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Gas Flooding

Li Shujun (Materials Engineering)
Directed by Prof. Zhang Jun

Abstract

With the rapid development of the domestic economy, oil and gas resources consumption
has increased year by year, and the current production cannot meet the social development
needs. Therefore, it is urgent to improve the oil recovery rate. The recent development is mainly
aimed at medium-shallow oil and gas reservoirs, but its development level is high, and the cost
is high. However, the deep oil and gas resources are rich in reserves, and the effective
exploitation of deep resources can greatly alleviate the energy crisis. However, deep oil
reservoirs’ high-temperature and high-pressure characteristics make relevant experiments
dangerous and unable to explain the microscopic mechanism of action, which leads to unclear
gas injection and production mechanisms for deep oil reservoirs and restricts the utilization of
deep oil reservoirs. In recent years, molecular simulation has developed into an effective
method for studying complex systems at a micro level, not restricted by conditions such as
temperature and pressure. In addition, the technique can meticulously describe the research
objec’s physical and chemical properties and microstructure. Therefore, this thesis adopts the
molecular dynamics simulation method, with the typical medium-shallow conditions as a
reference, to study the microscopic mechanism of different gases (CO2, CHas, C3sHsg, and N2)
displacing crude oil under typical deep conditions.

Firstly, we compared the static dissolution behavior of crude oil in different injected gas
under two reservoir conditions and environmental responsiveness. The four injected gases can
achieve effective dissolution of crude oil under deep conditions while they were not affected
by the reservoir environment, and the dissolution behavior of oil droplets under medium-
shallow conditions can be divided into complete dissolution (CO3), partial dissolution (N2, CHa),
and partial aggregation (CsHs). But when there is an environmental response, the dissolution
effect under the two conditions is similar; the order is CO,~C3Hg>CH4~N>. The environmental

response behavior seriously hinders the dissolution process of oil droplets and greatly reduces

ii



the oil recovery. Therefore, selecting a suitable gas (such as CO3) as the injection gas can
effectively overcome the impact of environmental response and help improve the oil recovery.

Further, we studied the dynamic displacement behavior of the oil phase and found two
displacement modes of the oil phase in the displacement process under the deep conditions, the
overall migration and the gas fingering. The oil phase displacement mode mainly depends on
the stability of the oil phase adsorption layer. If the oil molecules are weaker than the gas in the
competitive adsorption on the pore surface during the displacement process, the adsorbed oil
phase on the pore wall will continuously peel off and enter the pores. Then it moves as a whole
in the channel. Compared with gas fingering, the overall migration mode is more conducive to
enhancing oil recovery. In addition, under typical deep conditions, loose and soluble oil droplets
are more conducive to the diffusion of gas and maintain the stability of the gas/oil interface,
thus making the oil phase more easily displaced, with faster start-up speed and better
displacement effect.

The thesis’s relevant research results will help reveal the microscopic mechanism of
dissolving and displacing crude oil under the conditions of deep reservoirs with different
injected gas. In addition, it may provide a theoretical reference for improving the efficiency of

gas injection development in deep reservoirs.

Key words: Deep Reservoirs, Gas Flooding, Molecular Dynamics Simulation, Enhanced

Oil Recovery
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JiA R HOAE BRI AT . KINERAER B T R B 9 B Dy SR A > TR A
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HIRIE F ik 3 BRI S 7K 2 B A ROt 2 ECO% T CHaH Bk & .

RN F e Bl R T 5, Fang®e A AN E 288 CH3E. Tif#
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IR, SOAE 1 Hh PR 5 A0 7 B AN ORI 53 AMBATT & IR e ik A rh 2 110 S
B 52 RAER RR SR, HRREMRTE &, KIIEE RATT M
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IR IIEEN o AT T I P B SR & B SRS R HEANRIE R, COBE 1R 4 M
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Gr TREMEARAE A — B BRI I3 7 I T 7K b0 T8 2% o) AT 0 70 10 - B, il
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2L 4y TR IR R B TR 4 28, v LA RS R RIEHHL (Monto
Carlo, MC) #14» T3 /1244 (Molecular dynamics, MD) B3, 7> PR R C & EZY
PO s AR AU AR U LA A AR B T2 MR, R
UG AH 5B IR T RE % il R . At 7 IR R I R B TR U B i, A
P AR BE ORI G KME I . AT TSR T 5 F 30 115 B0 B R 78 0572

2.1 SFEhHEENE N
2.1.1 HERRE

G B 1 AR I SR AR A E B 75 R SRAT 3 5 - BRI I — R T i,
FLBEAR [ R AR BORL T (1012 30 ] DL 22 L3 ) 5 05 A 8L o i SR A= (058 51 J7 R R 3R
FFEEAN I ZI SR OO, B SR, TSR A 2R A AH OG5

H AR R T BIRIERIN 2, SR 132 0 LA 05 8 se R BORE R, iR -

U ——(9 .9 O ]
Fi=-ViU (Iaxi+18yi+k8yi)u (2 1)

BE— Bl SR BHE s TR, RIS IR T 1 IR -
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ANKLFIITE H AR Z 107 B BE AN SZ 1B L, 28459 30 50 130 1 A o 5 45 SR,
212 REZEN

REFRTRIHORFEASE — 8 I Z RS NREARMER S, H 20 5 AH 5] i SO0 A4 ot
FAAEZE S o Forh RERILAE FURR SO A AT L2 ARIE TN R 28 (NVED + IEMREZR (NVT) |
LRFERRLZE (NPT) LS RSES REE (NPH) UK.
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213 oFHa

713 (Force field) 1£53 13l 77 F AL 1 IR 58 SURAE— 7K & b H ] S i 0 T 200k
R R IRE I B35 Re R K. L 7737 vt P 2 SRR A 0L 465 SR o ff 1 R R LR R 1), 3@
R 1] VEAE NS M A R S, AR (2-3) R

U=Unb+Us+Uos+Uys+U ,+Uec (2-3)

HrfUnpy Uy Ups Ugs U FlUecdr AARERTE B A5 AR . A4 34 aE . M2
e, AR BT IR NSRRI E O F 6.

15 R A S RV R R, RIS I R A i TR B
S TR AR R R AL BEREN R EETER T 2R F 1135 P SRR A A A4
k&R, Hr BArE L7346 AMBER. COMPASS. CVFF. OPLS %868, [K 3%
TR R R IR RO TE, BT LA S35 A AN R G FIVE . R AR 1 S =X T
GWBEREMBGAE . 7E 2.3 TWRATEAT T JIH I, MIRATE R 15 & 3.

2.2 SFENHIEFEERG

P BEH LI 4 F AL A 2 22 LAMMPS . NAMD. CHARMM. AMBER.
Materials Studio%. £ T A FEIWEF H AR AT TR R, AR5 T30 1 Z A
H % B WIS . H A LAMMPS ( Large-scale Atomic/Molecular Massively Parallel
Simulator) & H M2 7o 1A 2 —, EHESRIMTIER, SCFFGPUNNIE
I s, AH AT TR A S THTRIASE R A g DR P s s 0 [ AE 223 . 1T Miaterials StudioX
B 5 (B AT AL R A SN 9 R B A AR

ASCH R 4 Y Materials Studio B A58 /%, 7 T30 1B R LAMMPS
BAFEAT, A VMD BT BEAT RS R A P RA a H

2.3 FiipseiE

FEBEAT 73 1 8) ) AU AR, 75 228 Se xR R BT INAE R ) 03, T 13
FRIVER 5 75K B 43 8)) ) AU A8 R I . EARSCRIBE e, RATRA T
Fh A3 T 7T, HpbelE AT N2 S /& Optimized Potentials for Liquid Simulations All-
Atom (OPLS-AA) /1171871, CO, K ¥)5& Elementary Physical Model (EPM2) 713%%0, J5fi#
A FLIE R R THR FH 1 /& Wang %5 A\ BUFF R 1 713, A 9L AR TR A /& CLAYFF )
oA,
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FEo B5E, WTRRS TR ESRME 2-1 (a) Fis, S5 NRFRRAE 1
REEHAT JIHHAIE « BATTH L RIEIE 3T 1% B2 5 NIST Hifs 2 18] (1% FE AR e 548 H],
PR Z ) 22 R AE 1%3) 3%z ). ik, Wi 2-1 (b) Frow, lid i+ 5 CaHs 70 1 1%
JE e B SL 25 BE Rt A R P TR s AR a3 5 NIST $ii AR, JF B 2 M 12 R1E 4%
B 10%2 18] . ARG THE CHa %, Wik 2-1 (o) fin, RIVEAFRRNRERE 712644 F
HEEE NIST £l 1 2 F7E 1%2] 8% [l FJa it 8 T N2 (S NIST Hdi 2 [ (1
Z5, W 2-1 (D) fiw, RIELEMAE 1%F] 10%2 8. @it xtth— R 500 A E 5
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B 2-1 HHEEEENERS NIST H#H#EER, () 25, (b) Hk, (o Fi, (D &K
Fig.2-1 Comparison of (a) decane simulated bulk densities and NIST; (b) propane simulated bulk

densities and NIST; (c) methane simulated bulk densities and NIST; (d) nitrogen simulated bulk
densities and NIST

EPM2 #13%: EPM2 J137 8608 R ZI ] CO2 AOAH ELAE F AN PE R0, J& —Fh itk ff it ik
CO2 733, N T3k EPM2 Jy3g et s ERAYE, JRA1MS H 73 3 D1 38l ik 1
BT CO MY MRS, F A5 EHm AT Lt . AT Pl 1T Sk R 5
800 1~ CO2 43« FH A R MW A% AR AH R 5 R N NIST H50dis i vh 1) %5 J i i A7
WE, 45/ 0.81916 g/cm® (373 K. 50 MPa), 0.68489 g/cm® (424 K. 50 MPa), 0.20211
glem® (348 K. 9.115 MPa). i/ NPT REZ{HHAT 3 ns B, HE LR WE 2-2 fis.
FEAN R BE AR 0 46 A Rl I 1 30 ) A AR B B R Hr il g 25.9107
m/s(373 K. 50 MPa), 38.8x10° m/s(424 K. 50 MPa), 123.1<10° m/s(348 K. 9.115 MPa),
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T MR [ 46 A T S50 0 75 R 58005 43 1) A2 24.310°° mifs. 36.6>10°° m/s. 113.410°° m/sl00: 1011,
THE 25 B 5 525075 i B0 2 18] 1) 22 577 6%31] 9% (8], 3X 15t BH Lk 7737 IO mf 14« b 4b,
EPM2 Jy37i st 1O E PR BT T, SR A 1B I SRS T IR AR AT b 2 A T LAy 45
1, XA I35 1E MD LR 2] )iz B TS, 99, 1021041

—o— Experiment

1201 Compute

90

60

Diffusion Coefficients D (10°m?/s)

e ] , -
s 7 s

T T T T T
Initial Configuration Equilibrium Configuration 373K-50MPa  424K-50MPa  348K-9.115MPa

(a) (b) (c)
B 2-2 MDY BARBMLEY BRI M LR

Fig.2-2 Comparison between MD simulation diffusion coefficient and experimental diffusion
coefficient

FRRAF 1% WK 2-3 R, AT SR RTE S A L1 s, AT T
WKL AR Z T 43 FAE T A R T e Ay, X R IRATBU P oGk B . Al 2-
3 (@) FiR, WIS N7 AR T LI SE e bk o T . SRIGRANTE 298 K AT
T 3ns KT PR J1ML, 1321 7 dKEE AR RIS, 0k 2-3 (b Fis.
25t MD B2 J5, AT A 29y 139 7EAH R 44 T SL 56 A5 77 ffA R T 1
SEREE KA 141,969 i T AR TF Al A, HFEES T LA T
VeSS A, B LAIAE I 2R3k R, IR ABATE T MD RERLI0 & (B2l /A st vT DL %2
WA AR AT AR08, e 1T TR A 25 S 400 2.00%, IX VB T O A F13m E HERaINT . b
R PSIE 7 A Zhang 45 A FH SR 56 E BB FLAE FH (R 1212070
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(a) (b) a

Initial Configuration Equilibrium Configuration

B 2-3 FEAINEMANRNS THE, () PIEWE, (b REFHEMEMmANENGE
Fig.2-3 Molecular configurations of contact angle measurement in calcite force field, (a) Initial
configuration, (b) Snapshot after system equilibrium and contact angle measurement

CLAYFF 713%: N T IiE CLAYFF Jii7 570 5 I BAE FH R e e, RATRH]
5 iR J5 80 AR I SAE R i MD RIS 298 K21 (R il 1 208
109 1y A [R)IR B 2610 T SEga h MUAS R G G (DA D 3R TH S 3 B AE K Hh i B ik £
106.124%), F4E _FiR U5 f#A 1 BUE R IR FT AN, MD AR e iy T DA s
B ) S RAEAT R EE, MD BRI SE R S SEgn 45 I I 2 R 408 2.8%, HItb Al A1
CLAYFF JJ3%7Ei% B 1) B F 2 #E 1) o

(2) (b) X

Initial Configuration Equilibrium Configuration

B 2-4 CLAYFF /i ANERN S FHEL () FIEWE, (b) REPEMES AN E KR
Fig.2-4 Molecular configurations of contact angle measurement in CLAYFF force field, (a) Initial
configuration, (b) Snapshot after system equilibrium and contact angle measurement

IR AR 45 B n] DA IR, FITise B 1) 3% e s YRR ) S R BIF 72 5 S i o, JLrp
BN H R 2-1 s
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21 STIHERR R T 1SR 09

Table 2-1 Force field parameters of atoms in simulation modlel87- 90921

JR R ¢ (Kcal/mol) 5 (A) q(e)
Ca (J7fAD) 0.1000 2.8720 2.0000
C (J5f#fa, CO3) 0.0576 2.7850 1.1233
O (Jiff, COs) 0.1554 3.1655 -1.0411
Si CfH5) 1.8405x10° 3.3020 2.1000

0 (%, -0-) 0.1554 3.1655 -1.0500
0 CH#, O-H) 0.1554 3.1655 -0.9500
H CHJE, O-H) 0 0 0.4250
C (Jtk&, CHs-) 0.0660 3.5000 -0.1800
C (Jik&, -CHx>-) 0.0660 3.5000 -0.1200
H (ik&, H-C) 0.0300 2.5000 0.0600
C (COz, C=0) 0.0559 2.7570 0.6512
O (CO,, C=0) 0.1599 3.0330 -0.3256
C (CH4, CHy) 0.0660 3.5000 -0.2400
H (CH4, H-C) 0.0300 2.5000 0.0600
N (N2, N=N) 0.0745 3.3100 0.0000

24 KB

REATHNS T3 F By AT T 240, RIS 2558 1 RLDLAT F 0 i 1
T BN IEBRE N — R R R Tk, S TR R T R,
NSEEG AN TS T B BRI A S RIS B« I KR AR A5 7 TR HEAT HA AT LA A Jr
TR — 58 MBI S

FEBEAT J1 A HER VRS E RS, FRATE SEM 8 T heke 727 CaHsy CHa A1 N AP AR AL
K&, KH MD BT — R 51 E (333 K. 353 K. 373 K. 393 K. 413 K)Fl[E5%(10
MPa. 30 MPa. 50 MPa)Z& ' ¥t (8 FE AT 552, RILPER IR OPLS 7137 HAEALL
255 NIST Bl 2 88 72 B S HVEE N, BERS ekt fe ke 70 7+ CsHs CHa F1 N2
e, BEJEXTT EPM2 1375k k3, @it MD B RS RIE) CO2 My B R 2L
5B NG &, EPM2 J13RE AR 47 I Z) i CO2 701 HIM LT . F S AE T A 113
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AREE A ) CLAYFF Jydgpeh,  JRATTIE I 56 0E I 73 RO fid A SR 36 E [ 2 1R) AR ELA
FHRAERAE, MD RSE0ZE SR 5 6 45 SR 0) B Ui WA BT ade FH 1) 70 3 RE 6 HERF SR BT T 0 R
I
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FEMGEOT A RE A, NS T I R A I R 2 R SCR I A R . R
KT D VR 78 70V A RE s A st SIS TR ROV AT, 328 T 8 3O BT 2508 BUAS E VR
FHDKIE, A5 DR RO IR e, BE T3 i BRSO o (HRAE R 2 il el (17 <
ThRerr, 32302 B i i R AR, EN O T SR R AR AT AR A K AT . —
T3 AR R S A BOS IRLEEA A TR 31 RERSAT RN (e it ARV i I o —
Ji B R RS 1 26 2 PR 0 7 10183l X2 T BRI m R 2 A T AU T I 1
VR RO e W AN E T

AT R 23173 0 2 A 7 10 R 0] EURIE 5T Y R 2 SR A A R 3 2 2 A T R LT
NS I AT, 0 BIIRTE TN ERAE Rk AN SRS I %o JsL ot v A
AR, EXTEN TS M T 2 B R E SRR AT AT TIETT, $RIT T P 1]
WP LEL,

3.1 RERENFGZE
3.1.1 REGE

JHIRG AR RO PP T YA 2048 ) Materials Studio (MS) 8 FI22 . fnld 3-1 (a)
FENSIE RS, o7 el MS B — AN K 10 nm a3 ke 8 431 1 37 A
I, SRS A S A — AN 100 ANBEkE S T I EARZI0Y 4 nm B, ST
BEBAA R P, N TIRIERES A 2% 2 A T 5o FIMT A EAER, Mg
— ML 5000 AN T I T, ARG IR (B A B EAR L0 4 nm AR ECE
M. WA ES R K 3-1 (@) Fin.

CEREEMASL” R AR TR AU @I TE MS BT e . “PRBEm R 2
=PEEWNGRRBREd (1 STi 1) = 1 T A1 W= e ) = o TS Y Yl L6 N b
JIRVGrF AR HAR FAFLE, SEUENSS T s i ae 71 R AR % . i 3-1
(b) FIT7N R AFAE “ RBE00 57 B Jeh i v A 28, e 2 [ A SR T PR RSl 2.457 nm=<.295
nm>8.201 nm. M MS E#iFE E AN a- AR, SRJEIE (100D SEYIH] a-f 945
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Fig.3-1 A gas/oil system (a) in bulk phase & (b) near solid surface. Gas: gray, oil: blue, O: red, Si:
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Fig.3-2 Snapshots of solution results and density profiles for oil droplets of different injected gases.
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Fig.3-4 Free volume and surface area of pure oil phase under the different circumstances, (a)(b)
middle-shallow conditions and (c)(d) deep conditions. Notes: free space in oil phase, silver; spatial
volume occupied by oil molecules, deep blue
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Fig.3-6 Snapshots of solution and detachment results, and density profiles for oil film at 0.1 ns and
10 ns. (a) CO», (b) CH4, (c) N2 and (d) C3Hs. Deep conditions and middle-shallow conditions
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Fig.3-9 Snapshots of solution and detachment results, and density profiles for oil film at 0.1 ns and
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Effect of reservoir condition on the computed VACFs for oil molecules near the surface, (c) middle-
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Britz Ah, AEOUA AR R AR B R AR 73, ARBEAH ELAT Al & Pg TIEAN R
i 2 A R 70 5 ROV AR o BRI 3AT T3 A LA Y RE R 5C R0 3 45 RBEAT LR
A

32



HEAIRE (A TR A AE S

(a) Middle-shallow Reservoir (b) Deep Reservoir

15 15 15 <15

] CO2 systerr}," CH4 systen},’/ s CO2 systerr},"

12 12

CH . systen} L’

9 7 9

=N
~
~
=)

. ’ .
6 s 6
s

Ly
w

y
s 3 . 3

gy I 3

: 0 - 0 3

9 12 13 9 12 150 6 9 12 15

3 6 3 6 3
Ecnveil (kJ/mol) Ecoil (kJ/mol)  Echa/il (kJ/mol)
5 15

Eoilisurface (kJ/mol)
Eoilisurface (kJ / mol)

=y i

0
50

(=3

3 6 9 12 1
Ecorei (kJ/mol)
5

= N, system C.H, syster/n,’ =, N, system o C.H, syster/n/

E 1 s ' E ’ s

— 9 9 — 9 9

= =

2 =

3 6- 6 % 6 [¢

fist 1 , & ’

Li_ 37,.’1 3 E 34 /'t‘ 3

L13 R P S S S 3 6 9 12 15 L!3 ST e 5% 3 6 v s
Eneit (kJ/mol) Ecnsoil (kJ/mol) Enzioil (kJ/mol)  EcaHs/il (kJ/mol)

B 3-11 o F AR R EAE A g 57/ 40 FEMALERRREERURE: () FiR
B%M, (b) WEXMH
Fig.3-11 Scatter plot showing (a) Eoiysurface in middle-shallow conditions and (b) Eiysurface in deep
conditions versus Eqgagoil

N T U TP T S &R, BATIE M 7 5 B AR R IR AR AT 2 T 5
ARGy 2 AR LA F I O SR, A LA R AR R S A K (3-9) A1 (3-10) 41 T

(Eco2 + Eoil — Ecoz+oir)
Noil

(3-9)

Ecoil =

Ecozsurtace = Ecoz + Eoil — Ecozeoi (3-10)
HrH Ecooiie CO A 73 2[RI )~ 3 A BAE B¢ s Ecozvoiiie AP 8, Ecoo

Eoil 73 M AR CO MM 7 T RE, Noise i 70 TR . X RS B E13-11 7 7 o
TN T = o 3 T IS IS R AT UE AR R SR T 5 il o TR R R
T 5E 5 B SRR, RIS ASUARAE S5 4R 3 S AT, AR BRI IR PR E i 25 2 1 17 ek
43 F it 25 it J2 R T NSRRI . WEI3-110 7, B A B A6 ] R — 0] 5 B AR e A
AR SO0H,  HA i AARR FI G ALBR 43 AR 25 0K 5 A4 5 v 0 A TA) A B A A A
JERH RN EAE R o« #Eb3RATAT DARYE k25 RIG RIS — 2455 EIB3-6h I
R, BATT LR IVSAR 5>+ 550+ Z B A BAE R 0 k8. w4 b s &
SHATET, BERS SN AL ES . WM. TECHJRINAR b, ik ZE 4RI R 1 I
SRAES T Se 5 IR AL T 553, Bt DU SEIIT i i it s A i . — R R
KI3-11 (b) " EEE A FIPS B 7 P72k, (H 2 CHaFINXT 715 I M 28 A A A5 R ATI 2R
AT HAR PR, BRI ES-7 (@) BRE R T AR S i 2 3R 1 2 18] i AE BLAE FH Re

33



SR RAAEE AT T AR A IR R AT 9T T

KAVTENTGH)Z ZRIER, BATRT LSRRI RMEE IR Z 54T, CHaFINTE
il [ T R PRARARSS, BT LATGVEXS T3 20 F AT A RO RS . 734 CaHath 22 R A i
PRER I AR, 3 R Bl 2 7 I R B o i BT 0 A e DUR I, &4y
Z A RSB T 50 R U8 T T I ANV AR I A5 R, DR T F e (e e T R 4R
ERCR I R R R

FEARFEN SRR LA AT LUK I, SR RE 8 B3 MR 2l 2, (R T 38
ST S A7 M DU 5 S 00 J2 AOSRRG o SMRT I0d BORN NS B8 ) SR R R 01
AL EHAR R, N2AICHaZr BT H AU 1 407 i = 1 H A SRy e 77, (HEEAE ]
EAF, BT TR EE/N, No/CHaS A IAH EAEH 20855, [FIN, SA1584)
ST PSS AR ELAE FH e AN 2 LASIRI G B 5 s R M8 BRE T, (AR NI SUALE 5%
T B3 407 3 R BT R rp A T AR o X S0 R, (R 05— IR 2
LB 2 B RARIR (K(3-6) o IX Bl ZUAIER BE AR A 1R s 25 TS T ARy ok TARK
FRIANTS 52 1

AT e R B, FEIRZ A CO2 Al CaHg FH (I L 58 4 i B A
CHa FI N R G0H R VA A, X B T WA S5 A R SR (R B e . SE S 2
FETEIRIZ AR, )2 T DA B Bt s i U Cln N2 B CHaD S 30 B 25 2%
KGR, WA Z s, K3 FER N A CHa M LAFE /0 I AR . DR St 0 s
R, AT L8 F] CO~CaHg>CHaAN, (I5RIT R R

TR 2H A3 PR B -

Zo AT A A T ERATT A I “ BRASEMA B ) 2 R AEAR KRR b Bk T 1 W 46 45 4
FEN SN E R TR B RE 77 o BT AT 3 1 AR B AN 2 26040, T P o
WEFEEE . 0T LR Ty 2 ZE i IR E B, 437 8N T 280 1 43 o7 L AR
K, HAiEBECeMCaH TN LM, AR “PREZMR.” Tt 4150 G B 1 s i o

34



HEAIRE (A TR A AE S

33K [N, SN, ek
0MPa “ ¥ 7 s0MPa

— E gas/Ce [E Ce/surface

—_—— 0
Egas/Cs / ECS/surface ( A))

—_— oy |
EgaS/Clz /EClz/surface (A))

Bl 3-12 WAASTUREENKHELAERE S SHALERRKEG, () WEFME, (b) i
= {63
Fig.3-12 The proportion of the interaction energy between oil phase and mineral surface/injected
gas accounts for the overall interaction energy. (a) deep conditions and (b) medium-shallow
conditions

FEREE S A AN R o i R A T il T I BCR A A F R, PR ORALEHR
Jot B 3o I FU B Egasioit M1 Eoitisurface 2 18] H) 20 BLIG 58, 70 HT 1 Il AL 70 XA I 1k
AR, YOI > TR R B R R 25 . nlE] 3-12 PR, E %6 COx fE = A AN
HrhdHn 2R EZAEH . RELE CO2 55, 1H CaHe HIBENVEHILL CO/MFZ, K&
WA ELAE B R AR e P HOk, AT RABLRE A, FiREMZE T Co SIEA AL
TEREE N2, MRAMHZ T Cr SIENTZ I A AR E 58 2. Ce BEWS S8 T HiAtR
o IR BRGS0 Ce 53R TE 70 M HLAE FIX A BT ZORARNT AR, X AEAFRER ZER
S ORI G BRI SN, KD 7 HEN R Z RHRAS 7 7e 0 AH AR 5%
e BT ColJHaFiRER, 5 Cotlt, &5 MMM EAEHTEMEL. WAMERZ M
JEH, Caa MVARTE 0 A IR RE 7T LU At A 73 R0 5 B 2 25 . alad B3k 73 v AT TRT
FEFF R R, T R R R AL, SR R RS R AR M UR s FE TR T ek
T, M TR R R R E Y R

3.3 AKE/NE
REEME T IRZE Rk Z R R 2548 B NS fd s A Y 5 HoR 42 1

35



I DRAGE)E ST T AR A IR AT 9T T

VA RTIVAL 22 &N 0L SRR S e st a3 NI BT AT 7 1 LT AP et i s o) -2
MAMLH], EAMETRTT TN I R R PP VA AR AL

FEMR IR RE o, B SR E N R BYAER 2 25 1 R0 Tl VA A i s A B, DO
NAEEAHR A RO SEILM R RV Al T ZE RS g b, AR N AU N M A TE e 4
R (CO2) « AR (CHaFIN) FIHB /585 (CaHg) =Ry M= FLk, i 1Y
Il GERE AP ARG TR R SR i i) A [N P NN Vi GO Ercp Al S E S P RIS AT R i eas 8
A R A IR R AR IR Z I, RN I A AR I 2 Sk S S R
66.7%, FIRAN SIS A

TE “PRBRMRL” BIREIE R, T v ot AR o el 028 28 it 2 0 o i i S MR . BT
RN SR B B A A AR Y L X . SRR T CRRERMRL” IAELE, AR
AR F IR No/CHa AR BRI 2> F 1 B B AR, IS 20 207 1
FIB ATy . MR, CO2 Hl CaHg TEIRZ AN 2 25 1F XTI 2 I HE 00 5 1 . 2
VEARRE ST . AT LUMEE BIE R RE T BIIRF AR KN : CO2~CaHg>CH4=N2. J3 4N 78 K ILIEN
S MAR (B VR RAE AR TR, AEH IR SR AT T AR A B I, S VA Ao AR 2R
TS N EIURR, 5 22 SRR AR R J 2% N B 2H 43 R T ) A SR B AR A T A

36



HEAIRE (A TR A AE S

ENE REEEFG T RBESEEITAMR

fE b —E i, JRATEE T AR E A R E R A, TS T & N
G OB R . 224 3K i 2 K FLAR BUAR K G ) (R0 A0, RS 2007 PR B i 2
5L P (BRI A e AR T2 B i R (s R P R AR AR A, FLE Y R AR T
FrI AL 7 B F A EAE AT NS o BRI N SAE UGN FLTE HR 0 i 2+ 3R B 47 S
TR AL R A3 SE IS A% o BT LAE A B sh AT @8 I 0 1 30 ) S5 T, A e
NSBNBRER R, PHIT T AR R PR 2R R A0 Nl S sh st 2. 6ok
WHFT TN S AR R B R e, Bl e i AN IR B A2y a8l e
FIEY BC=AB B, 505 20 25 AR 0 BT R 7T, 4BoR T IR 2 i 3 A8 I
HUFE,

4.1 HBRRUGE
411 HEBGE

HRFLER R R, AT A FLIER AR, M Material Studio 11 4 e
SFNTTEAFLIE R GRS RS54, (L 0 )T YIRS 2 B bR SR L5 M, ARG TR IX L
25 F 3 R E A il A 45 44 LSRR A3 5 i A S g A . 72 50 ) o ) i 745 1) R < 2150.30
NM>2.70 nm>6.23 nm) J7 il A1 4K FLIE - B 5 5 FLIE 114 2 42 1 S M Material Studio %X {4
B e 3 N 98, SREHR(L00) TR V) Blo- A 9%, FXTRITATRRIEALBE, 2%
B RIGKFLIE R~} 449.85 nm>2.70 nm>&.10 nm.. H G2 A kg, K300 e ke
SFICEBFLE R, RJFHETL nsi ALK IR A T M ALE Pl A B . RS AR
NSRRI, S 1A N 3 A 4 1) 3 o R B Sk o Ok S B, LRI T DL R
X313, HA &M A T HONCO2:5098. N2:3413. CH4:2997. C3Hg:3299 (4
JE4E) 5 CO2:1699. N2:1048. CH4:1133. C3Hg:2331 (HHKE&M)

412 HEUSHEE

R A R 2 S 7 18l AR U i, BB KO 1 fs I HAF 1000 i —
KA RIFRAFEIL, W12 10 A. KREH s A AR R AT 2@ PPPM SRR 58
AR08, R NVT R4E 40, AR B AR RREE D 4T Sns AR F4r T3 )
A DORRE R FIIKEAT N SR, IR A T AR B3R B AL B AT AL

37



VU REGEE AT T A B A IR EAT T T

42 HR511E

SRR AER FHXTHEREE XS0
NS,

T RRAIREE S I SR T A R R AR A A B 1 s e ) T4 s B R IOR
IO ZE B2, WK 4-1 Fion, B R B, AN R LIRS L
HARAE BEARIE B AV SRR 1 PR AR AR B 77 2. B0k (CHa A1 N2) ZEHESD T AH B 1
(Rt R AE LB H [R) SR AR I HOW A 38 =ik i, 3k T e SR Ta 1HEAT A4S A A I
FHHR ) 5 S EUM AT IS B 218 . AR SR (COp A1 CaHg) AJ LALE BX s i H 5 4> T T Rl
— AR R E KVRAR S, AR N HENS SEBLRT AR RS RS, AR T 4R 4 T
ERGIE . AT L, AR S R A AR KRR S 32 B NSRBI B2

X
GasType "'"ﬁy'"""""""'"""'"""'"""""'"""""‘"'"""""""""""':
z 393K & 50MPa f
SR W R R A ;
1
1

42.1 ¥

M

RS

C,Hg system T

CH4 system —+

CO2 system

N2 system —

C;Hy system

CH, system —+

CO, system _|

N, system - 7

0.01 0.5 2 5
t (ns)

41 BEUERE, GHs T, 15 CO4F, B CHiaF, B oo T, Bfa; Wy

Fig.4-1 apshots of flooding results. C3Hg molecules, brown; CO; molecules, pink; CH4 molecules,
cyan; N> molecules, blue; oil molecules, deep blue; nanoslits, red

N T R PR RS [ NSO AR B A R R, AR R S (COMD A7 7%
B 2SR R AL IR 25 5, S B0 5 O RS K UE B IR B R T 4. i 4-2 () B, IR
2 T IR RCE AN CO2>CaHe>CHa>Nz,  PUAN N SR R i 4 1 1) B #e 2 B R A 1
Al 2.0ns Py, oA COn By 74 & i Al (14 53 oA A SR IL/NIE R a3, X2 KA B I
[ HERE , COL SN M AH AR SRS A F IS, e LA 43 10 B 9 B ik 207 4k SRR
FERl . 76 R 2082 41 T IS 2 CO~C3Hg>N2>CHa, Hirft CHy Al N B4 R

38



HEAIRE (A TR A AE S

XHHAR A A R A AEAERT 2.0 ns Yo AR BT ALAEAE 2.0 ns Ja PREFAGSE , 1T CaHg A1
CO2 IR AT NG B 5 B A2

— 600

=)
<
(=)

—_
ﬂ (a) B @ (b) C,H, system
g T (f,’ e, g i —— CH, system
E 500 A 5 500 ——CO, system
g | /_/ g ——N, system
5 / A
-~ P ) e, 2, R e
~400 L R 400 e
R= frie = i
— _ [4"‘ j— Vf“‘/
o i S - AR
‘*a 300 4 y qa 300 ;;A,,’-Cv?"”“
= | = | 27
5 | o £
O 200 T O 200 4
0 1 2 3 4 5 0 1 2 3 4 5
t (ns) f (ns)

42  (a) WEM (b)) HREFHTMAITEyY FHEK COM L. BadE, f6E; BT
B, Bt B BudiE, 't
Fig.4-2 COM curve of oil molecule in y direction at (a) deep conditions and (b) middle-shallow
congditions. The start-up process, green; the migration process, blue; the self-diffusion process,
yellow

filh /2 L 2%

il )2 DR R A AR G 3R B = AR B R, M 4-1 ] DUE H, R4 T
izahid REr, AR AR T RIS AR AL Y, AR T H) COM ARESE
BRI FHEHAT N A TIBREMERM 7 iaz), X B T Hmas 7800
AR R S IR AR A 2 7 (4-1) -

er

NN @

Horhes2 M1 XS 1 B 20 E, ra s WIaa I 20 43 o5 48 B X3, WIAR IS ZIFL1E
HH B T A3 B DX SCAIre, NI AR5 T4 TN 27 DX 3rs Hh AR H £ S5
.

MR IR 7%, WIUE X3 2 43 EU B TR ARG 25 R K 4-3 R . 1EIRE
AT, WUFENTE R e AL FERAAERT 0.5 ns, Ff HAE 2.0 ns J5 )L IrEFEa

B IR AR ) TR AR ISR . HHACC T, HIRE R TR IUAENS T e AR
FEAE 0~2 ns (Y0 Bl B0 TE A, A1 IR B B 1 ) TSR 1E, J HOR ILAE B 45
SRS R 21 IR B Rt SR R SR A B 22 . X ULEAVRZ 45 1 T i 2 Ok
JES P B AR FPERT 0.5 ns, 7EHRE SFAF T PURME NSO 701 13 A X A8
(NSRS e R RO e B e M P =5 3 L S PR NGO L 6

39



PR GREAEE AT R MBS IR AT T AL

(a) Deep Conditions (b) Middle-shallow Conditions
=100 =100
= A
g 75 C.H g 751 1
£ ;Hg system CH, system| .& ] C,H, system CH, system
'Z 50 ‘g 504 ]
a S _
i i Ml M
E=I e — | | B =Y A | ll‘ IIIIIII
= 100 = 100
£n CO, system N, system| é 7 <O system N, system
g 50 B 504 ]
s <
= 2 = 25 1
S o S o+———tt
00512345 00512345 00512345 00512345
t (ns) t (ns) t (ns) t (ns)

43  (a) WEFOM (b)) HREFOVEMERKMO FESLL
Fig.4-3 Percentage of remaining oil molecules in the initial position at (a) deep conditions and (b)
middle-shallow conditions

fifi |55 A R

TEVR I 2 R 0 225 A 2 A W R R b AN 5 0L O BB 7 3R B
it 2 10 5 A AR 0ot ik R F R 5t A7 — 5 2 B (R B M % 1350, A ) 0% 5 A v £ 2
[P A R R AN ] 2R B B e (R 3R . DRIt — 2D B 52 1 1 s 5 A i 228
SR E A T AR E IR . i 4-4 s, SRR ERE R, TEMRE A L b A7
FERARIZ R A SRR I I RR IR 5520, Hodt CO2 F1 CaHg il ] T-VHAHI B2 4K12 %, CHa
I Ng i) TS et o BPhFLAE of 3K 5 F) 5 0 22 ) 76 -1 i 25 FLIE 8 CO2 Al CaH 7E T
SR DR R I AH ) B AR IS RS (H R AE IR S5 I 2 T AR 3k, At TR B 56T
it 2 A0 ST P A St o) o A K T T £ B 5 A B e 28

I FIARBEROKI, NSRS Z R AT B 2o o B IR AT e AL L 5
Wi o g " G- )R 8 A SR M) AL 3 T AH S AR B B B2, U BRI #h it /= iR AT i3k —
BT, A 4-2 (@) B IR 8 i FEARHE BB 8]0 = AN B E3hid #2 (0~05
ns) . BB (0.5~2.0ns) FIEY HUIIFE (2.0~5.0ns) o FE—DHIHFFL EZE LM
B SIS R I R

40



HEAIRE (A TR A AE S

Deep conditions (a)
CO; m
CH, }
NZ
C3H8
t ; 5
I ns 2 1ns
0.020
co O CO,system
— , system (b) -
e« 0,015 — C;Hgsystem (0] C5Hg system
N 1 —— Nosystem 1A N, system B
g CH, system i O CH, system o
= 0010
z
1721
8 0.005 4
AR 0008
0.000 B

100 200 300 400 500 600 00 05 10 15 20

X (A) f (ns)

Bl 44 (a) WEFETREEEEPREANSN THHENBEIELEETFEHS T, (b) F
BEAAM (o) FLiERR
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