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Enhanced oil recovery mechanism of supercritical CO, flooding in
silica nanopore by molecular dynamics simulations

Li Chuanyong (Materials Engineering)

Directed by A. Prof. Yan Youguo

Abstract

Recent years, with the promotion of oil production technology for unconventional
reservoirs, the role of unconventional oil & gas increases in today’s energy supply.
Unconventional oil, generally light oil with low viscosity, usually occurs in adsorption state
and aggregates in nanoscale channels system. Those result in oil molecules being really
difficult to transport in nanoscale channels. Researches demonstrate that the injection of
carbon dioxide (COy) into unconventional reservoirs not only swells oil but also declines the
oil/water interfacial tension, thus resulting in enhanced oil detachment and transport in
nanopore. Here, molecular dynamic simulation was used to study microscopic behavior and
mechanism of CO, injection detaching adsorption oil and promoting oil transport through
pore-throat in silica nanopore. Our work would provide a comprehensive interpretation of
EOR mechanism of CO; flooding, and the results could provide insights into the optimization
of the engineering process in unconventional reservoir.

To the oil detachment with CO,_WAG injection, simulation results indicate that the CO,
and water play different roles in CO,_WAG: the CO; slug could selectively dissolve apolar oil
components, and the water slug provides stable water/scCO, promoting interface, which
compels the miscible 0il/CO; slug out of the nanopore. Furthermore, the synergistic effects of
scCO; slug and water slug were found to account for a decreased injecting pressure and an
improved dissolution capability ofscCO, slug, which endows the CO, WAG higher oil
recovery efficiency than that of both scCO, injection and water injection.

To CO, promoting oil transport through pore-throat, results show that oil transport is
hampered by nanopore throat. The energy barrier of the transport process mainly results from

deformation of oil and interaction between oil molecule and nanopore. Furthermore, in the



present of CO,, oil transport is shown to be kinetically activated, i.e. energy barrier and
threshold pulling force decline, which was ascribed to the increase of oil diffusion coefficient

and decrease of interfacial tension caused by the CO, perturbation.

Key words: nanopore, supercritical carbon dioxide, unconventional oil & gas, molecular

dynamic simulation
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Fig. 1-1 Varieties of CO, density as a function of pressure and temperature
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PRI T2 2T 4 MRk 30 SR IR, COp A7 I Bk A8 3K
A IRAEPRE AN FE il SR R AT, SRTHE R TR AN T, I R A AR AT i R KA AT
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PRTH SR IhR U . AR IR T AAAE ™ R AR LR S B0 B AE, IR
CO, M S s Rl SOk B R A, G =R S5 g i th g H .
TIRIR: BB, COp AZERIB T A8 T /K AR b T BUBR A 5 5K 0 IR TR it
o VR IR AR RO /NIR B FIFE AR T A2 I RIS B, B v N IR AR R i3 S AR A
T 2 AR P55 ) R R Y VAR I N BB B R o VIR IR A R R T T BN R A,
PRI F5 ZL AR 6 % . CO, Bk CO VENGHEE, EHHF—E it A, RETFHIHICO,
AR . COp Tk 5 2 AbAE T CO, 5 JR I AT LATE /MR £, Ao S0 78 20 VA ik
Bk, T RIRARIRIOL, KRB IR ARG CO, K BIEN, fEFHME M EFLIER K
TERIKIRBZE . XA SHTRERM CO, AT, 4A A UMK [ I A5
2l COp B¢ o R80T O 0K 5 A5 230 AF 7K BIK e FRD 2 WAL 8 B B o

(2) 50 CO, XA Bk J2 5% 1F

it 2R E T COL IRAERFE MR TE ], 2 56 F 205 AREERME. L
BRAESME . BEIREEE 1. TR A o S 2 K AN B 5 o i H A AR XS CO;
e ] 2 e FLBRAEIS RS COp 8RB a2 . HOJZ & 772 533 /2 CO.f
AR/ MEAHE S ER 6 Z IR COL AR E R A RZ S B N T CO.-EOR HiAR Y
T E R M AR, B, CO, WAFLR IR, AR . SRR
s, BAEHE TS AR b T AR B 1 i Z RS A R T2, A RE A o R
CO,-EOR Hfit#4.,

[ P9 FF N COp RIMIIR R LA, H AT 787K 5 B A e e AR A7 7 — i ) 2
PE, WSEE. MERLEE . KRBT 1963 FHFE 1 E A H Ik A AR = SR
RN, S, TR RIT T AR S, A B A AR
P A P2 B S BR O R ARSI, B i 1420 Amit, 7e R [ (KIS SR i3
JECH T A R e T Ml Y ORI R R R DR R R N R AR, RAIRGCR
WO g R R o AR BATAE fERl o B BRI HEE, DL E SN A R A 1E,
COL IR ARTEFRATT % K H ke KB AT A

1.3.4 CO, KimX AR M ImAIHk L A2 Bl =

BN CORMBAAEL L =+ RERPG 1 Wl R, (HAM TSR HE
Z BN R T P UE AT e oK. BEARFIHE T 4 KR CO2 RIMBEAR K I 2 o
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il

gl

(1D RS S SARBUN: #iER CO, IR MRS E ZBR, A AR KK
TP L A R T COL HERE R 5 R AERGPERR HEIL R, (6 I i AR AF B 78 00 IR A 0l T
B COp ST o 3k FL I SRR PR COp BRI B ARAR, B CO, IR F AT iR
MR . H AT AR R TTERAE IR NG TEFIXS CO, kL. CO, iiAIK & CO;
Tt 7K COL 28 & WK AE 7 VA S w3

(285 /NRAH 27 i i 2 B 70 iR R DL R 2 55 S5 s /M FH R A B G R .
WA AR R At 2 1 ) AN A sy R PR B8 T8 B AN T R i1 /C O VR IR B, 11T VR AH B0 JER 3it )
VIR RO 2%, S BRI AERICR . IR, FEAS KRR e T AR (75 30 G
BERARG £5% /1N TR AR T 2 24 BT TR T S () 5o 0 o P 3 A A 0 75 S B G IR 5 B v
CUNTR PRI R R J5 e ] o 5 1 R, S0 K P38 M, 8 T 7 A 26 v 4 e /N TR
JE o S0 T iZ n) A i 7t N G I 5] COo H ¥ 0 SRty 751 sl e 1 751 DA B AIG de /NVR A e o
W9 M1, 75 COp Mt RN S22 $Ch 0.3% 58 ke k%, fot/NIEAEE T M 23.7 MPa %
% 19.8 MPa, XHREE.

(3) JFhF . CO, WA FEH COp HyKELAb AT B, AIVE NI JZKEE, 1E
fith 2 1) ol 5 R PR 25 2F 1 C O VAR FEE KR K o BRI KT b SR %5 A YRl 5 A T L AN
g0 v 1) I S s REA P e T SbA N NS R CARY SO Loy ik 7N |5
SRBURERTELE AR T 2 ZzieH, S T EEFRAUR .

(4) SYEIE: COp FT ISRV TIFARIF R BER LGS, g THE CO,
KA T T A, X2 R e R CO I EELFEFE R —. HAEl, CO S
YBR[ T R AR PSS B A TS ik J kB KAL) %5 CO,
RIS . FESRAE 78R RARFUERIITE LT, TR W2 CO, B FEERIE . UAT, BX
FRIEEHFAE COp AR EHE R, EHNAEX SIS EA D 2. MAERE,
LI CO A, Hl S H COp frifl, X—EfEE LIRHI T COp R 7ERATHK
TR P o 4 R A R T B TP A RS L R o 53RO, 2013 4R Rl
gt G AR E R B T REE, IR RS CO Fl TR H ) COp RibfFk,
XFEREN D T COy RS HEBCE S 2 T CO S YA R I 8 AH RAZIX AL R L S50
H 7[R — B X O IE A2 W, HE AN 5.

B, COp RMAEFRE 5 K H I RARZ M O AAAEAR K It e 25 e, TAR
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2 T T 4D e R 2 A I R ) R BT 7 B AN R AFAE SE ORI T3t B, 5638
SRR, R OUE R, RREEHERE COp MISEEAL I, R FEBAE A I b &
WA, 2 SEBL CO I HE I AAEEK

1.4 KXMRFEMARAR
1.4.1 iz 5%

KW SCRH 5 Foh 715 75, 12 Materials Studio #4627 Visualizer
Amorphous cell ZEfEbR, 43Hi) 4K FLIE FgKFLMRAE AL, 32 F Lammps 314347
R A/ MU T8 1 B R . B FLIK COp 28 R o} FLEE R B A5 T AR R 3R & 470
XF E A BT I 5 CO, K AE B i FLEERR A I 3 B8 8GR (AR FLE s 13— DR R I 5
CO, B8 FLIGE AL S A 5200, FR R BN F CO, ¥ k4 P K B A S 5K 56T i 3o L e Jit
JEIVE FNLE] . DU AOAR A R 7R 9K FLIE H CO, DX SR N TE AT, & CO, B i
FRF S

142 ARAR

(1) 7K COp A2 HXEr FLEEN B J5L it (1 WL EERIF 7T

PSR GIRSLEE E UM PR, B0CE 5770 7 ) 9 I 5 CO2 7K e CORlK B ZE, fLEE
B IR R P2 7 G 50D AIARRRMEAL > (Z3hE) dpi. MEMEHIRIEAT A, 7
SR IR A R A (REPE (AL R AR IR AT B (RDFD 3 8 73 A it 2
85D MBS A R & B e (any i i (MSD) . T EUREL. 0 TR L
TEFHRESE), Bl 5 CO Xof Ji e VB Py RES (Y e 6 1 R B A AT Dy s 5 7K BT s 5
CO, JRXFEL, 01 COL AKBCZERIME T, #7n 7K CO2 225 BHE e RS A LEE

(2) il 57 CO, i FL I It I HLEE BT 5T

FE S it S L 0 K FL MR P B A, LAk I 5 CO2 A 9NN, 2 73 9+ ke
o ArihE S fLMR R RE AL . IR IR T B AT TR BRI AT ek 1 B A
P HUCR BRSNS, W EEA TE COL UM A - O0 5 i 3 1L Wk £ s S 08 T
HIZE5, a7t CO, PR Ji b et FLIeE Pl 57 50K 5 1 77 RO SOUL AL 1 o
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B T AN AL R I 5 SRR A v B

BoE I FRINFEMUGZERIST CO. WlPrNA

T EIEARZ S L FER AR, AR i e it Ris o m, #BE T E
KBS 707U H ATEA B A, A a2 S U 5k 1 B A Seia Rt TAFE#
RISGHE, X SRIS I 7T kA J14h 58 . THAEMAPRE T, 2 FHEUMBARGRAIZH
). T RLATT R B AR R RIB AL (Monte Carle, MC) F17531 3 /7 2 4541
(Molecular Dynamic Simulation, MD).

2 FT AR R RO R AN TR A AT R AR SO R I . AR L ARG K ALER
AR, DRAF S FESE RO R, 8 2 IR A EAR ) e e PR, XX
TR AT LEIN T o REAR 7> T A5k, HALAAE T DA 2 gt
FONRSE, TR EA A AR ALB T TR Re R AL . A TEAE R 05 . ASCER
W18 158 EEW T

2.1 D FENNFEBAEN
211 3 FRN IR E KRR

I F 8 )1 A ARG SR AR AR WU 2 77 AR, DASREE — 8 iF 8] B A (A A8
o FELPRIFES, HRRAARZETHITE, BARE KA B At AU TR/
I TR)BE dt, SRJ5 I8 BE A ik — P IE A At BN DA, 3l 8 A & WAL o i )
BRI At = 107° 5= 1 fs; RPN EFIZ IR [0 JUELE 10™ s Hoie . T,
RN TEEEA R ITR T, R 7 PR8I SRR W0E 3 5 R R AT -

d’r; F;

— (2-1)

a2~ omy
FIRET mioNEE AR, n AR BN | AR — AN A R RR R 2
1o F—HiF 2 I BT HA T TR AT A S MR B, 2 A8 702 Rid it
SR . R A R A BN B E PSS B S, RIB)
VAL SUN P

2.1.2 711518 9 (Force field)

DT INIIERI S35 e FiR AR R PR TS R A AR 0 B eR
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SR o6 KR o6 B SR S EOE R 7 B R s AR e g A S
H. A JEEES (van der Waals) FIFRHA EAEHH (FERIERD 5
TR o ir =0 R SRR B (i B A 025 il L T A PR B AR T R
Ay Ja PSSR A SR TA) A F AR AR o B H B e e Hon h 2K(2-2) s

k; k; v
E(@rN) = E —l(li — lilo)2 + E —l(Gi - Gi,o)z + E (1 + cos(nw —¥))% +
bonds 2 angles 2 torsions 2

et (2) - (22| ) =
Jorp, E(rMFoR B ARE, RG0S UK IR AR A S | A g T A AL A
JufEAEIA (van der Waals) i HLAH EL/EF #4

o BRI AL, B ESE RIS . XIS WIS T 1%
f: OPLS /137, AMBER 77#%. CHARMM /137, MM3 }13%. CFF /333, CVFF 1137
LA COMPASS /33745 . ANFER i F T AR BB A R, 7 SR EA R b oA
X G RIS SR A IR R A& 1 13

2.1.3 RELFIBIL (ensemble theory)

PG 1R PSR 5 A BT 2 R R T & T A G P I A I R I
F & (ensemble) & SC: 2 WL ot 6 4 AR [ T GO R 5 A i AN [) B DK B4k 2 B 2L A ) 4
B, BI—N R RBEIHERSA, KRR —MEE TR, T3 12
ARG NET 428

(1) HIEM & %E (microcanonical ensemble, NVE)

WOEN R R R PR T8 H . RBEE AR, T LR ST 1 4t
TH RS BT DL E R R AR T8N, HASHU o AN B AR BRI 5~ 25 Tk 9%
WIGE I ZI it — WA 7 80 . T B B 42 30 A B R s RE RO DUmk, B PR s B
PREER LI o

(2) 1EN| %% (canonical ensemble, NVT)

EN RS RR A R FEH . FRREEE, &— M REEikyE 1A & .
fESbriz i, —BOEEERE AR R, FI NVT RGSEhriz R Z . NVT R4
Hh s il PR G RE, FA IR TV SR R RL T 3 B8 YA 1 T SR A, BV AR
SEVE (velocity scaling); 41T 2 KA 515 (heatbath coupling), BPdidik R 54k
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PRI AR R & 4E R B IR LN E o DLIRIR FE VA . Berendsen #5115 . Andersen
iRy Noséf# ik Al NoséHoover $5 /71455 .

(3) fHEEL & %5 (constant pressure and enthalpy ensemble, NPH)

TE IR RGO RAR RN IR 728 ) RS ERFEA . ZREAES) )
AEH, AHRBTZREEGIN TR EED, M7 R N AW E K AEAEEE R, X
ST AT, T B HE R AR A S T ULy B B NPT R4F.

(4) 1HJETE R & %% (constant pressure and temperature ensemble, NPT)

TE R E IR RIS TR RN T2 B SR RN . 1Z R ERIMIR LI 5 NVT
REFARA —FET7, TR 1607 R AT AR RN R ST, RIZh A8 I 5 40l &
TAESTT ) B RS o AU B R 0458 777 Andersen % 7%, Berendsen 5 /%
A0 Parrinello-Rahman 4% 5124

2.1.4 T ENNFEREMRKN

HAE, AIAT 20 T3l 1 S B E R A 2, B2 IR AT . st
{187 S 51) 2% 55 PR AOVER A6 RT3 3 DUHE s e, B S AN AR A T vk T
H 47 Z MM N AT T 5 2 o PR A . LAMMPS  (http://lammps.sandia.gov/),
GROMACS (http://www.gromacs.org/), NAMD (http://www.ks.uiuc.edu/), CHARMM
(http://mww.charmm.org/), TINKER (http://dasher.wustl.edu/tinker/); JEFFVE# 1 AMBER
(http://ambermd.org/), DL-POLY (http://www.csar.cfs.ac.uk/index.shtml), Materials Studio
(http://accelrys.com/products). FHHHIEHRAFHER LAMMPS. GROMACS L& NAMD,
FEFFIEE A Materials Studio.

2.2 il

mA CO, 12U T EIA
2.2.1 EH CO, hintH#

M, A K CO MBI TL, FEAENAE COp Ab T4 i T N A A RIE I F A
PR . SIRBHREAE S0 9 F T 34.1 °C, 7.38 MPa i}, CO, IR B HFR iR I A
o A CO MR COL 1ELEMAIE R FA R ZESR: . Ik, £ 731778
o, EPXEANERIRES R B COp Nk HIE A 1 CO MM, ANEIBER AR 11355 &

14
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I COp BRI = i Y, B O-C-O, O A1 C #Mt T 4H B (1) i = AN EL fuf » Potoff, J. J.
5 NV 2001 H2H IR TR T IZ R B CO MR ) il i JR N S K CO,
AL ER Harris J. 6.2 1AF 1995 4E T HEH, FRoh EPM2 B, 3 481G 7 CO, T2
KU COp KR . 5 4h, NFitbitE, Firouzi MV T B SR AT CO,
BEAL, BRI —/ MR FRR—A CO 0 F, WA 713 (UAD. #53 CO, 155
171355 5n% 2-1 iR .

% 2-1CO, 1%
Table 2-1 Force field for CO,
references  atoms  g(Kcal/mol)  d (A) g (e) mass(g/mol)
C 0.0536 2.800 +0.7000 12.011
' ) 0.1569 3.050 -0.3500 16.012
C 0.0559 2.757 0.6512 12.011
i @) 0.1599 3.033 -0.3256 16.012
3 UA 0.4475 3.790 0 44.010

M3 1: reference 1 [ Potoff, J. J.24&3% ;2 M Harris J. G252 14 ; 3 3 Firouzi M.Z532 H .

2.2.2 BlmR CO, AR S FEIUMAR

XA BT R R AT M2 I 5 COx 19 21 2 M B R . T, AHL Hy
wFRYe . AF4EREoR, 2R LI 5 CO2 Hh B A A XS T BE AT IS 7748 1k
VAT B U MR BT R, R SEDLVA R A BB I S o O A S b L R R o (R AE
AT T, SEDURHE AL IR 5 CO, T B 22 A5l ) 2 WX SEgS i g St 1
B ESKR, IR 7AW SURIR BEHERE o 1070 T BN BRI AL T S AR A
S B T PR, TR B2 IR AN 70T A S B R RS B E R A
il A T VA A B e B B ST, BTN A KEAM SHE . K5
CTERTE T AR e e IG  CO, i e 2 5, RI: I COp XK/
T 18 keke R BORMITE ML, X TGN 18 Mk iraizE. st—2 ik
W] CO, 5 Jot fe 8] 1 CE4 HICF FH A0t , UK e b 1 5 PR E e e 2 A AR o RIS 3 i B
SR LI 5 CO, 7 BE 5 M i, XA DR il 7+ CO, 5 5 fE R B be e 701 J L SR 4.
ML SR AT B e e o 12T FU4S RXF COp B T4 it I ik B AT B v R RS R SR (A B

A EK}

Z[Hl
Z[Hl
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B T AN AL R I 5 SRR A v B

WA .

XK PO TE 1 I 5 COL MR TSR ITERAT A, SR dlsy: b, ke, Okt
L3R Ot o FARALLRI R I 57 C O Xof Ji Jih XA K 28 K05 A 2 1 SEE B B 4 SR B AR — 3, R
SO UEARAU S, R AT S o ARATTRIIG R ). AR B Sk Noe ke i) 2 7B, AR T
SRRV IK . X RO FEM SR I CO, 7374 B NIHIAH, A3 737 8] K 2R fi
YE5E, o> AR AR PS5 52 2 COL VMK I I (AR S S5 K] o Il 57 CO X IR )
IR ZE , 3K 2 OAFRREE AF T CO, (s, HA™ HodE N JAH 1) CO, fRAMERE
BEMCIR I R 7 i

Wang S UE B0y 50 3 25 iR I R RUTIEAT TR T . AT TIG S5 4 5 £
B AR IR ik KIE R I8 S CO MR 4 i SR E A, I
g - COL X B 4 ZH 70 AR RE /T o B 594K K . WRATRES IR IR > 5 B k> 5 i -
B, SR T IE BRI E R TARTU, O E R S E R
I, e iR, SUaEmdn g, e yoinss Co i, Wk 2-1. %
BT T CO SR AR P A sz —, BIYRE RISy G B . [AIFILdRH, CO,
XN — g e ke Bh T S i DT

B Asphattene B Resins B Aromatics Saturates

& 2-1 HiE R R

Fig. 2-1 Snapshots of asphalt molecular models by MD for the arrangement of SARA fractions!*®!

223 BlmRA CO, PEKMKREK M THERAR

H L REA R K ST 5K 0 W o R i PR o SR PR RS R R K R BEAT
PRACKIEALG, 7 B Si AN HARAN KA, SE5m AR ELAE R, 4k Bk K S sk Fo. 1o
VAR, 2Bt e PVR I COL VA AR AE PRI K ST SR T, 4 FREDF FC 4t T —
F JER B AR

Zhao 25 NV ST 1 /KIERIG S CO, ok RIMFHEK J1, RI: #MIEHET, CO,
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WIRASRE R IR NOKA], A H i s /2 AE7KICO, HIAH FL TR v S AL 1Y) GDS #H
Frif, AHFERE, Frisk AN BRI, BEEARER . S 4EEE. B A Sl
REXT AL K DT = A AR, Va4 B e St gk ) F s FOE AR E R . B, Zhan
5 \BOE— BB 58 1 IKICO, =itk R A THILE, KA CO, &, /KA HTK )
BRI o WSS 127 FE R I, CO2 £E 7K S I Ab A B 2 W B Ui .- CO, 78 S THI Y 2R
ERIE R T oK ST AR R, gk 3G o 1 g AR S 1 TR AR AR

density (g/cm’)

0.0

0.0 0.2 04 0.6 0.8 1.0
z/L

& 2-2 #i/7k/CO, RHEEE

Fig. 2-2 Configuration and density profile of water-CO,-decane system

bS5, Liu 2 NP2 H 5 T CO, AR IR A M W EAT . HoRE [ 2-2.
fb A5 i CO, TE I 7K F I SRS B 1) I FE S 1 KUR T~ CO2 R 7K F IR L — 5 Al
gikys RIS, CO, Silhar+ BB EAEH . Bk, CO, 7EMI/K 2 Il Bl 1
WEPEFIVE WO AR BRI K ST T
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S K COp 3 KR 5 W B Jstinh O LEE F 5

PF=EF K CO, X BFWRE WM F BB R
3.1 3§

PREJEMRIZE (enhancing oil recovery, EOR) &l LAV ARWHESR . FERIIRAN
TUCKME KR AR R A 2 FLBE R I O, O T IR IR ek A, KRR
BRI RIE P, e RIS BEY. GURBUR LA RIG A COp. b, #
Il 7+ CO2 H T HAMARF AR, eI i B RIS o #llm 5 CO B A il AR B9 B PR AN
BRI AR A 58RI 5 CO, BK O G WAIE S — o s ) BRAR A K FL BRI A Wb 1)
R T 2P,

SR, ARAIIRIRS B2 38 G CO, BKES WS I ANFEE VE SRR R BE IR R I KA, BET 51 K
CO L B8, BEAR I M R E ¥, N TR EETP 5, 7K COp 2B IR(WAG) BT K -
I3 SEBG R TEAN K BESR = i )25 ) 5 IR S 2R, TN CO RS = O 4 5 2%
RO RN N, CO, ARG R M S o 7 P MU SRR R B2 O SRERAE K IR, %
K P 3k /103 0, Rtz 4, HSR CO, TR IR IR K BE ¥ e FLEE 9 58 FLAR . (H2
SERT AR A, TR AEANIE B B AT 99K RURE AL RS R 3K % B 25 A A RE S
82, PRATTRS BR B A A A 5 R OUAR LA Y S 7KICO, 8] B [RIAE A IE AR A TS I AR o X
CO2_WAG X P AL HE TR N BE A 2t — DA i T L 2R pTfE . ik, AE
f# 2 BN FLBR T, EGT AR S FE (A P AFERPL #—5, hTE
A SLBR A AT AR AN A AT AU S R A 2 1 O BRSO, BT 98 VR4
F AR B S AR AR T o B R Bk

R ER LR, 130715 (molecular dynamic, MD) #4UE 2 T 780 1 K &,
FEWF I TR T LRSS R R . JBER, SB I HE B MD BLUAF 7T T 5%
AN, FLER R IR O, S 2 4 O R A% ol )% OOtk X 5 B
[, COp WX Es K FLIE P ik IR 51 T &40 7 P> 3> 00 S bt g — s R L3
T RO T 7K BR B CO2 SR MIHLER o (HEHEIRAT 1 Af, H ATIRAMERD MD J5 0T 789K £L
F CO, WAG HIF7E 28 300, st o b 240 0 5 3o R AR A LA FH DA PR

EAF G, KA 8 71254848, (nonequilibrium molecular dynamic simulation,

NEMD), BFFE & =X Uk e e, SRE )70l il 5 COz. 7K K IKICO, 588 B
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%, H 7R CO_WAG H CO, FIZK 3 R, KB COp B ZERI7K BEZE 8] 1A 13 [F) B4 N2 3ot
TR R A EE TR, AR T YUKRSLIEN CO,_WAG SRE R MIAE 7 7 U
ERgERfE, S5ERA TS CO._WAG K L2k,

32 REMESHER X
3.2.1 HKFLEAEAE

s o B7 A9 R Material Studio #FEREIEESH, VEMERN TN
24.6>81.1>07.6 A’ (XYZ)K 5 VA#E f L. 25 & B H HLA% 2 vh 7775 K& %8 FF 30~80 A 1
G ALBRM, GE Y T 1 R R A M R X IR 1 63 A BIBTE R T, T ARBEIE N
63 A MR ALIR; K B 55 ok i) AL REARTH (0 0 1)FR0E4k, DABTHLSE K M FLEE R T
WL 3-1(c, d): FRIEALEEFEL) 9.6 nm 2 X 7 b A 2T S0 AR RE R T Ak A
G (5.9~18.8 nm™®) O, R, —ALREESLEER E

e 3-1 v, BRI SR A 10 AN B(CarHzs02N1) F 40 3855t (CroHz2) VR & 4
%, WIT RS AN 3-1(a, b). WiTH RS2 bE T R L 40.9%, I T R R I
WE L (2 11.4~13.8%), XN T BRI T B FUM A 2H 5976 5 Joh IR B v g 1
WeAb I F B 7 5 1 S PR ], R — PR R A1, DA R T A
PR AT S8 e —Fhi LA esR, AR R SR h AR R A 2 4 70, g e s T AL
BESRT, AT 2 ns ) MD #5540, SRAGIR B AEFLEE AR e IR A5 1 o IV 75 IR S I
BB FLEE R HT, 1T 2$KE 7 A 7EIH 7 0 o Dl PR R e P 5 Ak, IR DR R 7 IR PO A
S5 AURIREE 3 THI P 0 2R 1) AR iR P A AR

3.2.2 IREE

BT A MG RIS, b RIS 330 K\ JEBRAY 20 Mpa. & TG
JEZCAE, IS CO, FKHIIRAEE B 4 53 ¥ B M 0.743 g/em® H1 0.993 glem®, 2% 13k
B 2% % EE bR E (NIST) %R, AR cop b Tl A4, ARIAfH
i, FXhHIGER CO, IREHIE N CO IR, XTI AMBIG I CO, FIKIAL, H—
SE BRI COL AUK 73 ¥ FEim ML 1 7, Horh S AR FL R 22 0 2 1A] K 130.0 A, fn& 3-1(d,
e); KT IKICO, A BIENMEAY, FLIR AP 7Sk, 1 22 02 18] 43 S L 8l 65 A /K Fn
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S K COp 3 KR 5 W B Jstinh O LEE F 5

CO, Bx2, Wl 3-1(f). BJGIEX =AM ERAM, HE - ErEdE ), NEMD
ASADL Hh Al I DA sl P AR A AR, DA HES)) CO, FIKIEANALIE . =AM B 28 R i
N 24.681.1230 A® (XY2).

a

3-1 VIR EIE: (a) Fh, (b) FFMR, () ZFMEER, (d) CO 5K, (e) KEK, (f) K/CO, %
BI; NTHEWER, B de/fh CO,nTRUAKER, Ko THALER, ZRAREHT,
BERASES T ARPFUTEHERAURESTR, FEER.
Fig. 3-1 Snapshots of initial system configurations: (a) decane (CyoH»,); (b) asphaltene (C;H,30,Ny);
(c) silica surface; (d) CO, injection model; (e) water injection model; (f) CO,WAG injection model.
Atom color code: O, red; Si, yellow; H, white; N, blue. For clarity, CO, molecules are represented as

cyan points; water molecules are represented as red points; decane, gray; asphaltene, green.
323 iHHEZE

%-H Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) #4417
AT NEMD, A VMD BAISe i sh & BRI aT AL . — UL RER AT CLAFF 713
U7, 4y R CHARMM F335[" 1. CO, 43R H EPM2 A4, 7K 47K SPC 45
Hy180]

PRI NVT 225, 8 330 K, #5108 757:K H Nosé Hoover™, =4k f& 114
FAHAE, PPPM J5iEBn KARE i IS, #rE 12 10 A, a2 K 1 fs, 4F 10 ps
WS — R BE F T JE 2R b, VBT E] 13 ns. AU R B LA 1 mi/s 18 52 3 R ) A

3.3 R 58
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PRI, A F 7 0 Hr CO WX MK IR B I RE, it Jm 70 BT COf 7K A8 SR (T SR AL 2 o

3.3.1 CO, FI/kIR&E1TH

B 3-2 CO, Kah7H

Fig. 3-2 Snapshots of displacement process of adsorbed oil layer in the scO; injection

3-3 KRB
Fig. 3-3 Snapshots of displacement process of adsorbed oil layer in the water injection
(D WEdE
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TERIBE. MPIPHIE AR ELAE ISR g AT, e prxar bl A E AR R n] LUEE 225K 3-1
HEA R, kb LIS b RIK 2 TEA EAE F B A2, AR

Egeca-wat = Etotar = (Edeca = Ewat) 3-1)
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Fig. 3-4 Interaction energy profiles between oil molecules, fluid, silica surface. (a) CO; injection, (b)
water injection. For clarity, asphaltene, decane, silica surface, scCO, and water were denoted with
asph, deca, surf, CO, and wat, respectively.
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() CO, A i I Hl 22 2 (~0.83%008 m%/s ) I3 T B¢ %2 M FLAE [ ek 1 B9 ik N CO, 4.
Y B AR ( ~0.83x10%m%s) LR E FAS TH B AL (~2.3<10°m¥s) Py

fifo

B 3-5 &EF HETFS 01, 02, N JREFRIFFR R 457 2%
Fig. 3-5 Radial distribution functions of H atom of the silica surface with 01,02 and N atoms of the

asphaltene.

& 3-6 WERSILEEMEBRRRE, HPLaBRFraf
Fig. 3-6 Interface snapshot between several asphaltene molecules and silica surface. For clarity, CO,
and decane molecules are hided.

b2, BT IEGELE BUE S R MDRAS, € BT AL E A MR R . B
56, KT ZEIEAE COp BB A A . BREh J) SRR T 28 ke A1 CO2 I RIAH BLARFH, FHASAE
FIRVEPIFR73, — FE ZE B AN FLBE (] R 51 T, — A2 7 Joox 28 e B W 51 4 o A& 3-4(a)
R AR A 2 ns PAEXT SRS MEIER (Edecacoz) 1258 T 5% 28 5 ¥ W8 Bt 1
(Edeca-surf + Easph-deca)» PRI ZS K BE 1 PRSI i ik N CO, #H .
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XTI JFLE COp IR B A g . TEZSSe A IR ISR, I A A (1 Bk 30
SR T CORf & BE TR ARG I 77 5 0¥ A VE T, T BELAS A FH SRR T FLBE X0 75 I P W PR
MK 3-4(a) Al LA EE H e XWE B IVEEIER (Easph-coz + Easphcoz) MIZEXTHERE K
F X B FAE R (Easphosure) FOZEXHE o SXFERRER UL, 075 5 BLI% 6 0% 1 22 18 Hh A\
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H 5L BER MR B T KE RIS, AIMIGsR 7 & IR M ae 71 . 7200
BT, A=A Gy, BN JEF (-0.6200 ). O1 J5-(-0.5700 e) and O2
J5F(-0.6500 ), —AMREFIEWITE B> T BN E UK 3-1(b). TR0 0 — A LR FLEE
RHA REFRE, FATES T EALEER T R H 5 LR =AM 58 57 e 1 i
TRV AR ) 23 AT R A 2 FUE BT AR TS TR R T 208 o AH S (A% 1) 3 A it 2k G 1] 3-5
Fin. FTELRIL, H-O1 Al H-02 W4k i 458 — MR B LFARR], 2978 2.1 A X IE
AT R AR K R T Y, B H-O1 A H-02 T T &8, [, s —A4
W AF 150 BRI 75 5 2 - AN ALBE (R K R A S — N7, B VMD mIb IR,
M B35 FLEE B ETEOR 7R BeiE M & K B EBEAEE, W 3-6. JEH KL,
SRR (0 i P T AR BRAR LR R BB (AR B rho U AR BLAE F e R AR ELAE D, (R,
ST UG5 75 T A FLBE R TR, S ARSI 1) CO2 A R B8 B B 0 75 Joi 4
¥

SR, FEFAT CO BB NFLBR S, FLIE IR IRTR B & B 4 23 e 7 -5 T JRATT 0%
L B 3-2 FrR. X IHT) TG S CO, SR fRVE A = T BkRE /g, Wil 3-2 7E 3 ns
i, JUFRTA 5580 Tk OB MERENE] CO AH, TERL T CO/ZEBEiRA . MLk,
FEFLBR A MR SRIE AR B A K ) COL A (£ 100 A, 7EBE G BIFE N HIX #5 CO, BN
REBEATFLIR T COL/ S He R AR 4= HE tH FLBR I JLF AR B 58 bt (HR2, VENGS RS 5 %5
B AR BTE T ALIR A I & 2805 43 T1E COp A1 P = 9 L J1 FIAL 3 1Y) CO, 1 3R 5 E H
RIse 2 IR . ZEBETE CO, M U I BENLY 5, ARAEHE /3 28 bt i) e M ki dF Sy A1)
CO, B B ikl CO, A MIIEHe . HIL, My NHEZREAGE (1 m/s), XFZ$bE AR AR
SIRIHESN AL, FBA 1) Y BRI 2 AR RE S TR B AEALRR N . TR IR TINPUE NEE 2 5
mis, BIGRBNIK CO, X 845t (FIFHE B 5S35 o 560 14 20 2007 LA DR 7 268 Joe 4 0K 85 1 L
E 17 A B E FLAE A R 28 Be B W S 0>, A N R T K 45 SR PR 0T LR 1 3-7
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FEPLSEHE T, m N R WA s NS T, 3% S A K, HEM it T
A, IR RS EANEAR, HEGEFHE.

Im/s

B 3-7 AREEAERT CO, & T E

Fig. 3-7 Snapshots after injection with different injecting velocities of 1 m/s and 5 m/s in scCO,

injection.
: GG "4,3*'“7}%"""5_3
Im/s & o CHpast R ,;%;,,,3 ,,_.

Sm/s

&l 3-8 ANREENER T KIRE R LA

Fig. 3-8 Snapshots after injection with different injecting velocities of 1 m/s and 5 m/s in water
injection.

2) JKIREHLEE

ST KIRE, MAHEAEFIRERf B (sl 3-4(b)) 34T, BRI R /K FEASRERE 58 4
FOYH T R 2 FLBER TR B . HE K E N RIR S H] 5 mifs, SEBEAIE i IRk
AHRNES, FRRBOKRHES) I shEE SR g N, JEEsemAeft, WEAEE 1 m/s Al
5 m/s PRI LT 3K 25 SRO0S LG ] 3-8 ZKBRA fig 3 2 ik B 1 5 IR ok 17 7K AN e [ B i ¢
CO AFEVR RS, o — A~ H 2 Jo R 2 ol A o RO B 45 ) o 20 23 AT 7K BIX R A 2 v %
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HorlRIMEAE A RE, REA B TR G E . E5G, T AN FLEE ] 55 (A0 B
TEFHMEBE R, W B AR B MR B AE FLEE R T . 85, SRATTA IS e A FLBE A B
YEH (Egecasurt) B85 T2 BEMKA AR (Edecawar) JEPRUUKNIZBER I, (H
FEF EIFEA . XRR I BN ZE S ] 58 AR EAEH] (Easph-deca)> W08 BUBLER <4
—FERE SRR IR P AE S A BOKRIES . U KRB % e, WEIEM (Edecawar)
99 T WPIAER] (Easphedeca + Edecasurt)e I, 5 COL RIS ANF], S ht AEAa A (R B ££ FLEE
AN B LT A BEHCA RIR R . AT RAZE IR AR A RSB R T %%
BEmscAWE R, WA T IE R EE R, MR R ML, SR AT L
PORF B MR B 1 ALIE . FA T T B 7 R S KSR &, SRS G5 A HIE S
TNV, g FEE 3-9 BhAb Gy AU P AR s T TR E MR B F) — L
e MRy BEASE W N AL S A FLBE, TR B RO AR R 2 73 SCREAE AR R AR AL 70 14

it

T
3

% zx?i%i‘é;{%'%%
R

S,
ARSI

A &,
Sy
SR

o %’i‘i@s& 3

&l 3-9 7KERE 2 e B ARt 72 ]
Fig. 3-9 Snapshots of detachment process of adsorbed decane layer in water injection.
3.3.2 KRRZBEITH

(D RHEMR

TEIKICO, ZE BN, IKBLFER CO, BLZE A Er 1 il -5 305 B A B0 355 7] B AN [
IIREAT A, W 3-10 iR, 4 COp BRZEIEANALIR, ZEhethd g gt N CO, #H, CO;
HZELEAH B HUE COp BUZEHE ARl COL/ZE SR AH B ZE . X L MI7K/CO, FTH BILFLIA
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MU Ak, COof %S ke iR AR B ZE W B AAHE I FLRR . A1 COp BB HURM L (B2 S8 e ik B A
FLERA, MK 3-2), ZTEHE, 7KICO, A I WX AR i 1o AR, Bl
K COp S BR B 11 1 il J2 Sl Rl R

SRy

& 3-10 CO, WAG K% T2 &

Fig. 3-10 Snapshots of displacement process of adsorbed oil layer in CO, WAG injection.

(2) BREHLEE
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T A R S (&I 3-10 T 0.5 1 2.0 ns I ZIHIA DK /CO, FHID - 25 R IHI I T
J8 T COp MFLEEFHITENFLIE, X FPEN 7 2N 46 CO, BRI 1) COp, MBEANFLIE
BB ETEANSLER T, A CO ML e 5 fLEE B Refd . [RItE, T B A A RR )
CO: 1M, /KICO A HIENI K THEAN CO, SFLEE Lym B EAMME R . dEMifl CO,
HAT T S S AR

2) FESELERIIAMR . F N COL M, CO/ZEKeiIRMI . 28It IR VA iR 32 184
T CO, BYZERFE, {Mf CO, BRZEMI/K BLZE [RIRNFE 22 MM AE N sema, A5 00 S i 2 A T
WFE S BHTELAS SR TR (L 3-10 (4 ns))o 7E 2 ns T, FRA 1) 2202 1 25 A T
TEOL R, COZ A& MALIE P M2k N\ FLIE T St FLIE 18] XIRE) 7K s N 4 ns I AT DA
TR AR COLI7K FRTHISE CO, MALIE Y THI 4 A HERE N ALIE AT A B T 9K B tHFLIE N
TeARKe B, — B PR COK MG A, XA EALIER AR K o X —Id R my
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WEMW g R, P 3-10 1 2~6 ns B A B .

Btz Ab, RIK IR 0T 7o i B UACA08 T2 B A ) - 5 T 465 40 1T 5 S50 B 0 B - 42
IR LE, IKICO, R B FENNE DL T BIAEAR R4 73 5y = 2o ) BRI, FLiE A
(R R LR 5y, X BAR S T RARTUE S, AR BRI E /M A Wit
A P R PR A AR FSAS

1.6 F 116
pV\"AG VWA‘J
pCOZ VCOZ
12k d12
E-I =
\Eﬁ 0.8F Hdos &
a | >
0.4F H0.4
0.0 ' x ' - l 0.0
-20 0 20
y[A]

A&l 3-11 CO, J¥A CO,_WAG IH CO, B EAEENME . KEKIFTHRXEER CO, KIE
Fig. 3-11 Density and velocity distribution profiles of CO, in scCO, and CO, WAG injection in
nanoslit, which corresponds to the snapshots at 6 ns. The gray rectangles denote the CO, adsorption
layer.
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BT 28 BEfE COp M P A9 BRI, CO, MBS Bidiefil 5, 28k ST MALE COL Ml PR L
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3.4 KRENE

AREF, EBARPFTE) I AE, BT CO EAN L IKEA LK IKICO, 288
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AT NI B AR E R B S I SO AN T RE S h R 5 k2 SR
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4.2 BEMESHE RS
4.2.1 HEBFE

TEARZEBAY MBI b, ORALIE AR KHFI—E CO2 40T, MUK ALL I i
B/ CO TRARTE AR FLIE v (¥ B R AL Ia) N LA IS 1 I 2 o A FLEE H — A AT i A1)
B, X R B AR R O I R AR T R AL R = Lk A
AR 55 FEAN [ Aok g, o ia) R AT L SR BRI AR X4k, anlE] 4-1. FIERIk)=
R LS B NATIAZ) 2 nm PRI SR AR 2 B 1, 22K FLFLAR %82 A 5.0 nm,
£ 8.0 nm, LM/NLFLZDERE 2.6 nm. K 14.0 nm, HRIATERIE XK 1 nm. %fL1E
BRI AR 2y AL R =25 (1) M Material Studio #4680 2 S Y o 5 40 3
M, FEIENG BN RS (XYZ) N 2.4657.03>23.0 nm® K7 &8 S il (2) 4E Y Hli 77 [l
Brag i B XA R 1, FIRI BT ALBERREE o BU5 4950 0 1)difl. (3) Nk
I B LS SE K M FLRESR T, MRER MIFLBE SRk, BRILI L) 9.6 nm 2 iR 75 &
PR S S AR R T AL % S (5.9~18.8 nm ™). FLAE R [ fBOK 5t thi 4
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FHRAADLE I AL (il A B 100 AN IE e 4k, [FIREA T 8T COp % Tl L
W R, [ AR R A R INAS R $= ) CO, 43 F (0. 100, 200 AT 300 4N AT 3Kk
BEEREE, LA EDIAMERER S BIHAT T 2 ns (1 NPT R4 GRE T=330 K, F5# P=20
MPa) 40, SR JE K3R4GB i AR B/ C O TRAH L 7E A2 M FLIE Hh TR 7 B, FLIE A
HA XK, Kl 4-1 Bros.
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4-1 FISHMEERZEL: (a) 0 COy; (b) 100 COy; (c) 200 COy; (d) 300 CO;
Fig. 4-1 Snapshots of initial system configurations of EMD: (a) 0 CO, molecules; (b) 100 CO,
molecules; (c) 200 CO, molecules; (d) 300 CO, molecules. Atom color code: C, blue; O, red; H, white;

Si, yellow. For clarity, dodecane and CO; is displaced in enlarged VDW style.
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“HRAEERFH CLAFF 233077, it 4R A CHARMM 13", CO, 43 7% F EPM2
RN K5y FR ] SPC s ARUI0N i et A A AR FH SR P AR 40 8 — E5 4734 (Lennard-Jones
potential , LI 6-12), FHAEHRHAECHAR R ANEFEETE LI #H Arithmetic &
EIENH5

423 FERFHNEF

I BB S T LAMMPS BT, 58 VMD 1.91 %k Ol se i zh 2s i
FIRTARAL . X 44 R P50 R B (Steepest descent) #HfTfE B i/ MEAL TR . FEE AT
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5ns [f] EMD #41L, KH NVT 5, RERE N T=330 K, #7577 Nos€Hoover 2
B, 5 e LB A A, BB AR rh = SR LB A 5 . B & TR =4
WAk, i PPPM BIEPARMT KRR AR, S MO 107, TEAEAREIN A 10 A
B 1 fs, &EBE 10 ps W — B T34t . 76 5 ns 1) EMD B, AL IHAHE K M

FLEER B, AR BRI, W& 4-2(a, b). IEidFE 5 O AR % ORI 7t 45 31
— 0, PRI T BRA TR S A E L %,

.a &&%ﬁ%ﬁ%% ge
:‘ ;._ 3 N"?J@& gﬁ" qg%’f‘ ~§-"
- &&&fﬁ%&&é{%@?@&

o :as. ‘smsﬁﬁis R RRRLLIIILLLLLE

B 4-2 PR THFENBEREME: (@) KA CO,2F; (b) &N 200 4~ CO, 2T (c) COy,
H.O MZELe o7 (d) FLEEREBORE
Fig. 4-2 Snapshots of initial system configurations of SMD: (a) oil transport; (b) oil with 200
CO, transport; (¢) CO,, H,O and dodecane molecule; (d) close-up of silica surface. Atom color code:
C, blue; O, red; H, white; Si, yellow. For clarity, dodecane and CO, is displaced in enlarged VDW

style.

4.2.4 BIEDFEhHE

N T BRI R FLIE RS M Eh SR, WA+ ke T BRI — N E Z

b T 5 1) BB AR 7, AESh IR R A B R, AT VAR R 43 7 811 71 % (Steered

molecular dynamics simulation , SMD) P8, ‘R El4n&l 4-2(a). EMD 405 153 (1) P15

2 (il 4-2 (a, b)) 1Ey SMD BELLIRIAAR AL . DU/ MERLA &R B30T 5 ns ) SMD
B, kb, BEEIERIE AR

F = K((xo + vt) — xcom) (4-1)

X FREE ), K EPEMZE 2% 0.01 Keal mol™ nm™?, x, &ML Z #iJ7 [4)

AN Z1 5107 (center of mass, COM), v/2 A= 5] s ] Z %l 1E 77 7] F) [ 7€ #% 51y 1 B2 0.0025
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