linking process can be divided into two stages:slow cross-linking and fast cross-linking. It is

shown by the large-amplitude oscillatory cross-linking process that too high shear strain is not conducive to the

improvement of gel strength. Lissajous curves indicate that the cross-linking process of HPAM at 100% and 500% of

shear strain is linear and nonlinear rheological behavior, respectively.This study is expected to enrich the fracturing fluid

system under ultra-high mineralization.
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KIEZLE M A= BB ARz —
Bl 7K 1 R A )3z v, 5 250 24 FH K n)
AR AR HE BT > ) — 28 51 PR 5% 1] 5 % 2 1, gl
TREHE 2K (FEZ4RHEZK I = K K 56
PEATRCR A TR > (A Z Kl W A R e
FRE ] 54 3 1) i 6 vk e AT e i SR H
ERIENIEAN AN AP oL/ I SN I
A 1 R R AS BT ER K i BT

W (HPAM ) A8 B4 o 386 25 R B, 2 ah 1 B
HRRM B RSO AR A7)0 A AR B R A
HPAM Tiif 5 He S84 R BB A RS R 0 b B T 19
ZURRA AR O % HPAM R 240 16 B8R 8 1k
FE(2x10" mg/L) A9 U 28 M 55 it i 1k e AT T F
g8, Homt R AT 3k 180°c !, H X 0 Ak B
(20x10" mg/L) T HPAM HEi S IA 22 1 I A8
A I AR A 7T 0 oA LR

%5 B #A.2024-05-20; 1€ B H #1:2024-12-25

E4WE . E5RHE E LI 20172X05023003 ) 5 oA AR 4 I H (2020B-4120)
TEER . MEHG(1999-) 8 WA WF5E 5 i) R TR 24 AR 2, y82210076@ mail.ecust.edu.cn; 7% (1967-) , % 1+ #4% , WF 52 5 1) A4k T

AR TS R N, fangbo@ ecust.edu.cn,



2025 F 5 B

A FE HPAM FE07 L EE P20 20x10° mg/L
) KC1 ,MgCl, ,CaCl, Ry LA S 6 5 ol 34 402. 8
mg/ L AYAEHLIRE K o () i A8 1, WA T A LA AE B
FLWF & T 20x 10 me/L B4k BE (19 A HLES 22 Bk
HPAM H WO K &, i — 20 % 7 HPAM 1E
20x10" mg/L §"f0 B R S5 RLALL K Hh B2 15 i A U AR
Ak, WFFE A B HPAM 28R 2 &
50 R AR 2 2

1 KBEHMBERE

1.1 #RfnEs

H kK HPAM (43 F & 2 400 T3, /KB 20%)
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AR AR R R 4, 78 100 s~ 1Y 5Y
PIFTF 874 500 s, Il E HPAM ¥ W Fa 25 59 1) 3 )i
BER ] AR L SE R, 7 1 Ha BESRGIR T, N AE
FRAEATECS AL B M 0. 1% %] 1 000% , il 5 HPAM
TR BB BE R AR AL 2R, AR PE X B 5Y
PIRM 0.1 7' 5] 1000 ™' 284k, il HPAM ¥
FHEEREST VI RO R, P A WL TE 30°C T
AT,

1.2.3 HPAM 4 fc R 5L ik ) & 5 b3 b X,

Fiz BRI K S T 2 R A AL K TR
i FHJC/K KCL, JG7K CaCl, , JG/K MgCl, B 4 1k
¥k 20x10* mg/L HEREIR, 1 HPAM RE Y 725
VAR T RV R T T ) BT 3 RO 0. 6% RS
YIRS, A 0. 30 g pH JH7557 (1 mol/L HCI) i
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PG B — E A B L i A SSBEF , FE 404 BE A
HPAM SZBREEE . 7F 30°C 5514 F X A2 Bk I 1 24 9k

HEAT R AR 3
x1 BigEkEFAEAR"
WAL EE/ BFaR/ (mg L")
(mg-L7')  Na* K*  Ca® Mg®* SO; HCO; cI
34402.8 10168.9 393.7 392.8 1510.7 3036.4 —  18900.3
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Fc il T 2R 0. 6% A = AL E HPAM JE 5
YR80, B 20 ¢ A W W 2 i A8 A [A) il & 1
WU 0.30 g 1Y pH IR I PE I AT, S Bk LT
100:0. 5 A HUES SR, i $k 15 s, FEPR G AL
(30C .y=1%. f=1 Hz) FiMiksc B FE AR R o
A £ B [ (9 AR AL

SR FHAH ) g2 B 3R A 7E 30 min
WM 25°CH 2 90°C , /5 7E 90°C IHE I 30 min , U
TR AT R v SR G v R R LA e o R B N s (1)
4k,
1.2.5 FrBREMWKSG KT EFR

Bt i B 20 BH 0. 6% (K750 L HPAM L5
YR Z40 , B 20 ¢ He 22490 28 i AR A R & 1 b U
Jm0.30 g pH WFTHRIBEFES) . N 0. 10 g AHLES
WA B HE 10 s 545 1 F gh 2000 & 7 B 7E K
PRIEHR G A (y = 1009%/500% | f=1 Hz) T, 5
7£ 30 min M\ 25°C F+Z 90°C , fH i 30 min M52
0 b 8 v A R I e M A R o B T (1) 5 3 1 AR
’ﬂ{,,l}% 15 min H(—2% Lissajous W
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2.1.2 AL

AN[A Fi 25 h HPAM I 07 3 il 26 T AR
JH Carreau Yasuda B[ (1) ]800 G, AS 45K W0
K2 s G S50LR 2 IR, B3R 2 ATAL UG
SORRIF AR R A 0.99 LU b, i 2 0]
1, R IRFRS 6 HPAM FE 24300 257 B 11 3 ) s
FRREPE, P50 ER A 2R HPAM 37 D4
TRRFIE

(n=n.)/(ny =) = [1+(ap) 10 (1)

Kreny WETVIFE, mPa-s;n, HICH T UIF
B mPa-s; A FRFHERSIE] s sn N ENAT 4650 N
Yasuda $§ %0 ;y ABTPIHOR 7'
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/¥ /(mPa-s)
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1—F k7K ;2—20x10* mg/L KCl1;3—20%10* mg/T. MgCl, ;
4—20x10* mg/L CaCl, ; 5—H4BLIE K

B2 F B P HPAM JE 2% 5 h &
%2 FREERSH HPAM £ B4 27 5 i 2k

MESH
. Mo/ N/
ARl T 0 As a n R
(mPa+s) (mPa-s)
EESie 32085.47 32.74 4138 7.500 0.0680 0.9998

20x10* mg/L K€l 1221.08  1.00  3.018 4.348 0.4503 0.999%
20x10* mg/I. CaCl, 11592 21.02 13.410 1.006 0.0000 0.9814
20x10* mg/L MgCl,  652.80  1.00 1.689 2.586 0.5176 0.9987
ALK 650.99 1.00 2180 3.213 0.5025 0.9990
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2.2 BEHLET HPAM S#REHREHFSFHE
MR

ANF W HPAM R 2495 4 HLES 58 B 57 58
B WA AC B BE S NIl 4 i, H I 4 AT,
HPAM JEZIE F R 7K, 20% 10* mg/L ) MgCl, Al
KC1 ¥ UL AL BE Sl 34 408. 2 mg/L #5480 7K
YT DR i o8 e Pk i B . U0 BB & oy TR
HPAM EAT BT SR M BE , v UAE R i fb 3 i
FES A A= 0K TR BACREE I . Dt R 2
For R HPAM R 78 23 4 i i o A 42 it 2
eSS HRAE5  TTFE 20x10% mg/L CaCl, #I
DR BT 3C B G2, A2 1 P 28 3K 5 S AN g o 4
P, mTRE Y i R FE B = IR BE Y CaCl, W Hh
RA W™ G Mt R EOCCERAL A8 B B A BR
BERCREA L .
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1 SRR AN (R 2 1) 2 5 U 2 1 1R G W i AN [
MBI, S EOR & Wy i Ae H2 41 1 28 A0 1 5K
HAR,
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ANRELHE R HPAM JE 20 R 65 %
PERL I G 3 B [B] (1) A2 AL an 181 6 BT, SR A
SR AR s F1 2 7 AR LR (2) 1 XA TR B
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JiR A SEOLZR 3, UASR R AF, MR 5
TE.0.99 UL L U DU S0 A2 8 127y B Rl LR LS
AR HPAM 768 & 8 4k B 25 14 DL AR 40T K
G AR, IR 6.3 3 I TEfLEE Sl 20%
10* mg/L B£8R 73 W DA S AR 7K Hh HPAM 38 156 5
R LR TR 67 LA R e A R A ¢ B
B/ NTFAEK B T S BREBEIE , HAE KCL B
7K MgCl, PA B CaCl, ¥ %) 46 Z6h 3 AR o 40K IR [
i, JRBFJEAH L TAE M $h W CaCl, MgCl, DL K
TR R 2 MBI K T AR F R K DL R
KC %W A W BE ey e, ml LRIt (4 s B o7
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1—H kK ¢';2—20x10* mg/L KCl G';
3—20x10* mg/L MgCl, G';4—20x10* mg/L CaCl, G';
S—BIEK 66— KK 6";7—20%10* mg/L KC1 G”;
8—20x10* mg/L. MgCl, G";9—20x10* mg/1. CaCl, G";
10—RHEK 6"
Ho6 FRE#HERY HPAM EZ R HEMHEE ¢ 5
UM E G B W R

®3 AEHBET HPAM ERENZBEREN NEHE

PESH
VRS G'o/Pa G\ /Pa hys7! n R
EP/ /N 4.3410 5.784 0.011100 0.8562 0.9987
20x10* mg/L KCI ~ 2.4810  3.857 0.009100 0.9047 0.9994
20x10* mg/L CaCl, 0.9710  1.244 0.004900 0.6023 0.9937
20x10* mg/L MgCl, 1.0090  1.755 0.003200 1.3180 0.9998
RAEIK 1.3690 1.842 0.010620 1.1460 0.9990
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BUEAH L T8 M Eh il 5 ik s, R W TE
H koK 5 — i Eh i i v B Ry T R a4t Y S B A
HEZ,

5L

i B

ONANOONRA N
T T T T T

(=)

G'IPa

10 20 30 40 50 60
I 16/ min

1— A kK ;2—20x10* mg/L KCl ;
3—20%10* mg/L MgCl, ;4—20x10* mg/L CaCl, ;
S—HibE K
W7 FEERT HPAM EZ R %L E ¢
P 2 BK B 1B 5 IR o R L
2.5 EBEHHET HPAM KiRIEHRS LB IS i2
FEZGRE A i e h 2 2 R RYIE AL R
I BEA R AMLZ | T 2B T B2 RE IR
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VR LA MBI 7K o HPAM TR 24960 A8 Pk RE , [R) i
FEE THER AL T vl $h4E 9 HPAM S8 B 5E iR e
UK R, #E— L5 T HPAM JE 2 W TE
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R, BEELERIR,

(1) BB b B ER VS VR 5 BT K 3 & 0 3 %
ik HPAM JE 243 A AR PERE , Horh Ca™ RS2 i Bl
B3, ARRIFPEERE W D HPAM 24 1 3 2l ith
20l [ Carreau Yasuda FERUFEIAR | &0 10 £h 1A W
NG HPAM R 249 55 YA FR 1 FRAE

(2) HPAM JEZER AT DA 8 o 0 b B ER v v
50 LS 52 16 R 22 8K, IF #E 20 x 10" mg/L KCI,
20x10* mg/L MgCl, DL R BL4BLIRE 7K BB T B ] 58 42
PREEREERE , AR 1 AT =5 0 AL BE ) HPAM R
FEZBCHTAR R . UEWITE M T AL BE SR W h HPAM
I3 F 1046 A R M S A

(3)HPAM H %4 30°C 1E /MR IR % 17 s ki
FERT LA DU S0 A2 ) )22 B iR . HPAM R %Y
VT /)N IR 10 95 35 58 Bk Ao B2 A7 76 WG A B B . 25 ~
80°C My 2% 3 22 B i F 5 80 ~ 90°C g B 3ok 22 B i 7
R A FEASF T3S B S 7 i HEA T, HL 3 19 5% i
YO E 3E R A ) TS B SN BT

(4) AR BY B 07 AR T 1) R R T 4 3 00 38 2 B
Y] R AR 35 3] 5009 B AS B T B o R ) 5
JiZ, Lissajous HZE 75 HPAM 7E 100% K 3541 )% 28
T acHk AR LA AR AT O L 7R 500% K5 )
N AE T AR AR DO R R AR T R 32

&% ik
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