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Abstract

With the gradual depletion of traditional oil and gas resources, the development and
utilization of tight oil has been paid more and more attention, and the seepage resistance of
micro-nano fracture network structure developed in tight reservoirs is difficult to exploit.
Improving oil and gas production and recovery efficiency in tight reservoirs has become one of
the research hotspots. CO; injection miscible flooding development has become an important
tight oil development way, which can achieve CO; storage while improving oil recovery, which
is of great significance for ensuring national energy security and realizing the goal of "dual
carbon". For CO2 miscible flooding, a lot of work has been carried out in the early stage on
swelling, viscosity reduction, interfacial tension reduction, miscible characteristics, etc.
However, the characterization of oil and gas miscible only exists at the level of miscible or not,
while the research on the miscible behavior of different components of crude oil has been
reported. In this thesis, the Niuquanhu block of Santanghu Oilfield, at the junction of Balikun
County and Yiwu County in Hami Region of Xinjiang Uygur Autonomous Region, is selected
as the research object, and a multi-component crude oil simulation model is constructed. The
miscible behavior of multi-component crude oil and CO; was studied by molecular dynamics
simulation method. The driving force and resistance of oil-gas miscibility process are discussed,
and the miscibility dynamics of multi-component crude oil is proposed, and the physical
mechanism of oil-gas miscibility is revealed. The effects of miscible pressure, temperature and
oil composition on the miscibility were further investigated. The research results of this thesis
are as follows:

(1) The miscible mechanism of multi-component crude oil /CO; is revealed: the miscible
power mainly comes from the interaction between oil and gas, resulting in the diffusion and
dissolution of the two phases of oil and gas; Miscible resistance is due to the interaction between
crude oil associations, which inhibits the dissolution of crude oil components. The step
dissolution behavior of four components of simulated crude oil in the oil-gas miscible phase is
further analyzed from the perspective of miscible dynamics and resistance. The dynamic
dissolution of light components is greater than the resistance, and the miscible resistance of

heavy components is greater than the dynamic accumulation and further precipitation.



(2) A quantitative evaluation method for oil and gas miscibility was established: based on
the dissolution mechanism in oil and gas miscibility, a quantitative evaluation standard for oil
and gas miscibility was given based on the amount of CO> adsorbed by crude oil components
during dissolution. Using this standard, the miscibility of four components of crude oil was
evaluated quantitatively: saturated hydrocarbon > aromatics > resin > asphaltene, and the
miscibility of CO> was better than that of CHs under the same conditions. The physical
mechanism of the difference of miscibility caused by different crude oil components and
different injected gas is revealed from the perspective of the dynamic and resistance of
miscibility.

(3) Study on the influence of reservoir conditions on the miscibility of crude oil: Based on
the quantitative evaluation method of the miscibility of crude oil components, the change law
of the miscibility of four crude oil components under temperature and pressure is investigated.
It is found that the miscibility of four crude oil components is positively correlated with the
reservoir pressure, while the influence of temperature on the miscibility of four crude oil
components is complicated and shows a non-monotonic change. The influence of crude oil
components on the miscibility is further investigated. When the content of heavy oil in crude
oil components increases, the miscibility of four crude oil components shows a downward trend.
The physical mechanism of miscibility caused by reservoir pressure, temperature and oil
composition difference is revealed from the perspective of dynamic and resistance of miscibility.

Key words: Tight oil; CO2 miscible flooding; Molecular dynamics simulation; miscibility
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VS N TSR0, B IRAR IR S ARRAHIR A IR B 22 S, ARl 1-2
FioRs. A TS SI7E & VR AR IS /1 (20 MPa) F, JRAHIRIR S T AR MIB AR, 15
ANFLBRHR IR AR R s FERAVRAHE ) (17 MPa) ', JAEVRAHIRAR = 1 i i AR U
2, MITEARVRAHIRA A B TR R AR R o JE I — 2L BRI, m LMk R 2R 5
TRAHPY, G 1-3(b), TERSEZMETT, W0 T BRI BE R A 2 5 A Vs im Bh VR 77 1 44 2
(L, TR ZIRM.

(a) 20MPa FJEM¥iEE (b) 17MPa FHERAHIK (c) 20MPa FIRAHEK (d) RAHIKIG

B 12 CO IRAAAIEIRAR YRS INT b & 13

Figure 1-2 Comparison of CO; miscible flooding and immiscible flooding experiments!®*!

R AR AR IR B AR T PR B B R, (B HLAN AR AL — 2R, i,
FE— LR R SR R R, R R, LB E R AR DX, S ARk
BPBHAL, RGN, R, R ABRIBARIR R E RN RE, 2T

KB AR, n SR ] B AR AN R IS N SRR AR A SR AN e A A 2 S
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AT, &R CCUS-EOR SEJfi 4 Fr il AT PEFEAR. BEAME I EECE i E A L& &
s BeE AL S R R AR RS R CR A A

133 (a) COAHEMBERE (b) COEMH EBRMR G4 RIE 343.15 K AN F KR T SBAHF
o
Figure 1-3 Gas-liquid equilibrium diagram of (a) COz+ crude oil system and (b) CO:+ crude oil
and Assistant miscible reagent system at different pressures of 343.15 K4

RS T] IS BVRAT IR B S R i — SO 2L, U0 MMP. SRYSCRREAN K55
RSO BRSS9 TR A SRR RO TR S et 7 €962 . ([EHR RN
RE R K B AR TR 1 B9 R B, A2 4E L T AR AR R dE iR AR AR
WAL LA IR AR AT Xt i J2 25 125 D8 2R i ORARE X T3 U R DR S i BoAT B 22
B T SRR TCVE & 731 2 T AR AR LR, 75 2 AN GIOU A B2 #8 s TR AHAT 9 S J5 Y
PVERRLA . UTEER, PRIER R 7> TR e son 4k S I8 Ja T MW 5e T i, BN
PR S g AN e I BEAR ) B BT B 1205V O I N T B R R R T, AE RO EE 4
NIRRT I TE > TR RO E BRI AT A R FBez —, AEE IR I IT
J& 1 REA B AR,

1.4 S FIRIGETE CO R HEMRHPRINA
1.4.1 5FEPAE Y

B TSR RAH GBS IR &, 3 TREEOR Wi i I 543 7 2 Ik
RO SR AT ST I 20 TR, AT DS I 52 2R Ak RO 4544 2
AR, RSN FRM BN, 2RI ANENE 1w — Bk, 4
FREEFE =R 4RI (Monte Carlo, MC). Z+F /1% (Molecular Mechanics,
MM) F15r¥5h )% (Molecular Dynamics, MD) 4,

SR RP MO NERE T — RRBENUSIEAR, 7] T et E A AR i vF 2480
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WAIHERR R R . BT b, MC J5id@id SR & S 800 KRB E, I AT IE A
B RIAT o TSR, IX LS S H{E T DOE i W3 ) BT 7 00 S0 B8 I MR RAE I
Az B B LS PR IRAS

3T MR IR TC TR, LMt SRR i 7 ORI T S AT
No BT IEFMHEAEH PR FAHXEE, EVRZEEFHTAERB R SHECHE R
BT 1AV BB R IR o B AT ) — MRE E B IR TCOR 3R, iE vl LA R HHEC L AN A
AR AR TR R SRS A O R AR RO R B TN A ST

G T B 15 AU RE NS O 2 R 38 s M BRI AR ) K 53T IO 5K B 54T R iR T
FUEBLE T Z R TS MR RS 2 AU BEE T RN T A KT B S A 3
SVE 583,031 3 1 ARAUAE 525 2R S ARAN Ik e o0 77 T R A B RV g, AR H A
FEAKRY A

(1 BRI FETE 75 25 HE T I, e J 1R 0 A Bl 2 g (R RORE , JER - 2 [R] AT LA
M EIZZhAEE, FFARYE AR M SR AT A S AH ELVE S5 A B 1 20T 5

(2) R R e, BAYIRA B S, RIEF sz e Mg mis, it
IG5 AR R A, FTHI T 0k R Ap Ik, 38 s OU LB AR ELAE AR T

XTI T 15, AL EE S

(1> J13: 713 (ForceField) W] LLEH Bi& —Fh¥smemist, HIET RIS, ALK
AL IR 2 7 AR AR, IR S0 28 v DOd s SR AR A s 20 7 23R4
WBHATAT T GG TR LI, BTN R AR, A Red A i s HERf
R 7 75 T EARHE R 0538 1T DA AR 2880, R EESR AR HAE -
TR (Epqw)s TS LT (Ejee)s BB (Egr)s BEASMHE (Epona)-
TS (Eppps) FHEETERASE (Epposs) 2. HRMBREZ FIANRAEE Erora)s
FBHALF:

Etotar = Evaw + Eetec + Estr + Epona + Etors + Ecross « - (1-1)

ARAE T TS R [F] BT D RN = R B, FrF R 1A R, #4045
AR BT R Ti%% 113, i OPLS. EPM2 Fll COMPASS %5, &HFAENI DT
15 WA R R 0] I R RVEAE T, 74 REAS HH VI PR A 0L 45

(2) REFIR: (L TP R, RIS 25, RRPIAE TS
Mgeit-Fa5, wTRARIMHZ MR . R, 75 RBUR R MRS, 752 DA )51

NHEA . XM AR ZE 7, TR PE O R SR SO R 4k RERBE TIRRN
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TR O, IR E SR IANIE, ] P AP

fHIEM %% (Microcanonical Ensemble, NVE): X T IEN &%%, NVE 4Bt E A
R AR . AR R A RS R R RFEAE, A R e R AR R BhE I a
LUARRIETI i 1

1EM 5245 (canonical Ensemble, NVT): Xf T 1EN HREZ8, NVT 73 AR 5 AR T
Hos, AR R AR AR R, R e S B R R R, R R
FhRE LI IA BIEAR R IR (R AR R . ST R %E, FEIE I PRk eIk R IR
FETEEAZE, #&ETEARE, % M4 Nosé-Hoover . Berendsen 7. Nosé itk
A1 Andersen 1545,

SR Z5 R %47 (Constant Temperature and Pressure Ensemble, NPT): % T 2576 25 % £
Z%, NPT 7R R IR THCR . R MR RIBEEIEEAA, EZRLGEH, EHREE
T MR AR R, W Aesel, SE0R IEN REEARR . 460 K 1E E A
P8 )2 A R it L RS RN IR R R AR BOR SEIR I . 8 IR R TNERIRZ, % H
[¥]45 Berendsen #4572+ Andersen ¥2:#1 Parrinello-Rahman 72: 2545,

26 R 2548 £ 4% (Constant Pressure and Enthalpy Ensemble, NPH): 745 5 2504 R 45,
NPH 73 AR R IR T2 B ) R AR RIS EREAE . TSRS R IIA
TEIIIEE T, ORI e B AN e 5 R B R S e, E SR PR ARADL A N B S

(3) AT Ao A 5T 00 T3 1Ak UL, MR R 2 A Tk 40K
A TR, B A R 25 S B R A G ), S EOR A R A
G, AT SRR R B DL H AR & A L, R T EE T 26 4
FIF 25 8] 2 H bR & A SRR T2 30 B H bR &1 DL, shae s ik N It i 26
AN [ 23 (8] R 4k Sz 5y, T A 4T 2 8] b R R DO [R5 Rig 30 3 B As 7 25
PR, AT AR ORIE T OB R T RO Y e B S T A

(4) Remsm/IME: FE5r T3 1A, FRATHID AU BRLE AL EE K 1 43 F 1 SR
FREIEAERE, h, FRATFRE RIATA B BARS FIEae, fR R T e s A 7Y
Fag, MREREMREEMS, KRR e R R/ ME . SCULRE B i/ MbE T R E 5y
TR R ME, FEDSHR B EAK R R R ME . SEILRE R R/ MU 528
R SIESE

(1) WBRe—N FECRERNE: FEFILPOBEE. RE TR Ah Rk,
AR RBE
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(2) WFAEABE— I FHEORMAZE: sk, G010 T MR R R/IMER L
CICNWIREE

OfE FF#7% (Steepest Descents)

Ol B R T AR R B — UOR SR T7E, BIEAWHERSR S, T SR E
W ME, BRI REEREE R REIITT I, HARARAE R IR RS, Bl PR IR I R 2 A
A BN SFEBAE AT ), BT, SR AR AR ME .

@FLHERE Y% (Conjugate Gradient)

SERERR LA IR B BB TT 0] 5 e BE R A AR SE G, i CRABHIAL B AL BT,
W HIT AR, KR RAME A SEHERE R R BORS HER U I~ — 25 75 1), Rt
SIUE LU, AR SR 43 T I U 45 KA P v

(3 Newton-Raphson %

Newton-Raphson VE44 5 FH B — I A I A 25 &, — W R e i R 1
6], R BB R T . 8 R T A RIS, W T EE SRR A B Y
PRI LASR MR PR BTG S, WCSOR B AR PR (H R TR B R i S A AT
FOssE R, P A KIEE BRI

@rpLiE (Simplex Algorithm)

FARTRY AN TR 2R T, a5 AL B B s TR Ui R, B
FFEF LT HARE . AT FLeH il K 07k, FLRE = AN 3A BRI X AL AR 1
W ANTEESE, BT ARATE 7k m] AL R, (R IL SR BN 0T Re AN R i e IME . AT
Ji R HO T A, H B AR AR
1.4.2 COL SR ABIR S [R MR M 7 FAR A5

2R A NSV I 1) Y B 58 KF < B (CBMC) B AU 43 311 ) 5 (MD) 4L — &
HIER B/ CO2 MR R BEAT 70T TL . B8 T RREERE L T U ATREEXT CO2 VA MR EEATE K &
IR . CO2 MM IE A Jre e T i BE ANV K SR B 5 I D IR AR G, S RRBE I EE AR 1
K. B COx TR, A kekes 1 I FAH BRI BEIR/DN, RW IEFIBEks/CO,
TR ZR VK o B B IE AR e ke o ) A LA R BEOR, 5 COn TR i IEZ K 28 i)
BEE CO2 BE/R 7 EURHE TN, IEFIKEIE/CO 1A R AR L AR . BEE M CO EMIE AN,
BRI K IR IR e e LA B R (R B2 BRI o 20T 9 g Do el PR A R R K TR B2 AR AR A1 1 ]
FER PPl o

11



H1E it

TSR NPLE S 524 Lorentz-Berthelot 414 MU, K CO, AIEZSKE 1) 13745 4 3
DTN MDYBL R, DL AER T 5 CO, -IE B btk RSB HEMET . B0 TR
[FE 71 COrn-28 5t — otk R AIA AT AN LI T . A 9T T COs -IEZSKEIR & E A 3
ARSI SRR, AL CO2 X IEZSBE AW BT 705 T~ IE 8 be, A A TR IE 38 b L&
THI B 4, AT BE R R ICR . IEZSEE 0 BRBE CO SR N RN 8 i, i & CO A
I, COx FIEZELEAEA K AL P T B3 T I

PR BEENKIL CO2 5 CioHa TEGIKEE TR S /INBARE 73/ T84, S50 S
RIRFAEGUKEE T TR G IR, 2R 1 BRAARLAE — A B VR AR B i R e (R SR B E
I FLIE I S 1 )5 B R AN SR 5K 0 e, TG T i/ NB AR R T 2, 5 Sese i s
B & T, ST T AT R Rl SR AR AR, FHEACEE VRN E e N AR R T JR)
If, JF HAR7R T B0 2 F i U 25 (A7 A2 RO RS0 S INRAH FE T2, A
ENSE SRR T A HNS%

22N G5 NS 7T T AN A4 (CO2v Now CHaw CsHg) AIAS[E JRIHAE 413 K AT 60
MPa 254 NAEGUR B EE P R ARAT . BEFE 7SR AR A0 it B0 =i R AR
IR ARE I o B R B, R TR S5 5 AR S T R A ELAE FH B 3, CO,. CHan
CsHs

A N2 5 R S B VR AR EE R PR St o o (AR RS, ARPEJEAE COx A Y
VB S TAER SR Ny AT AR o BeAh, 38R I R Il B 2 R JE AR S 25 <
MR E M. Mk, BXEME COy ik K5 al BLZ g A it

"\’ . 0T T T
e ne 18 4 )
] O this study ]
154 X exp. by Shaver etal. _|
0.10 1
12 4 11 .
—— Actual —— [ IFT = 19.61-1.62 P
0.08 | Fited { & I: MMP ~ 12.07 MPa
o S 9 . |
& 006 E
f: = ] ]
B ]
3 004 i 3 . Ny .
= ] 5 ! II: IFT = 19.14 -1.63 P -
@) —— - 1 11: MMP ~ 11.76 MPa ™o
T 0.02; ix x| ] 0 27
' i — T T T T T T
0.00 = . - 5 : 0 2 4 6 8 10 12 14

x(A)
B 14 (a) FEEEZES (b) FEKIHERELR SERLEXT L
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Figure 1-4 (a) interfacial thickness method and (b) interfacial tension loss method for experimental
and simulated fitting comparison!®’!

VK NI T AP 4550 730 J1%% (NEMD) 548, BFFT 7 EA RN R, 1A
THGKALH COo/ T e IR AN 25 Ar%)e H T CO2 AT FLIE 1-OH H: [ 1A] [ &
SEAHEAF L, CO2 P S M AL FLIE R T I I IR BRUZ RS # « H T CO2 HITE 4% . Knudsen
PHAMSIL R, MR P RIE 7> CO2 70 7 IREF T IEREYE. COL RN I A+ e 7l
MFLERERIE, COr 5+ hese by, MImigss 7+ herimaitt, SEm 1Rk
Ho W FUR LI AR AR AN S T AR R RSCRAT EEEEU I . E CO2 JRIH IR Ay, =
FeRE AR A 5K /1 (TFT) FRARIg5s 1+ ke T IRIE, IXAE CO» R R iR i e
Tkt E B R HEEREH .

LR, BATIT UKL, K2 B st R 40 e e il 7. AP &, IR
M NRRINREY, MR, GIHInE WA, Jifke. B, IE s
&, M TARPAFE RSN T REMBH S AR, A, BEEEUTREAREET,
SR S A e PR 28 73 o LS O BTG K, IR AR, BERP ALy XA 20 L
BHERTRAIRGS, AR AL R AR T S iE At t, HIRMREE SIEANT
Z B R SR AT 1Y), XS TR RS S Ak 2 (] R v 2R P R

1.5 KR XHMREN, MREBBEARAR

Z0d TR PR AR5, — A RIB AR B AT DU ROT R BUE . (HREZ 4
oy O R ARAT M ANTERE SR IR AT B b e VP, SR R S B TR AN 1Y
ML A Rt . 10k, ARSCRA D TEINE, RIS COox ZIHHIR
AT AW TC, #7243 IS R AR ML, 2 By Jm 2L TR AHRE T, B 2R
FHBE S0l 2 A BE 2 A A LR, 18 SO BRI TR D T

(1) ESEWst CIRAHMIPLEL, 7> A1 5 W IR AR e 2 0 R D S m] e

(2) FTBALGNR, RS = W R TR € B VPO b e AV BILIR, S STIRAH PP AR
#E, FE AT R BCE M AT O, IE AT R B AT SR TR A R

(3) WEFCFEMRAN I T A2 AR, A BRAE = I P A R, 2 2 R Y
M, e RRMEAERER, Kb XPOIENTRE, K. R Rl v E %R
R, RIUIXEE EARE AR, R R R, DU R SR A3 R 4R
o

13



% E g

WX FLNAF WA 1-5 Fras. BFRH D 78 15840 (molecular dynamics
simulation) HJJ7i%, 35 FHATUIIC VIRARKINLR], B Je@d R By B R A ]
JEOM A 73 RTRARRR I, IR 5N 4ES P o0 A EDOR B AR R VR ARRESE s @3 70 A il <R
B 7T AR AR AR AR Ak, B il IRAH I BEAS R, At e s 4100 2y VR AR
10 2 J5 ZH. 73 B S B BOOE L) o 28 = FE A TN 1R ARRR BE A PP AR, Gl I g SCERAEDIR
SN EREAU LR P ASFE B A 70 B COL i IR O, 45 I IRAIRR RE R E S PP bn vt

SEREPHIRE, 45 ARSI e PTRIE NP TR ARERE . 500 SR U2 2%
PERHRARFE L RO, 582 1Al 2 IR 70 B DA S S 2 7 A AR, Jstinty DY 470 TR AR
FEEEIARAC R, TRAHBI I RIBE ) My s 1 AR AT Ja B EEmL AR . BIF 7T AR
PO ST R B SR LR S0

o, /3 MiRBEE DRI FARIIHAFR

| 1 I

I " I - I
l R : I 1=E0aE : I BB :

| | |
| [ A : | EsspE : | mmstmE :
. 1 1 I
| STEEME | mesemm 1 | gmeemee
| | |

| N = | |
: ESLLBIRE : : EIEETRE : I SFNF :
| EEsemE 1 ! :
I : ; . g : : i :

| | I
: ' R | | RSOSSN
o EhEsE ! :
I : I FNTTESIN : : ENSHR :
| mEemey R | e |

RDFIR

B A ! | ;Eg |
I h= 1 3 |
: —wEESH 1 WHRIER | FEs :
| | I
I | W |

| - | ; I
¢ I e I — |
: ! || RESERGE
: &SR/EHiREN S | : ARASRBEE | : HETE :

B 1-5 A RICHIBTSHERE
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Figure 1-5 The research frame diagram of this paper
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55 2 3 JRAANLEIE T

2 5 RN EHR
2.1 51§

AR, CO2 5 I IR ARAT Aol iz A e 0100-106), - DUAE i 75 K 22 ISR FH i B f
TR, R B — B AR B AR S, AR AL AR B T 3R TR AR TR A 19
FRAT A AR, R — P E AR, 1X e yh 453 2 ) AR ELAE FEORHRARAT A
HEIW . FERMNRAE, il REHMRENEI S, SR TN
JEH R AR S5 4, U R AR S M AR o X —IRARIE FE 3235 T 2 A0 Rl 5iEAR 2
AR AR, DRIk, KA A RSO 5t it 2% G TR A i A5 AT DASE HEAf (138 S5 < VR AR
17 H.

&SR4T8 S8 (Molecular dynamics simulation) I VERIFT T CO, 5%
A5y R VR A R . FRATiE T Materials Studio #F#H4T 8, {8 /] LAMMPS #E4T5)
TR, fEH VMD #1 OVITO HEAT RIS HT, FEARTH, AR 2 4H 5 5 E
TEFBEAT IR BERIAT,  MIRARZN 3 FIBE 77 1 BEFIAT T IR S 2 b 2 443 S5 IR ARAT
N T IRAH P BEA R o
22 BBIENSEHERE
22.1 DFEMIERIREL

A AY TR MAB A SR A s AR, DAAE AORIF T T L0 S R P a7 B A A vl R 28 e 2
A SRIM, BLSLBRR — P AR AR S, B E . RIS TR A DY e g
ZHRIEL, HAF I HA AR R, i ang o5 & 1 55 52 50 240 40 IR 2 B e
NG A S Ry B ok, TR R 9057 o 5 5 2 43R B o R R 4 40 O RE L 9
TR 4 A AR P s, MR I BT R B CE A BE T, S BUBIE R, 3G B 1
DRIt , AT T3k SR FH AR A0 5 vl 2 D 2L 2 S vl o TS T PSR TR s 4 /R B X R %
b X f B2 B 3o B P L 5 S Ak ) 3T e 2 R DX B, SR ek A 28 SR DY 2
WAL, SRDNMAE. SR BB SIER, &AL ARG Rl & iR
Pl 2-1 Je 3 2-1 B, A U DY b it 293 FAT 1 23 Il ide AR AT « CroHaz, J5 75 48 CroHaa,
BT CasHaeS, WiTHIH: CorHagN2OSa, X PUBNL 532 A HH F I R 4 0y, RERE
BRI S R A S s
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®2-1 FEHRNASHERSH

Table 2-1 Quantity and proportion of four components of crude oil

Hoy A (w%) K=
AR 53.87 235
TiER 18.09 71

JB J5i 24.26 35
Wi i 3.78 5

. £
A
3
=
3 32
) a9
IR AR

2.1 (a) AN TRAEEE; (b) Rl aii
Figure 2-1 (a) four-component molecular monomer configuration; (b) Crude oil fitting
configuration

R A AEXHH ARARAIT T A b, i g i SO T AR A AT DR 9 v A
(RS R AR ST R A, I HLRR S B G BIVRAH S, (8T 20 VR AH AR OC m) /&, X 4
e T oA S B AR, [ 2-2 ABRATHT ST AR I S R, R DY 2H 45
ATl Materials Studio B4, 55 H New Document 4t H i) 3D Atomistic %t
TRt S 46 S 1k, ) Sketch Atom 431 18 22 18 H 1 73§~ HT CO2 731 SR S5 4,
b Je A e i v SR N R, DAOS R RN, m i R e R 2-2 ok, Jf
FH R B . Forcefield Type £ Name {5 B 8131 84K |
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K22 FHERSTHEMETHMAER

Table 2-2 Information about the charge of each atom in an aromatic hydrocarbon molecule

FERBHEEAR Fs 2R Fs B
0.2345320293  H, 0.1649900078
-0.3109977411  H, 0.1497461040
-0.0122253256  H, 0.1456379830
0.2180564369  H, 0.1518779440
-0.2488887802  H 0.1247958221
-0.2115491960  H, 0.1588490870
-0.2954493722 H, 0.0985934516
-0.0736825427  Hy 0.0985934516
-0.2959608435  H, 0.0985934516
02007573071 H,,  0.0935573175
-0.3473143091 H,, 0.0935573175
-0.3296260179  H, 0.0935573175

K22 WREMAEREE
Figure 2-2 Configuration of oil-gas miscible system

R SE B it AR HURT NIST W0k I 3l SR A5 08 i 2 2% A (1 Bt Je. CO2 %52, A
PACKMOL # & & T, HE &5 T/ COx s THIBENL /A0, WA 1:17, DR
EH 23T Re B R SR T R R A, BATR @S i iR AT Re s /ME, 25K
P78 1%, Pk RiE )G, TRREENSG, 2d2RNE, REHTE
G 25 443 EEAB] e AU A i T — 5 B 0.803 g/em®, 15 B bR X B T ¥ %6 0.816
glem’ W&, W BOME — S A E 2 M ERA S, HARXHSEMEE ) 0.867~
0.9201 g/em®, “F-¥%5 7y 0.8923 g/em?®, JFHA RN EAE —EM A M. H T
P37 SEBR S b S, FRATTAEER 343.15 K A1 30 MPa 1y it Y I8 1 2% 1 34T WF 9T
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222 HFEMSHIRE

EAWIFEHR, B4 T30 /1583 (Molecular dynamics simulation) F2 7 7E KA
/5 F FRAT BN A (LAMMPS U B G sp e AT 115 o AU 45 S B AT AL e Visual
Molecular Dynamics (VMD) ¥4 /. 12-6 Leonard-Jones #H1ZEC 3443 5 H T3k i
e (vdW) MIFHEMEAEM . EiZA Xt

V= Y;4g; l(:_j)lz E (:_jﬂ = 21% (2-1)
e M oy I RARERE EAT, o AR 1 A j [AIRIEEES, ¢ BJEF 1 WA, e=
8.8542x102C°N"' m? NHE I/ HH . RiF— kT — KT — Mg (PPPMD RANEH
T SRR B A VR FUOSY, AR SR = 4k A IR 26 1R, #1428 104, I A)
AN s, B 1000 B RAE— IR T 704 . BUAE NPT £43% T AT, BEATHI4)E T MD
B ILRFLE 25ns, F8H Nosé-Hoover #aiia 7 vEU AT #5i  J it 7737 ] OPLS-AA
(Optimized Potentials for Liquid Simulations All-Atom, OPLS-AA) #1319, CO, %
EPM2 753", WGk OPLS 713, RAAZHUIN 2-2 B 2-6 fius, SWiE, ZRS
NG E IR TSR — R RS, DU 5 AT CO, I HLATE B % T3 5 Hnk 2-3
F 2-6 A7
R 23 ZEMBRS TS TRESEFBRAA LI ¥ (Lennard-Jones %)

Table 2-3  Partial atomic charges and the Lennard-Jones Potential of CO; and CH4 molecules

CO2 CH4
C 0] C H
€ (kcal/mol) 0.0559 0.1599 0.0660 0.0300
o (A) 2.7570 3.0330 3.5000 2.5000
q/ el 0.2400 0.1200 0.2400 0.0600

x2-4 HABZEREYETFEMAM LI HE (Lennard-Jones )

Table 2-4 Partial atomic charge and LJ potential of saturates (Lennard-Jones Potential)

Element C3 C2 H
e(kcal/mol) 0.0660 0.0660 0.0300
o (A) 3.5000 3.5000 2.5000
q/ el -0.1800 -0.1200 0.0600
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£2-5 FHERKESETHEMAM LI % (Lennard-Jones %)

Table 2-5 Partial atomic charge and LJ Potential of aromatics (Lennard-Jones Potential)

Element Cl C2 H
e(kcal/mol) 0.070 0.070 0.0300
o (A) 3.5500 3.5500 2.5000
q/ el -0.2100 -0.3300 0.0600

F£2-6 BREHIEHRETFHEMAMN LI % (Lennard-Jones %)

Table 2-6 Partial atomic charges and the Lennard-Jones Potential of resins

Element Cl C2 C3 C4 S H
e(kcal/mol) 0.080 0.066 0.066 0.066 0.355 0.030
o (A) 3.5000 3.5000 3.5000 3.5000 3.6000 2.5000
q(e) 0.0200 0.0300 0.0600 0.1100 -0.108 0.1500

& 27 WEREYETFEAMN LI $# (Lennard-Jones )

Table 2-7 Partial atomic charge and LJ potential of asphaltene (Lennard-Jones Potential)

Element C1 C2 C3 N1 N2 S1 @) H
g(kcal/mol) 0.08 0.066 0.066 0.170 0.170 0.355 0.170 0.030
o (A) 3.500 3.500 3.500 3.250 3.300 3.600 3.120 2.500
q/lef 0.081 0.035 0.257 0.191 0.623 0.229 0.525 0.055

2.3 RNt

2.3.1 B

HZHT, 2 TRV BRI 2 FBL BATRT LR R SRE 2 EE, W
WA AT AR 7 T RIS E R, R e, K, MRS, X0 TR

THIVEFAE P R e 2, AT B e mT LAAS 27T AE AN [RI I 0] i B3 s, A
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Table 2-8 gas-component interaction energy

44 Total J i 2H 55 HENSR Interaction
energy(kJ/mol) (kJ/mol) (kJ/mol) energy(kJ/mol)
TR -15888790.86 -1035290 -1.5E+07 -57.8135
Ji R -16273074.71 1219650 -1.5E+07 -79.24
JB 5t -19770487.59 4916879 -1.5E+07 -245.826
hE -24197920.75 9344338 -1.5E+07 -356.517

2 1 F 3RA T F S AR AR ) X — e S AL S AU S TR
F 55, ik rh s vl LIS R, SRl D415y 5 COr MM EAEFAER/AINA, W) iE
O AR MR, R Y RN SRR ) mRE 5 ER (RIR
CITT, X ] Rl DL A RIAS F], S HE P B U 75 A 3 5 R IR AREN ), XN
TERLR Sy, ATRBIE T BI04, By KA T3 IR 4 2 18 AR 2 (1 Ji5 T340 3 e e
AT EEME B DU 3 ) GEfEe ) FATHREL T CO, 15 PUFR2H 43 i a4
T g an i 2-7,

367.57 |
—=—Co0,

315.06 -
262.55 |-
210,04 |

157.53 |

HME/EREE (KJ/mol)

105.02 |

52.51 |

0.00

AN FER BR nE

27 R ENAS S CO MEAEMRE

Figure 2-7 Gauss calculation of the interaction energy between four components of oil and CO;
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Figure 2-8 Gaussian calculation of the interaction energy between the four components of crude oil
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Figure 3-7 (a) adsorption configuration diagram of aromatic-CO; (b) RDF curve

333 BKR9F

R 55 B e o3 T R AN R 431, IR 431 oA TR IR 4 F B A4 57 (S 7
i 3-5 (o) iz, £ OPLS-AA /i, CIRTF# N T =K, B—F N EREH
E T, WAMER K CRTamE N C B £ FNTE RN C R, AT
KR CRTANCHE: B=FONERES RTIC T, WHEMERZS ETim,
W 44 C3.

M I SRR R A5 Bl 7 AR 45 SR R 1 & B M S S M AT IR,
S0 O T ARIE S SR B BRSO AR B — 1, HON S5 R 3 S IR AH [V B ) — A
WBRSY T, 43 R SIS s R T b i B ARG C R SCBE C R Mk S BT
5 3 FrAthae, Gt A MRS T RIAR R AT KA, TR RS R R & 3-8 i
e HHGRTEEE AT, DU I 1 B0 R B whe it 2 AR B U Ao B C3 Jil - i e A vy T G
b JLREF . BRATREARZNNEE RN, WIRIEEAIE )y 5.05 A, BAKPHHE N 55
AN CO o, SRR EEA 11.53 4 CO2 0 F, TRMFERE N 20.97%

35



o5 3 &RV VAR AL

(b) 0.0006

0.0005

3-8 RB-CO: /1 (a) RKHEZIE (b) RDF Hh£R
Figure 3-8 (a) adsorption configuration diagram of Resin-CO; (b) RDF curve
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3-9 FHF-CO: /1 (a) RKHEEIE (b) RDF HhLR
Figure 3-9 (a) adsorption configuration diagram of Asphaltene CO2 (b) RDF curve
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B 4-1 (a) CO; (b) CHy/HSMAERWE
Figure 4-1 (a) CO; (b) Initial configuration of CH4/Oil miscible system
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Figure 4-2 (a) Configuration of miscible process of CO; (b) CHj oil and gas system
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Figure 4-3 (a) Four-component configuration diagram of CO; (b) CHj4 oil and gas system when

miscible phase is completed
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Figure 4-4 Two-dimensional density diagram of CO; (b) CH4 four-component crude oil
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Figure 4-5 Gauss calculation of the interaction energy of four components of oil with CO; and CH,4
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Figure 4-6 Miscible power and resistance of (a) Saturates (b) Aromatics (c) Resins (d) Asphaltenes
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Figure 4-7 (a) adsorption configuration diagram of the saturate CH,4 (b) RDF curve
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Figure 4-8 (a) adsorption configuration diagram of aromatic-CH4 (b) RDF curve
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Figure 4-9 (a) adsorption configuration diagram of resin-CH4 and (b) RDF curve
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Figure 4-10 (a) adsorption configuration diagram of asphaltene - CH4 (b) RDF curve
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Figure 4-11 Radial distribution function of four components in CO; and CH, system
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Figure 4-12 Miscibility of four oil components under different pressures in (a) CO; (b)CHj4 system
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Figure 4-13 Interaction energy of saturated hydrocarbons in (a) CO (b) CH4 system under
different pressures

IR, CAAE A, BATHIHE T AR S CH A EAER /) MAE S CH. 1
FEAER T, W 4-13 (b) fizs. 35T CHafk &R (HNBEE ML, FATKIAE 30 MPa
A1 40 MPa BAEAHZN /1, H 40 MPa iBAHZ) /7L 30 MPa 78 &2, X5 3RATHT A5 H Y
51—, f£ 30 MPa It MR FVRAHFEE N 41.27%, 40 MPa I, (EAE IR TR AHFE B2
N 62.74%. XWELEME, X T CHa kR, HAERGEGFRERBGIR, FEMINLL 40
MPa B RHENE S

X BRGNS, X T COa R R, RAMIKE SN 20 MPa, BEFRAFAHE IR
MR, BB IR N SR 2, AT 20 MPa J5, PUZH 43 5 i TR A R E 1 2218 5
X CHatk 5, SALINE 179 40 MPa, (HEEACRICE—f, U] CHa AN T5FH
S AN E SR —FEN S BERXS S, AT CO2v CHa W AR A R E4T
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AmIGTEE, B 4-12 f& 4-13 ] LI 20 T2 805 =, T LR &I, 7EFRSE %
I, COr AP & H M RARFEES T CHy RUAIREE, N CO AR T
X, I HMRIEENE A 20 MPa. X B EIE T 38ATZ T4, CO» R EA EMR IR
HEEST . ST COa Sifdk, TE COy RIS, B kit i, DUZH o VR ARFE B2 37
s VU RRARFR BEAK YO : WANKE) 58 ke) ) Wi M), m2HE COr UM
B, EAAER, WA A B R IR IR RN 89.75%, J5 A IR FITIA B i KR A
FEEEN 81.38%, QI FTis B B K TRAHFE Ny 33.81%, W7 ik 31 (1 i K IRAHFR
15.83%; BAAE CHa SUARIAEE Y, 25 78 25 A1 MUNTIE il ) 1) B R TR ARAR E N 62.74%,
0 A J I B ) S RTRAHFR B 31.05%, Ji i BITIA B ) S K IRAHARFE N 8.51%, W5 F
B B KRR N 6.78%.

4.3.3 HSRIBRE SRR E M R

AP AN, WA SR ARAT I G R 2 . AN TR TR R X — R R 3R, A
INTEHE O WUERMERIE AT, FEHHA TR R . IR R 2 2 LIS R AR R, R T
EGE I AR AR BB RS R A A AR, SHRARRI R IR AN T, E e, iR
FEF AT BRECR G R, S8 FRIssh R, RS ae I TR, [F
I I S BAE s R TR R A s TR R O T e, R A SR B R
B, AEARMAIRAREAE R R, SBORAA S RN, Stik, BL COx RN, T
HEHREUT COz 1 MSD BHZRINE 4-14 () FR, EEE CO, MY b b5 S 2
TEAHDG.

I, DLALANRE S, BRATT TS T AT e i i P82 A A0 1) A ELAE FH e it 2k G 1] 4-14 (b))
B, HUARRRTER R R FVRAHRE ), 5 CO ¥ BRRE I ANRII &, MAes
FERE, WAL S BB AR A8 /) 5B B U, TR COL 97 AE ) S IR AHBKE) 7 W R R
FABEH AR — TE— FL,  HENAG 7] G 3 BUR AR VR A RE BEAS B R A2 4
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Figure 4-14 (a) MSD curve of CO; system under different temperature(b) Interaction energy of
saturates in CO2 system at different temperatures

I B = AU VR AR BE T 5575, AT B T CO2 14 5 S CHafk R AE 30 MPa
AT, AR BEWR B A N IRARFR AR A R 4-2. 4-3, FRATE SXS LR Ak
FAF T VUL IRARFR RS, ATCARH A, FEAH R MR BE 2610 T, DUZH A0 HE COx SR
5 r R VR AR FE 38 AR T R B SR PR b R VR R LY, gt i, 0% FRIR S (5
Wi, XtF COx SAREL, B4, WHIRKRAATLE &M, BT ER, F,
T B R IRARRE R, AR, COn SRR TENR R PR FZ I ZE U 5 & S 1 A BT
AR AS AL PO R AR, B A o AR DUBRRZ T A AE, (R T e
PRI B R AEFR RS, (9 U0 B R S H i 3 T8 2 S0k, DB R AL 5y VR AR AL T
ZITTRENE; BA ISR T YA CO IR EARAL I FE o (1 B VR AR FE S , M RRAE
60°C A F A TRMFEIE 96.29%, 75 IETE 90°CHAT e EIRAHFEE 82.1%, AXTE 75°C
HARAAIRAMATERE 25.38%, WL 30°CHARMERMEE 24.98%. 70Hr CHy AR
B, BEAS S, WREETRMRRE R, R TR &R ERAs B URER)
WAL, (HHART CO R ET H VRARFE R, AT 432 1 Y 73 4E CHa iR AR
I AR T S R VR AR B, AR AE 90°CH A I IR 48.74%, J5 & EAE 90°CH
ARERMER 31.69%, KA 45°CRARFERMEK 8.51%, MHAE 75°CHA R
TRAHFRE 6.55%, XMENE TRATZATHEEe SHEM, A0SR TR AR RESE AR,
TEW AR BN N VR AL A BB 1L
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£ 42 CO-JFEMIUH /- BMEFEFERER

Table 4-2 The degree of miscibility of four components of CO:-crude oil varies with temperature

30MPa YAk 7tk JB )5t WA R
30°C 92.31% 73.25% 24.7% 24.98%
45°C 85.15% 76.87% 20.97% 16.28%
60°C 96.29% 65.03% 22.18% 20.35%
75°C 88.72% 76.7% 25.38% 14.33%
90°C 79.82% 82.1% 20.91% 18.27%

R 43 CHJRM AR RER AR

Table 4-3 The degree of miscibility of four components of CH4-crude oil varies with temperature

30MPa Ak 7R JB )5t WA
30°C 46.25% 21.37% 7.49% 6.24%
45°C 41.27% 28.03% 8.51% 5.91%
60°C 44.89% 22.16% 7.69% 5.12%
75°C 42.69% 26.07% 7.75% 6.55%
90°C 48.74% 31.69% 6.14% 5.88%

4.3.4 RSIRMERETIX R LE 43 B9 R 14

TEA/NTT, AL T AN IA BRI 20 5 SR AHFL B (2 me, AR % 44 DX HL ) S5 e 15
W, U E N 0.8579~0.9201 g/em®, “F-14 0.8923g/cm’ FifE A 7.4~422.3MPa-s, “F-1
88.4MPa-s, Ht[f i 25~35°C, P 28.4°C; FIEEN 6.6%~18.2%, T3 10.8%;
R B & 17.1%—46.9%, “F15) 34.2%, ARIEEHTEDL, K& HARXH (4-RE&
B 44) MARSUMREAR, SEIGRIEIRGEI Sy S EEEE, BRI ML 4 g
BRUA 2, 1R R B FE 23505 0.803. 0.901g/em3, 52K P2 0.816+ 0.892 g/cm3
WG, RYEIMEIMA R A — R A, &5 g 4-4 Fs.

K44 FEWIXIEE 44 XEFEH &S SHEEE

Table 4-4 Proportion and quantity of crude oil component in Niuquanhu block and Lu 44 Block

Ji i X B 2 B % 44
Hoy I A B s 5T A B &
A 53.87% 235 43.87% 191
Bk 18.09% 71 14.61% 57
Jiz i 24.26% 35 33.96% 49
=P 3.78% 5 7.56% 10
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Figure 4-15 Interaction energy of two types of crude oil in (a)CO; (b)CHj4 system

N T SR SE AR, FRATIREC T WAL SR E SRR R R PR ARFR R, B
RN 4-5 Frow, AT T BE & 45 R P — 2, =5 ZH 5 Ll i g i) R
oy R AR, TR COy SARIRETIL & CHy SMRIREE, MR, J5 B IR IR AN FL T 1Y
KIETFE, £ COy AEIELT, AR S FIRAHFEE M 85.15% T F&3 56.88%, 757
FE 5 R AHFEBE M 76.87% T FFH] 46.8%, £ CHa SUMAEIREEH,  HAEH 5 (IRAHFE
FEM 41.27% T FER 34.16%, 75 & A HRARFERE N 28.02% F P43 19.89%, HFZH
SHIRAHRR R AR, AT gt B 2E 40 R 8 o2 KRR P82 0 o1 42 S 49 AR AH
H T AT AR T TR 2R
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R 45 ADRENTHET AR X BRFMEHHREERE

Table 4-5 Miscible degree of crude oil components in different blocks under different injection gas

environment
HEAR CO; CH;

JiR i X B 74 P 1 % 44 24 P % 44
AR 85.15% 56.88% 41.27% 34.16%
R 76.87% 46.8% 28.02% 19.89%

JB 5 20.97% 23.83% 8.51% 7.1%
s 16.28% 11.82% 5.91% 6.43%

4.4 KRB

FEAE, WAVSBIFIIT TENTRA (CH- BT, IR R FE 45y LU 5
5 FE O JEHARONS EG ) 5 M) B 2R VR A PR

(D FFHENTER, BATEENT CHs 5IENT CO2 AT, ML, fER .
NI SEEHTT CHa SARIIRAERE ST, 78 T CO2 Lt CHa X PYZH 73 H A 5 58 (1 7
CAlEZEEG IR

(2) MT IR R, BAT T AHBAE %M. W T CoO kR, RMRWKE
JE 7374 20 MPa, RESRTFAEE IO RICBUR, HEEARNT IR N R J AR 2R, 8 1d 20 MPa
Ja, VUL RIhIRAHFE BE TR RS ST CHa R R, HRARIKE K F1N 40 MPa, {HEE Ak
SRR — M, i CHa AN T8 A 1% DU 44 i S (2 B i 4199 ) ANE A —
FENS

(3) W TR EE W R, RATECT AL IR B, JRATAF H 458, i iR AH
Re )5 RBUE S RS, B COL 97 RE ) S IR AR BK ) g 78 Fe 1 FH i i P82 A8 Ak — I
— N, FEUFE M TR AR FEFEA B AR 0 T CO2 1R R, AT fe e Bk B L FE R 60°C
FERERMIKERE N 45°C, RFABMIRE RN 75°C, W mimkE iz N 30T,
ST CHa k&, WHAERRIKEIRE N 00°C, FHEBHMIKEERE N 90C, KFRHRR
B 45°C, P ARSI 75°C.

(4) XTI 5y, FRATIEEEAF R X P 44 X JEMBE T X L, ANRE & A B
SINTIRAGE F I EIRAAR R, AP HEE, BRAS 2R MIBHEERR, JRH
NI, SR, 5K
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