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AL THFTEBE ; A-HPAM (olk iy, B AM AA B K e B 45 H BT ZH A, [ 35 1 89. 6% ), U1
WRE W TABRAE E AL Hrat . RW20 BUHLAE S FE AR (A8 IKA 23] ) s DV-IIL BB (36
Brookfield 23 ]) ; PVS HIAHLAR K I 22 48 (18 [E LAUDA 242 7]) ; DHG-O070A 7 v $fi i s X1
#5 (i —fERHE A BRA ) s RS6000 FU i AE (Y ( £4[E HAAKE A7) o
1.2 XWHE

AR A3 Al AR v (Q/SH 1020 15722006 ) a8 5 45 1y 18] 25 5k e 1R 2 ORI K e B2 25 20 R
F1 RS6000 i A2 G 18 3 5 s i i i AL PERE o L C60/1 Ti LO8O82 AR Il i A5 458, HfE AR FLA% 60 mm,
HEF 1, BIARIEIER 0. 052 mm, 35 L B 85 °C o JA Wy e W 7K 20 ) ok i 2 18 /K FI e AL B2 g 10000
30000 F1 60000 mg/L AYEfLANER K . SB-E Wik 4351 A 10002500 F1 4500 mg/ L,

TS TR E - DY DI 0. 01 ~ 1000 s~ LR 3 DI 5 « [ A5% 0. 5 Haz, i J7 4148 9
90.01 ~ 10 Pa, A7 3 PR U418, I B A0 (G 7)) MZAMERESRIX T .

SNSRI O T R SRR 45 R B A A U, BB 4% 0 F) 0. 02 Pa, R AR 0. 01 ~
10 Hzo 351 S22 (N AR ARSI ULE R T, 37008 (y) SMAEE (o) WA, R AN, =
26'[1+(6/6") 1" (w=y) , MBS BT R GPRm N,

2 4iPR5iHE

2.1 RERE

REVE R FINRE ST ARA K B 1R RG YRR BT V) R A 2. AR
BRSO A D 2500 me/L, 574K 30000 mg/L ], BB VARG, 3 F R G Y1 BCRILRS
AR, B BB ARRFAE o 302 P S WD R 28 Fh A7 A2 23 1 () AH B 45 A0 - [ A1 AR
1, B2 2B N X AR S0 BRI, A BE B I K 52 21 R AR S, 78 2 W B R BUA R T
W o A AT BB Y, X AN [ 3 D058 3 5 TR AR BE DU 2 : A-HPAM > S-HPAM > HPAM
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Fig. 1 The effect of shear rate on the apparent Fig.2  Effects of the stress on the composite modulus

viscosity of polymer solutions of polymer solutions

Test conditions:85 °C , mass concentration 2500 mg/L, salinity Test conditions:85 °C , mass concentration 2500 mg/L, salinity
30000 mg/L. 30000 mg/1.

2.2 &MRHEKX

TEBEAT R AR R ST OIS 2 A, E Wi E VBRI & 2 RREGWIRIR 67 IR A2 i
2o ARG 2500 me/L, 57 40)% ) 30000 mg/L Syl AEIMIAR JI7EFIN 3 Ff R & iR
W BRI (B, 6 AR T3 A X)) | (H AR 3R S 8800t R AR R S AN ] . HPAM
7£ 0.01 ~0. 04 Pa,S-HPAM 7£ 0. 01 ~0. 10 Pa, A-HPAM 7£ 0. 01 ~0. 14 Pa, Z&1: 258 X B /N
4 : A-HPAM > S-HPAM > HPAM , 2 P36 3 DX Y il 5, i WP AR 28 v i [ 2845 28 701 (R A LA
JHBSE o 20 ) R T AN ) BRI, B B B ARSESE N, G T UG B i P, 2R WV R R 4
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PR BEIR , 7 T B VIR R o SR )RR o, L8 4 ok B A Ak B A SR 5 I R AT 1 R e
i B0E TERMERE X SIS A O] e, G — [ 1R 0. 02 Pa, 4T Eh AR A SL 5

2.3 HERE

2.3.1 kEHw K3 RARWEENRESYIE RS ML, £GPk EJ 1000 ~
4500 mg/ L, Bl A ARG, 3 B RGPV G F1 G B #i G K o LEAHFRI AR E T RO,
VI 'R GRS U Ve B K, 3R G 0 - SR R0 - [ AH A AR VS VR A 2R 280 L e i
YR ASEREIAE FE P, B A-HPAM IRE R B 1000 mg/L B B G/ G238 s 40, B A W
WG EERT G UL TR S T TR A 2R 2 A Bk 3 AR
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Fig.3 The dynamic rheological curves of polymer solutions with different concentrations
A.HPAM; B.S-HPAM; C. A-HPAM
Test conditions:85 °C, salinity 30000 mg/L
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Fig.4 The dynamic rheological curves of polymer solutions with different salinity
A. HPAM; B. S-HPAM; C. A-HPAM. G':a.0 mg/L; b. 10000 mg/L; ¢.30000 mg/L; d.60000 mg/L. G":a'.0 mg/L; b'. 10000 mg/L;
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Test conditions:85 “C , mass concentration 2500 mg/L

2.4 EmREHE

R SRS WD N, R R R /N B R AR, O 2 i ORI AR B E 2 BT
ISR ER) G ARENE IR A R AR RN Y AL A bR o KB Jﬁ)hi?? TS BT YIS R A2 1Y N, B
AHER . AR WU 2500 me/L, 4L 0 30000 mg/L gl 7ERRZSZRAET , IBT U)K (y)
PRI E YUK E () s FEBIAS ST, MR (o) BN E SN SR AREE (07 ) o S WEREGWIHER
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n AR, B A L3R 3 MG YA TER y M o ZR1F T BEASFS Cox-merz B @ . I, R
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Fig.5 The effect of shear rate and frequency on the viscosity of polymer solutions in the dynamic and steady shear

expreiments
A.HPAM; B.S-HPAM; C. A-HPAM
Test conditions:85 °C, mass concentration 2500 mg/L, salinity 30000 mg/L

2.4.1 REHw E6 NARFUENRAYIER N, BESTYI AL 3 R R AR N, )b
ST AR VA R T R VR I I K R AWM B A 1000 mg/L B, N, K/NIF 2 : S-HPAM >
HPAM > A-HPAM, % 3l 2500 mg/L i, 7E i85 9158 % 7, A-HPAM ¥ A0 N, T 8238 HPAM % 9
Ny o MY KT 3. 82 s, A-HPAM A N, I E 8 1d S-HPAM SR N, o e A 4500 mg/L
B, N, K/NIBF 4y : A-HPAM > S-HPAM > HPAM , 7 4 R A% 1 T, Bifi 25 5 1) 33 38 01378 0 o vk 11
Hahn, A-HPAM %1 N, 3G & ok
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Fig.6 The effect of shear rate on the normal stress difference of polymer solutions with different mass concentrations
A. 1000 mg/L; B.2500 mg/L; C.4500 mg/L
Test conditions:85 °C, salinity 30000 mg/L

2.4.2 FAEHw  ET RARFET R REYIER N, M YE R A2k o 7L BTk, N, R
JIfiJE A - HPAM > S-HPAM > A-HPAM , 345 4L FE 7 10000 me/L it ,3 FhEE A MR TR N, 5% , A-HPAM
VS N, B 2T HPAM ¥ N, , N, K/NIFF 7 :S-HPAM > A-HPAM > HPAM, 2457 {L Ji 460000 mg/L
I, N, K/NIFE g - A-HPAM > S-HPAM > HPAM

BEYERAE TR B IR TR, TR T 10 s SiRai s Ry 4. 64 s WA YU E
oM 2500 mg/L, ZEH AL IEXT R AWIEIR N 0 K 8 NI R 4. 64 s TR RGO R S WTE
W N, o TEREF/KH HPAM B0 N, R THE 2 FrEREW  (BREH 10 B3G5, S N, TRl
3% . S-HPAM ¥ (0 N, i Bl B £k B2 39 fin it B AIG, (H L NV, 48 563 (5 K F HPAM, BL 4k, 725 1k B A
30000 mg/LLAPET, A-HPAM %3000 N, BB 10 36 51 32 T AR, Al 5 S-HPAM #1445 (b K F
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Fig.7 The effect of shear rate on the normal stress difference of polymer solutions with different salinity
4.0 mg/L; B.10000 mg/L; C.60000 mg/L

Test conditions:85 “C, mass concentration 2500 mg/L
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Fig.8 The effect of salinity on the normal stress difference of polymer solutions

Test conditions:85 “C, mass concentration 2500 mg/L, shear rate 4.64 s -1

30000 mg/L i}, BE— LG INAPLRE B N, ST 31 4 T AR B VB A A0 EE R BT )58
R REVIHBN,

1 AEAREREFTLEMAVERTHNESYBRRERNLNE
Table 1 The normal stress difference of the polymer solutions with

different mass concentrations, salinity and shear rates

Angular f y/ (rad-s ™!
Product  Concentration/( mg-L~!) Salinity/ (mg-L~") ngular frequency/(rad s ")

0.1 0.22 0.46 1 2.15 4.64

HPAM 1 000 30 000 0.27 0.53 0.64 0.94 1.10 1.90
2500 30 000 1.35 1.80 2.12 2.31 4.10 4.49

4500 30 000 2.90 4.61 5.35 5.62 5.87 8.32

2500 0 63.29 88.54 106. 85 141.42 176.45 185.54

2500 10 000 3.78 4.57 4.81 4.93 5.81 13.53

2500 60 000 0.74 1.60 1.67 1.73 2.1 2.12

S-HPAM 1 000 30 000 0.33 0.60 0.65 1.33 1.79 3.15
2500 30 000 3.01 3.78 3.94 4.19 4.80 5.61

4500 30 000 4.08 5.02 6.41 7.90 9.16 14.87

2500 0 34.72 44.73 54.92 68.93 79.84 81.92

2500 10 000 18.67 26.48 34.86 36.92 37.06 52.02

2500 60 000 1.37 1.73 1.85 1.90 3.03 3.82

Continued on next page
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continued from previous page

. 1 Lo . Angular frequency/ (rad-s~!)
Product  Concentration/(mg-L~") Ssalinity/(mg-L™")

0.1 0.22 0.46 1 2.15 4.64

A-HPAM 1 000 30 000 0.02 0.03 0.08 0.26 0.75 1.71
2500 30 000 1.42 1.68 1.94 2.14 3.42 6.32

4500 30 000 10.43 17.87 25.7 32.25 39.48 64.05

2500 0 22.35 35.22 46.33 55.10 65.27 77.66

2500 10 000 8.48 10.61 13.96 15.72 16.06 47.33

2500 60 000 9.98 12.16 14.37 15.8 16.69 31.33

2.5 FEMSHEHMXER

2 3 RS TER KR S Y S5 R A SCEAL 280 w0 14 HPAM 2y AM 1 AA 45
I HICAUR ARG R E RN 2950 mL/g, KA 22. 6% ;S-HPAM L5449 SCALTE AM AA Fi
AMPS  FpPEREECH 2780 mL/g, KA BE A 20. 8% ; A-HPAM 4t4 B CALAE AM AA FIFi K4 & 45 H FC,
FEPEREECH 1960 mL/ g, KA N 23.5% .

F2 MHERAHREMRSVHESHERMEXELSH
Table 2 Structure features and related physical and chemical parameters of

temperature-tolerant and salt-resistant flooding polymer*

Product Structure unit Structure feature [n]/(mL-g™") Hydrolysis degree/%
HPAM AM, AA High molecular mass 2950 22.6

S-HPAM AM, AA, AMPS Sulfonic acid group 2780 20.8

A-HPAM AM, AA, hydrophobic group Hydrophobic interaction 1960 23.5

a. HPAM: High molecular weight polyacrylamide, S-HPAM: Sulfonated polyacrylamide, A-HPAM : Hydrophobic associating polyacrylamide,
AM :acrylamide, AA :acrylic acid, AMPS:2-Acrylamide-2-methylpropanesulfonic acid, [ 7] :intrinsic viscosity.

TERR R T, RE VI BOR FAERE 1 2 BOR TR T R & W0 T HUK 124 R BUC N A &
R B A SC IR A 220 19 S 3 RN IRGTER SR R A WA R R R o ) T HPAM S5 52
AR 21 R SR 3 TR S A AR B A0 AM L AA S5 BROTEH R S0 T8, 2 1K T
SEPRA R L AN AE FE U S-HPAM 73 T-45 4 R AM VAA 2549 55051, 51 AMPS Z5 44 HIT0 , B TR
e P SF KA 5, X L PEE AV A BE AR, I HLRAT R s (6 (02 B, 300 235~ R I , 48 o 037 e il v R
KRR A-HPAM G 7-4548 T A K], RTFE 3T (1)) R AR 46 , T ) PRSI A, 193
FIE MR 285 . IR B B R B, HPAM T S-HPAM Y289 RS sk 5 B2 phy 497 1) A B i 254 FH 5 L
A-HPAM ZBORG SE o0 F-BE IR B SRR A5 R 2 5V FH LRI S 1R , HLHAR 51 A AR BT O 5 0 1k
FERBT Y AT o MIRIHIHLEL A BE , 3R G i W3 LR B A N, 73 Sl o A 80 % FE T K
TR B PIA K EE bR o FMBEEEAN N, R SZ2 P80 B 7 AL BE RN BT U) A2 R, (ELIA 3 iRt 75 9K
MHERE W T AR, 3X P45 AR 52 S0 Fr 26 P AL AR Wi 2 A B AN TR] o UnAE 7 fE JEE 30000 mg/LL, ¢ B2
2500 mg/L i}, AW BFNE FE I 0 : A-HPAM > S-HPAM > HPAM, (X} T4 N, , 7EAR 5T U]
HORT VR N, B . S-HPAM > HPAM > A-HPAM, 4 55 ) HUR KT 3. 82 s B, W N, T4 -
A-HPAM > S-HPAM > HPAM ., FI LATE i i e £R 18R & Wy 9GR] B0 0 126 L, N85 5 SERR I 260, a4

A B C

KO T ER SR 2R S P A Al R B K
Fig.9 The structure diagram of temperature-tolerant and salt-resistant flooding polymers
A. HPAM; B. S-HPAM; C. A-HPAM
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FERBT P H R AE N R T A % &
3 45 ©

i1 RS6000 AR, fEihEE 85 C , AWy BV ] 1500 ~4500 mg/L, H™{LEE i O ~ 60000 mg/L,
Xt i 73§ HPAM (S-HPAM Hl A-HPAM ¥R RS PEREREST T3S HEWTTE o 3 Bl R G Wiy S R 28 vk
TARFAE o BEVR G 5 , R G/ AN GBI R . BT AL RE 4% g, HPAM 1 S-HPAM I (Y G'Hl 6"%
WA, A-HPAM ¥ G G Bl A Tl ¥ ARIEShA T VI SC 0 8cdle , 71045 21 3 R R G0
W N, o BEA RGN, 39000 N, B O, Horh A-HPAM W0 N, 38 0006 38 de Ko AT AL B2 38
HPAM HI S-HPAM #31 N BBl o 7525 877K HPAM ¥ N, fiok o (B HBER L EESE I, B
FEREIRE S o A-HPAM P90 N, Jeidi/ N ok o nl DUHEDN , HPAM Rl S-HPAM P59 1 & it 2 i 2 1
HERI A ZHZE1E 5 R, 76 @ (L EEEK o S-HPAM W ORG TLPE UL T HPAM 50K, ke, E 22 i T
S-HPAM 73 F-25 K i ) AMPS Z544 ST EE A BURR, I3 58 70 TEEMIPES R Y ; A-HPAM 35 1 10 2 5 vk
L TR R A NG A S R, 26 A VR T AT LA R s (ELEA TR B A AN B B R AR
L o ASHTTE MORN T A 2 , DAy e T s R I RCSR 1 Wy 90 1) e 4% T A 4RI IEE 2%
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Viscoelasticity of Temperature-Tolerant and
Salt-Resistant Flooding Polymer Solutions

YI Zhuo* , LIU Xi, FANG Zhao, DU Chao, HU Xiaona, ZHANG Wenlong, ZHU Lunyu
( Beijing Research Institute of Chemical Industry ,China Petroleum &
Chemical Corporation ,Beijing 100013, China)

Abstract The effects of mass concentration and salinity on the viscoelasticity of three temperature-tolerant
and salt-resistant flooding polymers( high molecular mass polyacrylamide (HPAM) , sulfonated polyacrylamide
(S-HPAM) and hydrophobic associating polyacrylamide( A-HPAM) ) , were investigated through the dynamic
and steady state shear test at 85 °C. The results show that the higher the mass concentration, the higher the
storage modulus(G') and the loss modulus( G”). The apparent viscosity of polymer solutions decreases with
the increase of the shear rate. The normal stress difference(N,) of polymer solutions was calculated by using
dynamic experimental data. With the increase of the solution concentration, N, gradually increases. With the
increase of salinity, N, appears different salt sensitive areas, which shows that elastic responses of polymer
solutions to salinity are different. The study provides the theoretical reference for the choice and development
of flooding polymers of high temperature and high salt reservoir.
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