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Molecular simulation study on the obstructed behavior of oil-water flow in

nanopores

Li Ruchuan (Material Science and Engineering)
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Abstract

As an important part of unconventional oil and gas resources, tight oil has abundant
reserves. It is another hot spot for exploration after shale gas and has broad development
prospects. Due to the widely distributed nano-scale pore throat network system in tight oil
reservoirs, the oil and water in the internal migration process are subject to obvious flow
resistance, which makes the development of tight oil very difficult and low productivity.
Identifying the source of flow resistance in nanopores and quantifying the size of flow
resistance are of great significance for regulating flow resistance and improving tight oil
recovery. However, traditional observational statistical methods are very difficult to directly
observe the obstructive behavior of tight oil-water flow in nanopores, and it is also difficult to
investigate the impact of continuous changes in core wettability on the displacement effect in
core displacement experiments. Molecular dynamics simulation methods It shows unique
advantages in studying the microscopic dynamic characteristics of oil-water migration at the
nanometer scale and constructing pores with different wettability. therefore, in this paper,
molecular dynamics simulation method is used to study the obstructive behavior of oil-water
flow in nanopores, and the microscopic process of oil-water flow is described in detail. the
source of flow resistance in the displacement process is analyzed and the fluid mechanics
formula is introduced. Quantitative calculations were carried out, and the influence of pore size
and wettability on flow resistance was investigated. the main research contents of this paper are
as follows:

(1) the influence of pore size effect on oil-water flow resistance is studied. Firstly, a model
of nanopore water displacement oil was constructed, the process of oil and water obstruction in
typical nanopores (10nm) was studied, and the influence of pore size (6, 8, 10, 12, 15nm) on

flow obstruction behavior was investigated. Studies have found that the oil and water are

ii



obviously blocked during the displacement process, but eventually a stable flow will form in
the pores. the critical injection pressure required for nanopores with different pore diameters is
calculated. It is proposed that the flow resistance is composed of capillary pressure and viscous
resistance, and the fluid mechanics formula is introduced to calculate it. the calculation results
show that the capillary pressure dominates the flow resistance. the calculated flow resistance is
not much different from the adjacent injection pressure, but has obvious size effects. the smaller
the pore size, the greater the deviation between the two. This result shows that the fluid
mechanics formula has certain applicability at the nanoscale, but it has a significant pore size
effect in the nanoscale pore throat network system.

(2) the influence of pore wettability on flow resistance was investigated. First, the method
of scaling the surface charge of the pores was used to construct a set of pores with different
wettability in theory. By investigating the spontaneous imbibition process of tight oil in
different pores, different oil-water-pore three-phase contact angles were obtained, and this was
verified. the method controls the rationality of the wettability of the pore surface. Subsequently,
the process of obstructing the flow of oil and water in pores with different wettability was
investigated. the results of the study showed that as the lipophilicity of the pore surface
decreases, oil and water can enter the pores more quickly, which is beneficial to improve the
efficiency of tight oil recovery. By calculating the flow resistance under different wettability
pores, the results show that the weakening of the lipophilicity of the pore surface reduces the
capillary pressure during the displacement process, while the viscous resistance remains
basically unchanged, which ultimately leads to a decrease in the flow resistance. the study
revealed that the wettability of pores affects the three-phase contact angle, thereby changing the
capillary pressure, which in turn affects the physical nature of flow resistance.

Key Words: nanopores, tight oil, flow resistance, size effect, wettability, molecular

dynamics simulation
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Figl-2 Distribution of pore throat diameters for tight sandstone and shale reservoirs/?!
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Tablel-1 Tight oil density statistics for China
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Tablel-2 Pressure coefficients of tight reservoirs in China
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Table1-3 Tight oil distribution and resource forecast in Chinal®1330-34
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Figl-4 An experimental schematic of crude oil filling and repellent!*8!
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Fig3-1 Quartz nanopore model construction process: (a) SiO; unit cell cutting (b) unit cell
expansion (c) modification of the surface of the channel
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32 BEL: (a) WKALERDERGEE; (b) B RFEL T3177% (EMD) 1
B RN TEI /1% (SMD) w~EE
Fig 3-2 Model: (a) the initial model of the oil/water/pore simulation system; (b) the equilibrium
molecular dynamics (EMD) configuration of the simulated system and the schematic diagram of the
stretched molecular dynamics (SMD)

K31 Fh. K. ARAIHSH

Table3-1  Force field parameters of octane, water and quartz

&1 ¢, Kcal/mol 5, A g, e
C (G£%%-CHs) 0.0660 3.5000 -0.1800
C (¥ §t-CHa-) 0.0660 3.5000 -0.1200
H (4% C-H) 0.0300 2.5000 0.0600
0 (7K) 0.1554 3.1655 -0.8200
H (7K) 0.0000 0.0000 0.4100
Si (f1 5% Si-0-Si) 0.0400 4.0534 0.6000
Si (f1 % Si-O-CHj) 0.0400 4.0534 0.4500
Si (1% Si-[0-CHs],) 0.0400 4.0534 0.3000
O (Fi %% Si-O-Si) 0.2280 2.8600 -0.3000
O (fi#% Si-O-CHs) 0.2280 2.8600 -0.1500
C(f1 % Si-CH3) 0.0390 3.8754 -0.1500
H (%% Si-CHs) 0.03800 2.4500 0.1000

ARE A5 T3 )RR LAMMPS BT, BT Shas B S 4 B4k 14
VMD A E 5, BRI R P AR BB E SIS T 1, KT
el SPC AR, IE¥ kit OPLS 7137, WEALRIA S KALEN R M CVFF 1375, H
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Fig3-3 OQil-water flow process in nanopore channel (D=10nm): (a) 1.6 ns (b) 3.8 ns (c) 6.5 ns (d)
10.0 ns (e) spring force evolution characteristic evolution curve (f) piston center of mass and Virtual

point position change
332 HKRBIESIKIERITE
FH S35 -
ARAE 1.42 P EL AT Young. Laplace. Lucas. Washburn £ ATEHH 70 B4
MG P B SRR . fEULE IR — T Bosanquet fERT ARIEIRIEAL F, E3)&E

FAEF I N F7 . B VERH R HKH B K 711 Bosanquet 772, WLx(1-3), BIEB4H
YERERET, s i A FEE KT, HITABEH Y ZEH 7 #5) . Bosanquet J7 1%
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JRAL BT MARIME S BN, EIRAE T B ARRER TS 1L

(1) M435ER ] AEH 4, B t—0 B, fi# Bosanquet J7 R (#1321 1(t)=Art. 21 5 I
VRIS R L T B W HRTE B JBE TRk 7E 4EARBR R R 1()=Art (IRIE, nE
3-4 LLERPTR, AT Ar iz AR -] ) s BRI R, W AR —MRRER B S,
"B & Bosanquet J7 15 H P51 T ) FELE T R

(2) BB ALK, B t—oofit, B JTRETH R (Ar—0), R ZETER 77 o

B SHAL, 7EAEN T, Bosanquet 7 FEEHIISCH L-W i, BIL o Nt. 75

AEAL bR AR PR G, Wil 3-4 BEAPTR.
Ly

0 }
& 3-4 Bosanquet FTEFFHEHIUA ML

Fig3-4 Fitting curves of Bosanquet equation in two cases

Oyarzua “FISWERIHEE — F A REPIKFLIE K BB PRSI i, K
IKAEGRKALIE o NI AR A ) A BEL ) A PERE ), Ab T To kG Sl s Ras : BEE I ]
RS, KBRS ol LAZNS, BEVERH . A5THERE 7[RI A7 75 DU B R 0,
IKIRHER SN BB ]RGS, AT PR kN B AT DL, i BE g R AT B
BH 77, AKAETFyam sl . X — TAERIFHISE T Bosanquet HE 1A FEM:

HE BIASCHIMKIR AR, WK 3-2 (b) Fias. WX, MR ZE _EACT R A 1
SRR R IR AR T B ) o T K AE AL A, AEALIE H, HLFLIE R T 2 B T % (-CH3)
B, SR, BB T ROz AR A2, B e AR KA, B
IR R I RIEZ . BhAh, TE 330 KBIRE RN T =AM B, R
Bosanquet #its, BE I FRA WML EM B T FEZI B, R D) Sl = 5
AL, PRUONKARIE A BEANBIFLIE A, Shi A2 3 7 B8 EH . BEERE IR
HIERN, FER B I IONSLBT B, ZKAHBE N BIFLIE A HEE AR AT E, BRI A S5 KA #52
B SER, TWEhPH A BT, MRS Bosanquet FEE, I W 452 B A Bh PEBH 7486 K,
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PRPERE AR/ 3 T HrB UL PR B, KA E RS, IR 3R /N LR ]
PAZ, K Sh B 77 B B8 AR B0 7 70 R B
BB, PR B AN BAE —MEEE ML B S, PRIXAME
AR NI FHENE ) Fra, 398 Ellm FENE D55 T2 2100 7, A 2
IS KT FHEN BT, B 2495 2 22 30(3-3) I, 7K A RE 58 2t A\ 1 FLIE P I B 5
HfLIE. FvimahBe A Silm FEN IS A EUE EARSE, BreAa] DLEAR PR . £E 0 T 15U
I FENE SRR G R, RN LR SRR RS B 70 B TR B, AT
SR TSR I RS AR I A EN TR J, POy BB AL 4E St R KO R
BLRIKIE
F>F

= Feapitary T Fiscosiy (3-3)

NOCHRI R S TR O, SR AR ST U, 1 Je X FLAE D=10nm & R
ik B (BB 1D B33 3T e i1 1y, JRI 358 77 52 N Keal mol - AT e BN N,
FEMA R 10nm FLERIIEFEANE ST, Fra (D=10nm) =3.0350310'°N. b4k, FiH5H
- H it o (3-4) K i I AE G 28 ER5REE )] (Keal'mol ™A™ #5958 (MPa), 15
By FENESRA 10.95MPa, 1ZEUE 5 SCERRIE AR SSEEE 2 ) A RBRIReL, Sk B 07
T B AR SR A

F x N x 4.184 x 10*®
P = SxN, G4

A F 23S (Keal'mol -A™), N &R (R ) PR THH, S EHER
A (m®), Na AR RN 2 H %
FEHIHE:

e PR E AT BRI AR JT . B 1.4.2 R AR ) B AT SRS B
ZALE= C1E Nt /NS VP 25 B U W Ko /A W SR el DA R EX= A R I By G A e DR
5 ER G FEN R SRR ZE SV I A ARSE, WREWT B 77, B PERE TSR AEN
KREEH . BARUEERER

Tk BE . Btk A i in(3-5). XE-6)Fr:

capillary capillary

F  —S.AP . :S~%ycos@ (3-5)
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di
=S Py =5 % 7l d_tc (3-6)

Tm

viscosity

A, SONFLIEREETA, RONFLIEAE, v Nil-KAHEK F1, 0 N =AHEEflf, n il
FEREEE, 1 7KAHHENALIE A K

RS ERE AR E R EAE R LIRS, ATREE—DE. W dlydt ®
PR AT R v, ~PATRY BOE 28 OR4F 5 R 0L AR [R) 1 g FE e, B dlo/dt=1my/s, FLIE
4% R=5nm=5x10"m, FLIEREEHFN S=100%24.565%x102°=2.4565x10""m?. y. n. 0 =4
SR THEE AT TR R IR, R = AR TR R AT M A A T
NP A H— N EA R R G

H-KFEKSTE

A E - K A ek ) (IFT) B TH5 05 e HY B2 AU v 55 rh 23 ) Gibbs S 1
sk SN, K AR XY P HEE T Z 8, BT S 5K 0 B A G-7)

P +P
y = _( x; X PZJLZ (3-7)

X Pa(A=X,Y, Z2) NI ST &, Lz ABRE T1E Z Sl BRI BANES
RERW], M-K T I3 A I HOORORAIE T UL A SR NI HERA 1k

A% P 1O

L SR 2 (,., D

"‘r‘:v ",', D ™3l
» »

e
e O A

0T e ™
LU N

40 A x40 Ax 100 A

B 3-5 wh-KFmEsKTHERE

Fig3-5 OQil-water interfacial tension calculation model
B A AK M BB AE R~ A 4x4x10 nm® (XY Z) (AR LR & 1, 78 353K 20MPa
HIZAET, K NPLAT REZFEAT 4ns MR LS ERIA R, SR NVT RE#HAT 4ns
A, WSS 2ns BEEAEG VPR AR K Ty A B SBENIE, BE EIRPIR,
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Z R LV RN R 22 . AT 5AF B -/K AT 7K I 7E 353K, 20MPa N HUE -
v=0.0488607mN-m™"', Fr#fmZ SD=0.501, FHXFFrUEMRZE RSD=—1.025%.

FERITE:

R EEAEMNR ) — MR AV, 5 SO —XPATIR, AR A, AHEE dr, ARIE)7E
PABEWAA s Soxd BRI —HES) F, A Al AR P& 0 7. TR kG
Kb R 2 AL, 2R ARNGES), W E R du/dr, FREJUIER, F/A BN
SIYIN A7, BIYIN 5 B A LU RO BT UIRG L, WA 3K(3-8):

du

ar (3-8)

F_,.
e

LG THSRORG RS, 1 2 R BB By ) N R B Yl 3 . ARSCHRR ST R A T
Lammps ZA4FH1 1) Fix viscosity @74, 1% 2 H K2 Muller-Plathe 5.3%, LR faifR M-
P 5k, BARFRIERUE R rp, JRFRh 7 LS T oM 2, B N OB ARSI 1
JERIR A JE M ZE R sl &, AMEHE) SRl = A — AN B R h 2k, Wl 3-6
(b) ZE 3R, & NBRZHEE oM EMPE M EhkiF e, 530K 3-6
(b) A3 B Y)R R M 2, 43 H 520 A5 1 S 2 PR Rk 20 A ] LAAS B BY DI e, Wi v
DU RS AR RV FE o BT LAIXAN SR AT I B AR A 18 4EF 4 MD ¥ (reverse NEMD),
PRIy — ) NEMD J7 i Sl ol o Rt in 5y Uid e i 28, SR 5 0] 82 sk == (4R 1 ot
FHHTIE (IEHT &8 & momentum flux), [ Muller-Plathe 221 A2 it Jif 2 238 &,
BT A g 20 DU 2 s R 0 L P 2 2R

(a) (b)

—— MPYLLH B
r B & L
— BN A L

YY) [ms)

1 I 1 I L 1 L 1 I L
0 5 10 15 20 25 30 35 40 45

i ¥ A HRA]

B 3-6 REIHE () HAE (b) BINERML (o FERHEERE

Fig3-6 Viscosity calculation (a) Model (b) Shear rate curve (c) Momentum exchange diagram

RSCHH R e, A BRI T K Snm =48R ML E T A T, W

25



= YORALIE KRN 3 AT N RO LB 9T

3-6 (a) A7, 353K, 20MPa R AR IWIUG% FE (SEkE: 0.67614kg/m?, 7K: 0.98058kg/m*)
MR 2 [ [ Shn e S5 HoR B U B NIST & 045 31, Bk R E TR AN 353K [ NVT &
N, BE TIREI R M 50 )=, & 300 A — kB E, #H1T 6 ns I
SFINIIFERA, 0T 4ns TR TEILTE, BURJS 2ns R AL E AR 3 E S5 AR
FRBHMTSUI IR, SRS AR 2R, B AS BOE RS

SR EERE , R DURE BB BNECOR,  1X R BRI ARG FE R AL A s PR RE 1 A B
i H M-P BVEARE R — MR P2 38 N BRI R E, BRI M K IRk 3 2
ARG RGUR A . M-P B N i B M3 & B N S AR A G, &
& B R A HANA, AT DA SO NS R sl « S i, 158 3 R A AR 300
BONEIE, BIEE300 A — kB, EE LR FRERIE, b5 St BEAR 22 T LA DL
EREARRZE, ORER S SRS U BRI Y, Ry T B S B KR
353K. 20MPa FARIBIUIKGE, 40 FEATR:

®32 Fh. KHETTEESR

Table3-2 Calculation results of octane and water viscosity

BIDIRGE b vHE AR 22 AE T A e 25 NIST brifEfE
RAK
(mPa-s) (SD) (RSD) (mPas)
e 0.34796 0.023376 6.718% 0.36137
7K 0.35731 0.020615 5.769% 0.36028
—HREMANITTE:

PRI SRR, HRH, B EEARPORALER, FLEAMIER . H
T, B IEGRKILIE R CVFF 1137, %7135 & R T S-Sk &R ALt 72 . il
BN TR = AR, 76 NVT RZER 353K 44 N7 3ns (05> T30 112
AL, DONFLIE R BRI SR FLIE, BN S b o B Ws sk NFLIE . = AH 3l
I FKFIT )2 TH = AH A VA K S D2k, 15 oo 75 SRR RO 28 R e il - 7K 7
[l FIFH VMD #A4# QuickSurf ThAEHT LU AITH-/K FLE, SR Z W 3-7 (o)
Fi, WK FIPIZ S BN FLIERTI R A 015 0, T3 E R = A0l 0. ik
WA R e sE S H 2 O S TH G 3B, SRS = ARl A o 57.53°, HA R EL
TIRAH

Wit E AR R - /K R 5K y=0.0488607mN-m™, ki, KBIUIREE 1:=0.34796.
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m=0.35731, j-/K-FLIE = AHEAh A 0=57.53°F8da75 N AR (3-5). (3-6), IHHEEFE
KEVERR ), Gl — RPIPAHREE, R RUNE 3-3 . TR, R
VR T JUAN A 23R BE 1 S I L E £1/6=92.75%. FitkR 71 5 sh
JIWI A £2/£=7.25% =91.55%. fi/f Al fa/f 53 57T
DA AR B R 5 s BE 7 i m ik A S B SR eH iRt s B B 5Tk . 1 3 1 SRR AR
BOHEM, THEBEE KR REIE DT AR K, X380 T IUREL b, AR R
YRR I XA BB I DTRR LB, AT TEIZIE R T, B R TERBIH 2 5 £ S
BLf . fHAF PR, ISR — R R A K, KNSR BB I E
JUIANECEZR, LS e LR, THE 4R A IEM T Bosanquet Bk, tb4h, iiahMH
J15 G FHENE I EAE /Fi=91.55%, R UILEP- M B shBH 71 516 F5EN R IE R
ZE FUVFIRYE A S K/MESE 1o DA B RS REE— e 8 BRI T B E R 1A G-
5). BPE AT ARG-60)TEGUKRE T EH M.

A .\.\‘\‘\.\.\.\.\.\.\.\C‘.\. \.\.\.\O »
'&'A'aPAPa’*’*'*'AP*'*'aP&PA’*P*’a'aP

wv & #r?m‘ﬁ my m“ <4

‘x:‘f‘f
S

'A"A'&’*’*’&’A'A'*'*"’A’A’*’ ’&"\’
» O,\.‘\.\.\.\.‘.\. \. \’\.\.\O\.\.

3-7 BYE LFHE () FIEEWE (b) BRI (¢ QuickSurf #iE =AHEAl M
Fig 3-7 Capillary rise method (a) initial configuration (b) dialysis process (c) QuickSurf to
determine the three-phase contact angle

#3-3 ImFEANES I RRBIE RS R

Table3-3 Critical injection pressure and flow resistance calculation results

fLi£ D 15 FFENE ST Fra EEE A FMERH T £ TshBE S £
(nm) (ND (ND (ND (ND
10 3.03503x%1010 2.57715%1010 2.01555%10!! 2.779x10°10

3.3.3 FLIER~TRATRENE SIS0 13

£ E—iE] T BE R AN FUEEAAXEGOR L MGt B2, ¥
BEBEIIAN FEE AKX FR BRI 5w FENE AL — %
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PR, T A AP LB T ILIE A R BN SE, RPN S AR B,
B RSF 22 352 e s S s BEL 31K 2 9 1 B A 8 L TE RS 280 0 s BEL T 17
o, T AFEIE (D=6 8. 12, 15nm) FIZKFLIE, H7A5 L3 (D=10nm) ¥J
G AR R S e FK, PREFBNR B 5 e R, SRR E R =K. RH
FLARGIRFLIEAR RWILRR AL, P71 3) /1 A B L K o)1 3) 2k 1 an 1 3-8
Fs, ANFEFARGKFLIE R &R 10K 2 T RE AT 3-9 B .

550 1) 1T UL SO K 2 JIRHIERT AR, B4R D=6+ 8. 12, 15nm 44
KALIE 38 7 % 5 D=10nm ZKFLE IR AR, BT s ) #2
S PRI N 5 SR K AP, KBS R AETE A B, (HA R R I
I TE) N LIS T S ST I 280 DA S s S N R 08 AN [ o R A PR 9 2 R 38 1L B
FEBAE AT I 18] . ANFLES T AT IS . XA FFLAR R &P B 1 3R 35 13047 48
Y, 33 TARF SRR R IR FEAE ST, K 3-8 () Fs, RIUGFIENET
B & FLAR RO IG R TR/ o XA FLARRR R, 7K T it s it 3 5 22 v AR R ) BHL g £
N BEAR, SHFANEFLE (64 8+ 104 124 15nm) & R Bk T 5B B IS %15 514 4.8ns
4.6ns. 4.1ns. 4.9ns. 4.6ns, Vit 2|35 BEA fLARRIG N, BRI/ L. X2
DR ALAR 3G DR 75 2 S IR IO BEL 7 BRI 1, ABRAR R iR sy T REIE KT, MUk R 2
3485 BT F PR IR TR AR 22 T T L
wa

SMD#4 %Y

6nm

8nm

10nm

12nm

I5nm

B 3-8 ARRT (6. 8. 10, 12, 15nm) YORFLEERME
Fig 3-8 Configurations of nanopore systems of different sizes (6, 8, 10, 12, 15nm)
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(a) (b)
T T T T T T T T T T T 0012 T T
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oz —— R woin S 28
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E 0008 - __E 0.006
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0002 L - - L 1 1 1 1 L L 1 oz L L L L L L L L L f o0z 1 L L
L 2 3 ;"‘ll'l]" " "1 7 L L 0 1 2 3 a 5 [3 7 8 9 10 0 1 2 3 4 5 3 [ 9 10
d RS [H] [ns LA ] [ns] BT (1] [ns]
( (e (
0008 7 T T T T T T T T T y T T T T T T T T T y
— S gL FREE ] AAED | Pl I $HEE A A
0,006 - 1‘-#?&':’& “it :J -
= Cnm) (ns) (Kcal-mol™-A71)
-
T oon 6 18 0.01088
5 8 4.6 0.00759
& omm
g 10 4.1 0.00569
0 12 19 0.00507
: 15 4.6 000348
9 10

0002 L
[

4.5 5 7 T
LA 1) [ns] AL [ [ns]

K 3-9 AERTHRFLERE /JEAHLZE (a) 6nm (b) 8nm (¢) 10nm (d) 12nm (e)
15nm () KEFENEHEER
Fig3-9 Spring force evolution curve of different sizes of nanopores (a) 6nm (b) 8nm (¢) 10nm

(d) 12nm (e) 15nm (f) calculation results of critical injection pressure

FHBE R BRI AL EARSAGRILE R RIRBIE Y], SARALE
TR FENE S, s RSN s B s m i . R VMD B
QuickSurf THEEG R RIRIAFFLE (6. 8. 104 12. 15nm) & ) = FH#E Al 2 5l
54.68°. 56.71°. 57.53°, 58.50°. 60.86°, FLIMEEMAR AT 0 FH AR,
FEMA TR 7. BE&IHEE R R 3-4 Fiok:

£ 3-4 AFREPKRILEREREFTENES) RIS

Table3-4 Critical injection pressure and flow resistance of nano channel system with different

pore sizes

I FENE S EBEE R S
L2 D EBEEA RMERH T £ WBE S £

Fru DTk DAL N

(nm) (10°1ND (101N (10°1ND
(10°1ND fi/f H/f

6 3.99189 2.7758 85.87% 4.56686 14.13% 3.23255

8 3.41696 2.6355 89.51% 3.08801 10.49% 2.94432

10 3.03503 2.57715 92.75% 2.01555 7.25% 2.77871

12 2.85907 2.50878 94.56% 1.44298 5.44% 2.65308

15 2.58313 2.33818 96.04% 0.96506 3.96% 2.43469
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WERE 3-4 W LRI, BEEFLERIBGI, IGFENET . BE LR Rk Ko
2R B PR ) # 2 RN . TR BN B I ST R, R EBE RN EET (AT
85.87%~96.04% 2], Rk PH /) I TTBRIFIREAN T Z200% o BEE FLARIG N, KINEE L0t
MRER A B =, R VEBH D DTBRERKGBRAIG, T SN W BB R A ARG I BE 7 AR AL
B, EH T E 3-10. @il FETLREMEE 2, AL BE K LT 2
ORI, (BFERSIFATH  Le AR R, 7EfLE D=15nm B Ok
96.04%: FhERH 77 JLF 52 PL— AN 28 s, RGN A7 & bl ) L F R e A )
FaBIg /N, EFL1E D=15nm i CIEE 3.96%.

—_
jev]
—

i ey, yrs L — ————
—a— T LA —u— Fh4
3x107° —a— T R gl = M HUJF o] O-14
’ TR —a— F A B TR
— |
PN \ / +0.94 o el J 0.2
- N i .

‘ Jo o Jo.10

5 3x10 3x10
~ 0.08
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B IE 1, [Keal-mol - A
kIR veiRey

— 0.06
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LAl 1 Joo0s

IR 201, [Keal-mol - A™]
\bM

L
T T T T T T T T T T

o} 6 7 8 9 10 11 12 13 14 15 16 5 6 7 8 9 10 11 12 13 14 15 16

fLAED[nm] fL#ED[nm]

&§3-10 WA AER: () BEESIRBEENTTRELEZAAE; (b) FtkHEN
Btk A ek e LA AR A A
Fig3-10 Variation of flow resistance:(a) capillary pressure and capillary pressure contribution
changes with aperture; (b) viscous resistance and viscous resistance contribution changes with

aperture

X LEAS FFLAR AR 2R B3 sl B3 AR FHEN 2T RN, et B s 1 S5 EA K
JIBIEAR 0 Ft, THES R W 3-5 Frn. XTHRIL, G LIRS, JahPH 155t
FENEFJTERE RN ok, ABE OFm X — i E T oNEW . FLAZH 6nm &
WG K E) 15nm B ARH, §/Fma M 80.98%34 K F 94.25%, AR f/Frh &5 FLIE R H K
o T SR N 0 BT B2 B A RSP Y BEER ) Ge i PR B, ARE RS
B, SRS RNAE B i R . {E 3.3.2 1, BAERHEILAE (D=10nm) T
E%Tﬁ@mﬁﬁﬁAﬁw%ﬁﬁﬁAﬁgﬁﬂ%ﬁ@ﬁ&ﬁ@@ﬁ%%ﬁ&%%ﬁ
Y, B A FFLAR AR R T R BRI RN R RN, IR B )i 5 A =
FAFERSHROS Y, FLIEEAK, WAARTER S, RIHRAE>10mm 2 )5,
THRFE T T 90%.
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35 WFENES. WA R ERE AR

Table3-5 Critical injection pressure, flow resistance and its ratio vary with aperture

s 5-9E N /) Fru waE Sy £
}L'/Té D (nm) f/FTH
(10°1ND (10°1ND
6 3.99189 3.23255 80.98%
8 3.41696 2.94432 86.17%
10 3.03503 2.77871 91.55%
12 2.85907 2.65308 92.80%
15 2.58313 2.43469 94.25%

3.4 KENG

ARFEFI 53§30 S AN T3, AL T R ALIE KR Bl Z P R . SR T i
S FEI I TE, AT 10nm FLIE KSR Eea i rad AR, AHBoh 0 m 1 ihk s
SERRAT A, IR E AR R A T =B B RIUIKIE P B L 2R T R AN,
T YRR TN BT TR BRI SRR S o B 2T T BB BRSNSk
& AR T I B A A e B AR BEL D R A AL, R B s A R
PR JJHAT T s, RS RIR AN ) 5 E SRR I ZEA KR, UEB TR B
TN RAEGUKREET BA — @ k.

AT R RS RS SR TR R, M T AFEALE (D=6, 8. 12,
15nm) IIPPKFLIEM R IFBEAT AL . REILAE LW IRBNFH A AEEE RSP RS, /)
JF (D<10nm) T, st B R G EISEFEE 20%4 4 1wz, 110 KR
(D>10nm) T, WaIH LR SHIREAA S%/E b MmE. WA, BEEIER
FFE Sy AL, BEEFLERIREOR, BE R IR BT R TTkEsck ER, R RE
JIRFE BE 77 TR /N o
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4.1 5|

S = A TR LA, AR K BRI A IR P s R R o, A SR A AR R
BB AT s AR A E PRI — N SRR E S, 2 SR R A TR A
Y IR PR AT T FH T R I R R 3R 0 RIS 2 ¥, A AR — 2K,
FECE AR K, EME MM ERNERE, S RMKBEZEE L, Bz
TR B B A AR SR L R K TT R, WS A B, X
FIWTEN KR 5 BRAR S R 5 A R0, A /K Bk ek kit ae 7, R ekl
T35 CA B d AT e sh A A AR 50 55 77 T AR B 4 B ) P,

AR SR PRIV N T, 5 S R0 SCRR B B IR FE A R VA I S el
AR R TT I, BT =B M AR TR B B R e g518, X AR FLIE
M SLIE NIRRT D HEAT 1 E B U SCENE AT, BRI R I KR B
BEL 17 5 1 R AEE
42 BRBEWESHERE
42.1 AEIEEMFLERE

Giovambattistal®7E LA 78 42 HH T — i 82 o A8 4 B4k — A0 RE R NN 16 7
e W AR R LA R R LT 0~1 B RE K, DASRIA B AR R T Al
YR H 1.

120,

-h
o
o

@
o

contact angle [deg]
& 3

L o—a

N
o

0 e
00 02 04 06 08 1.0
k

B 41 RF kT R RERE A A

Figd-1 the contact angle of water on the surface of silica under different k values!*?!
K 4-1 e 24 k<0.4 I, RIMRIH G, MM KT 900, H k EH#Uh, 3%
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fil FROR, BRK MR 24 k>0.4 I, RIEERILH KM, BT 90°, H k {E#
K, FEfb BN, SRRV R,

i SX P79, WLAESHZCL 3.2.1 H 4 i B A 1) — e FLE R i i fer,
B 4-2 LLETHERR RSy, B q=kxqoi (k=0.25, 0.5, 0.75, i=C. H. Si. 0), qo.i N
CVFF J13 NRIAE X R e, RAASEAR 4-1 C4th. 2k, ER=80ER
Bl A RGN AL R Rl b, ) P 4 T80 P2 T AT (R 7 A 2 1 LA R I A
[ENEMTA R =

R 41 FIRFLERE BT R ASE

Table4-1 Scales the specific value of the charge on the surface of the hole

qi
k
Si O C H
1 0.45 0.15 0.15 0.1
0.75 0.3375 -0.1125 -0.1125 0.075
0.5 0.225 -0.075 -0.075 0.05
0.25 0.1125 -0.0375 -0.0375 0.025

CVFF - qi=k X q;
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Figd-1 Schematic diagram of the surface charge of the zoom hole
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Fig4-4 Three-phase contact angle of oil and water under different k values
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Table4-2 The critical injection pressure and flow resistance of the lower hole channel are
different k values

15 FENE BEEN FYERE
BEENA FiEFH 7T £ s A £
k 77 Fru DAL ik f/Fru
(10°1ND (10°1"ND (10°1ND
(101°ND fi/f f/f

1 3.41696 2.63552 89.51% 3.08801 10.49% 2.94432 86.17%
0.75 3.22502 2.52526 89.10% 3.08801 10.90% 2.83406 87.88%
0.5 2.96528 2.24474 87.91% 3.08801 12.09% 2.55354 86.11%
0.25 2.59271 1.98596 86.54% 3.08801 13.46% 2.29475 88.51%
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Figd4-6 Oil-water interface characteristics in nanopores
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