5 44 855 2 [V PN QRS SR 3 07)) Vol. 44 No. 2
2021 4F 6 H JOURNAL OF NANJING NORMAL UNIVERSITY ( Natural Science Edition) June, 2021

doi;10.3969/j.issn.1001-4616.2021.02.006

vl T TEL TR 391 it AL P i B TR iR L PR 52
ERA O LKESBWE SR @R, K E

(LR E AL b A 7 B BT Z 05 B, WL A o 062552)
(2. FE HME R A SR RL 22 Bt V95 F AT 210023)

[(FE] AT R RFILE 100 °C LUE AT PEREM QOB w5 B f & — RSk 3R AR S A% A9 R, A1) U AR
FI7H X R AN BT VTR T B S IR A R BT TR, JE a0 FE Y U B A He AR, AT
XPEARFITE 100 °C LA S IRACE T M IRTERE B APERE RIS VEREMEAT T A ROFAl , o i v IR IR R I 1R g
PO R AL T — R B 1R IR PETE R RERR b A SCER 31 8l 3~ A B 10 vl R B RS E TR
PIPLBLEEST TR0

[K88IA]  mIEIRTERE, WAL S UIREEE , 70 13 Ty 22 i)

[FESES]069 [XEHREDIA [ XEHS]1001-4616(2021)02-0030-09

Rheology of High-Temperature Foaming Agents
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Abstract Tt is difficult to test the performance of high-temperature foaming agents at more than 100 °C ,since it requires
high specificity of devices and test operation is complex. To overcome these shortcomings,we used rheological methods
to investigate the foaming agents and the foam system with different shear rates at high temperature. The foaming
performance , the injection performance and the plugging performance at more than 100 °C are evaluated by comparing
their shear viscosity. This work also provides a new idea for the performance evaluation of high-temperature foam systems.
Additionally , by molecular dynamics simulation,we investigated the forming of the high-temperature foam systems and the
mechanism of how they are stabilized.
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Fig. 1 The viscosity of the foaming agents at different shear rates at different temperatures before and after foaming
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Fig.2 The effects of the shear rate on the viscosity of the foaming agents at different temperatures before and after foaming
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Fig.3 The effects of the temperature on the viscosity of the foaming agents at different shear rates before and after foaming
24 ARBEZHTRENKGEHEATRTAR

4 JEFAR IR G B B & AR 20 30 min FRAIEAC B AOTRTR B . IEIR T IR SRR N &
R R I — @ ISR, BABHAE 100 C DL b @il A0 T iR iR RAUKOR T IBcha e i AAAE , T DIAE Bk
TRLBE 25 T U457 30 min LA E. EIH IR FTLUE SR RIREELE 100 °C S LU RIS DR B 7t 4350 i, 1
B R IBETE 100 °C B LA RS IR R 0T USRS T AARERRE 30 min DL b I 0] 7K a2 — 7 3100 59 U il
TR, TR 55 T 100 CC Y, XSHE St A T, o T B v IR IR0 A5, 325 G 73 T LUOWRER 2] ) v A
[ K2, RIS EE 100 °C K AR ZR 100 C LA EREG IR A p A A it IR R EE | H AR BB R AR R T LAIE
HAIAR IR R AE 130 °C LA F RSN IRHRARSR /T AAE— & F25E_L B AF 30 min DLL.



PSR4 (AR 55 44 55 2 11 (2021 4F)

(d) 110 C (e) 120 C (f) 130 C
B4 FEBEFHTREMNK 30 mn FHEFERRR
Fig. 4 The foam morphologies at 30 min of rheology testing at different temperatures
2.5 IREZFEERETBUEAILEIRSTF 5 R R
K5 il 20T A [l be R 2R B #h 5 i i R B 3P B 2 K 031 80 g 2 AU R ML 1] (15T 5
(a—f) KK 100 nm?® BRI FANA 150 175,200 225 250 275 Db Z8 iR Eh iR S5 55 T ) ,
1P aT DAFE o S 2 i 2 A A 1) B 1 J2 R A ) HE S A I R R Py . ARSI SRR AL TR TR )

a DNS-150 b DNS-175 c DNS-200

d DNS-225 e DNS-250 f DNS-275

DNS J& B8 R IR il & F e S8 MR R 1 43 AN TR D)
Bs5 SEEHT(363K),RESEREFEBIEHQRKRE R FEEHMRE

Fig.5 Side views of the equilibrium structures of the foam liquid film systems with different content of

alkyl naphthalene sulfonate at high temperature (363 K)



F bV A I IR AR RE SR IR LT 5T

SRAEAE TS/ W B) T T FSCR NG RIS e DR s B R e . T e 6 25 1 5 A Y0 PR YNBSS 80 114 262 o % 44 79
B T2 A IR G s A 2R M IR A AR, AT S 30 R O IEAEF. [RIIRERS LU 5 (a~f) i T A, Bl
R B B 2SR R ER 5 e A M N, Y PRBOIE R 1D ) 3R IR 170 201 SR HES G 1) T 5K LIRS A AR,
TEPERE . PRI AT LA A e Y 3R] 1 P ) S B T Y6 51) 1 A AR 53 T ) 3 1 9% P 591 B0 1 S Y
EAHES DTS B LRI ARG Y 5 7 — o T JEE S BT A, L TR A 2R ) 9 A7 25 B e 1 51 55 34
TR AR AR BEGR D) AT LY PR e 70 5 5 R 9 PR AR R 1A T 7 B = S B P

6 A BEIEZR IR L 1Y S0, LW 25 Na” U5 — 2 IO S5 12013l 1 2 B s 5. thiK 6 W LUR
L O e~ Na AR 4310 BRECIN 2R g () 76 2.35 A BEES AR R 0 — 0 35 (0 (4Bl 6 (a) TR ) IS 5
Na' 85— B 7EE 12 —20 ¥ g (r) MERBUF 250 — A1 (3.25 A) 7980 (9 B L8R A — 2, 2974 0.90
ASCanE 6 (b) Fizn ) . Btk B AL GE FEZERE IR AR 1Y SO, BT O JEAKRRENS B H: S 5 Na (W5 — 2 e Nr
SER (a7 R SRR I He R 2R R ER A 5 AN R R (S 4544

a 12r
| A —— DNS-150 O..-+Na® —— DNS-150
200 Ous+*Na —— DNS-175 " o —— DNS-175
—— DNS-200 —— DNS-200
—— DNS-225 —— DNS-225
150 AN 235A — DNS-250 8 —— DNS-250
——— DNS-275 ——— DNS-275
T 6r
= 0.89, 0.90, 0.92,
4t ON:igo91 0.90,0.89.

rIA rA
Bl 6 (MBI K KRR EL-S0; BH OpysH Na'RESHHE (a) B AIE (D)
Fig. 6 The radial distribution functions(a) and the coordination numbers(b) of Oyyg and Na* of =SO; of

alkyl sulfonate at the interface of the foam liquid film systems

K 8 NIt FE SR ER A -S0, 15 H,0 M S L B 2> 1 3 1 2 U A R, mI&l 8 nl LI
Opnse=-H, BRI 530 BREN R g (r) 75 1.70 A BEESALHR I B0 — B E 106 4 o (r) INERFUF 25— A E
(2.32 A) BB ALBEA —EL, 200 0.75 A X R LE I ZR A IR £L (1 -S0, JEIAT Y SRk i% LL U 2 1R 11
5 G mIAL 597K o5 U A G U 2% (ANT&T 7 AL SR B )

H1 EABHUS R AT LA WAL Z SR B LI AT e 2R iR #h O A M AT -S0, HER7Kh Na™ BICAL
VU Ke~S0, 57K ¥[8 SUEEENHE , bt 2R A b 5 QR R T DR R PR A E ) 2L,

;L}‘ >y IT‘?"..‘ 37 -:‘ 251 a

1.70;\ = Opys " H,

2.0
151 —— DNS-150
~ —— DNS-175
= —— DNS-200
1.0 —— DNS-225
o —— DNS-250
B2A —— DNS-275

0.75,0.75, 0.72,
CN: 73,074, 0.75.

r/;A

E7 REZFHEBIEN-SO, 1 Na*HBELAI5EH (£ B LK)
RIREEHEEBIA-S0, 71 H,0 MEBEN (L BXE)
Fig.7 The coordination structure ( purple solid line) of Na*
and the hydrogen bond ( red solid line) of H,O
with —SO; of alkyl naphthalene sulfonate

E8 IEFHEEAKERERATE-S0; EASR Oy
MASFE H, ZIEHIRE RS 7SR A5

Fig. 8 The radial distribution functions and the coordination numbers

of H, of water with Op\g of —SO; of alkyl naphthalene

sulfonate at the interface of the foam liquid film systems



PSR4 (AR 55 44 55 2 11 (2021 4F)

2.6 FERBERERNGIE S F 3 HFEBTFR

R ARSI 73 T3 R G BEAE T 2 1 S AN RERIR SR AR YRR R 2 1, [R] Ih BA e ) 33K LA B
BARA) 7312 2 A LARH A6 RN o) HER B 28 .t 1T 9 R LR H =5 22 AN A 25 Wi Joe B 2%
AR R 7RI PRV RS 7 5K PR e 22 JE A D AR 3R] R e B 2 R R e v 70 Ay R A T e

a Welan-8 (298 K) b Welan-10 (298 K) c Welan-12 (298 K)

Welan J& BEE N FTAR R A9 457 T 85 22 e 3 A B CTRIRD)
El9 DNS-200 R MARERF =R AR FRIEGRHRETFEEQURE
Fig.9 Side views of the final equilibrium structures of the foam liquid film systems after the addition of

the foam stabilizer Welan to DNS—200
F 2L FE B W, R T X — 2B A B R A | FRA TR I SR T BT b Ak 27
FIARTE, X434 0,.0,.0, F1 O, K430 14 5.5 A1 1A, BT R 24k, 43 %L 0,.0, .0, Fl O, fir
& K2 45 R mE 10 .

0, O,

E10 FERSFHENHSFEMNARMCESR O WS %(0,.0,.0, F10,)
Fig. 10 The structure of Welan molecule segment and the definition of the oxygen atoms
P11 A R TR AR 38 T =5 22 A 45 A B4R O SR Na™ B4R 1] 4347 bR BRI BC A 5K Y 43301 )
FRLE R, BRI LUE 4 F O D) O WREHIES 5 Na' Y28 — 2 IO 45, Hrp O, ByTC A8 i 2%
o THAR =R AL E Y O, JF HA 225y rh O, it 2 T HAD =Fh 0. ZRETMI 7, TELEHEZE AR R iU IR
WA Z IR T 2 FRERE H4% 25 Na' 5 — 2 IAL45 1, JF HLORE o, ok /b 7. XA



LU A R IR IR AL PR RE S B IR PR 5

BT e T IR A AR 2 .

40 + 12 .
a O, e "Na —— Welan-8 b O, (e **Na —— Welan-8
7 —— Welan-10 10 7 —— Welan-10
30 245A — Welan-12 237A — Welan-12
8
< 0 < 6 CN: 0.09,0.14,0.13.
8o 8o
ol CN: 0.23,0.24,0.23.
325A
0
o 1 2 3 4 5 6 7 8 9 10
r/;\ r/loA
c 40 d
/ Oa (welan) " -*Na' Welan-8 / Ou (welan) “Na' Welan-8
6 ° — Welan-10 235 R — Welan-10
235A —— Welan-12 30 . —— Welan-12
4 L
S Sl
) )
2r 10 CN: 0.30, 0.20, 0.22.
325A
CN: 0.03, 0.05, 0.03.
0 0
L L L L L J L L
o 1 2 3 4 5 6 7 8 9 10 1 2

r/fx
B 11

r/;%

AEBEERFE=ZRSFEMESR O 5kEH Na* R A4 BB F B AL

Fig. 11 The radial distribution functions and the coordination numbers of the oxygen atoms of Welan with Na* of the foam liquid film
12 R AR AR R 5 22 o 745 E 4 0(0,.0, .0, Fil 0,) S EH /K /rF2 H, ZIHFAR
G340 PRECRBC L B ) 418 1AL 2R f BT 12 AT, 35 22 ey 4 RO &Y O ¥ he 5 b Koy + 2

[P . AR

1.50

0, FBCALEURR R (0.85 Zidy ), {H 2 H A i i A DR HCIES i ) S0 B 500 T L 22 A

Ou (welan) "~ .Hw Ou (welan) " 'H“
1251 1.25
Lol % 1.00
1.82 A Welan-8 Welan-8
_ ~— Welan-10 - ~— Welan-10
20751 — Welan-12 = 075 — Welan-12
50 =
0.50 0.50
0.25 ° . 0.25
243 A CN:0.51,0.50, 0.49. 25 A CN:0.13,0.11,0.11.
0 0
1 1 1 1 1 1 1 | 1 1 1 1 |
o1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
r//ok r//ok
c d
125 O, et " Hy, 2.0 P O, e "H,  — Welan-8
T 175A — Welan-10
1.00 L . — Welan-12
— Welan-8
_ 075 — Welan-10
?0 . —— Welan-12
050 1.80A
0.25 CN:0.21,0.18,0.17.
0
1 1 1 1 1 1 |
o1 2 3 4 5 6 7 8 9 10
r/;\ r/A
B 12 BFREERPFZRSFEMEER O SHRPKSFR H, ZEHIEE ST & B
Fig. 12 The radial distribution functions and the coordination numbers of the oxygen atoms of Welan with H, of water



PSR4 (AR 55 44 55 2 (2021 4F)

it 0, MIBCAIEZ 0 0.50, HH AR e . NI ARY R 2258 557K 70 I 00 Ui 2 2 stk IR T 0 145
P rp R e BEZR A PR ER M R IR 28 A B 35 22 I o015 B b Kk o0 1 R i U, A B T4
FRIRAARE .

1 EIRBESE R LA 5 22 B AR /R ] R 2R IR T 5 22 b U 15 K o Na™ O BCOZ A, DA
5K IR i) S EE R Bl £, o e O, ATtk pE P oK. ARt 7 e S AR A FH A SCHEAE T AE A
BREIR D B A Y050 RO MBS 40 g A9 T 2 T, S ] BB 55 5 R 7K Na™ B9 S A2 A FH A K A5 7K 21 8] R ol ) 2
YEHI.

3 &g

HLRIR R LA T UIECR N AR EERR TR AR R, B IR R AR 9T V) R 550 T B0 5y DI 2 2 W
2 R Y DR SRR B0 S T AR AR RE A B2 o 0 S A BRI BE RCR 0 K 4 it
XL IRR 22 AT A TR PEREDTZT , AT SE BRI BE R T 100 °C 26 4F T A9 s il VL R MR R 9 PR RETF A, S
Y FRTE PRI RE AR P S B A R L 79 0 0 TR AR I3 1 ) 35 I P 790 B 701 2 1) SR SR LRG3
F3 - B RR PE R AT 5 AR K Na™ B BRCAZAE T K 57K 431818 B A S SE 45 ) 5 TR I 70 9 R B DG SEAE T
TEANIRE AR AR ALES A A AT T, Rl BEHg 9 55 58K o Na™ A IE 741 FH A K 557K 23 181E i =
(St

[ &% 30K ]

(1] EsE, BHENE, £V, 5. TR % il ) 09 99 K WORL AR S IR RFFE R [ )], i AL 2% ,2017,34(4)
745-748.

[2] 3RAEZ. (KB B ML R SR IMHLEL B FH BRI AR [ ], M4R46T,2017,46(8) :1693-1695,1704.

[3]  ZRIREL, 2R, XA, & RIS I & i T M R 8 (1) — i iR e S 3 S 2 b g i I LD 0. il A2
2013,30( 1) :155-160.

[4] W, TIEZE, Fh0k, 55, BmAPORE SHEIRIK RIS [)]. TR A M A M ( A AR ,2012,34(5) :93-98.

(5] XUGEERL, sk mg, A6 ikt e i g5l AR IR AT e e e [0 ). PRI BE SR il Tl ,2012(4) :38-40.

(6] sfde, Tolb &, EHRIE, 55, WOERTE Ml s Ehimst b e 3k LD ] b 4k ,2017,34(1) :96-102.

(7]t 025, R0 BRImya ok AR I M RERIFSE [ 1], PO RS A T2 BE 44,2002 (4) :60-63.

[8] B, XKH, BaIHE, %, @R LR ERE PR B r ik ()], FRal <, 2015,22(3) :93-96,155.

(9] AHJR, ZFR0N , Eh it IR ARVERT S BUR St R [J]. PUALR A2 ( FARBLEAMR) 1993 (6) :527-532.

[10] SINGH R,MOHANTY K K. Foam flow in a layered , heterogeneous porous medium:a visualization study[ J]. Fuel ,2017,197;
58-69.

C11] 5K 0 XU 2200, 55 W IRENERE M R S WFFE [ ], Il BT R 13, 2012,19(2) :44-46,114.

[12] AZ W%, AL 5. FMHR ST e RS R AR R 0 [ ]. P8 R Al K241, 2007 (3) :91-93,99.

[ 13] YEKEEN N,MANAN M A,IDRIS A K,et al. A comprehensive review of experimental studies of nanoparticles-stabilized foam

for enhanced oil recovery[ J]. Journal of petroleum science and engineering,2018,164 :43-74.

[ REHE : BEEX]



