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Abstract

Tight oil is one of the important unconventional petroleum resources due to its high
abundance as well as the wide spreading characteristic of accumulation. It has become a hot
research subject following shale gas. However, the extensive development of nano-pore throats
results in both porosity and permeability at ultra-low levels in tight reservoirs, which poses
barriers for tight oil charging. Uncovering the charging behavior of tight oils in nano-pore
throats and generating theoretical insights are indispensable to the subsequent tight oil
exploitation, evaluating its accumulation threshold, and promoting oil recovery. Nonethelesse,
due to the limitations of the current experimental techniques, it is difficult to directly observe
the tight oil charging at nanoscale, and the interaction between fluid and rock minerals cannot
be accurately characterized. In addition, the effect of these complex heterogeneity conditions
of reservoirs (o1l composition, lithology, pore size distribution, etc.) on tight oil movability is
still not completely clear. Recently, molecular simulation has been demonstrated to be a
powerful tool to explore the microscopic system, exhibiting the great potentials in studying
dynamic, structural and energetic properties at nanoscale. Therefore, molecular dynamics (MD)
simulation has been employed in this thesis to investigate the microscopic charging behavior of
tight oil. Based on the spatial characteristics, media characteristics and fluid characteristics of
tight oil reservoirs, the influence of geological heterogeneity on the tight oil charging behavior
was revealed, and the microscopic charging characteristics and mechanism of tight oil were
clarified. The main contents of research conducted in this thesis are summarized as follows.

(1) Influence of pore size on tight oil charging behavior. The pore throats of different sizes
(3/4/6/8/10/15 nm) were selected to systematically study the dynamic process of tight oil
charging, and 3 nm was defined as the threshold of tight oil charging. By analyzing the tight oil
charging force, the resistance mechanism during the charging process has been revealed, among
which capillary action (Jamin effect) and oil-pore-throat interaction are the main reasons.

Furthermore, based on the capillary pressure during charging, the contribution of capillary



action and oil-pore throat interaction in different sizes of pore throats have all been clarified,
and the influence mechanism of pore throat size effect is revealed. That is, when the pore throat
size is larger than 10 nm, the charging resistance is mainly exerted by capillary action. In
contrast, when the pore throat size is smaller than 10 nm, it is controlled by capillary action and
oil-pore throat interaction, and the contribution of oil-pore throat interaction will increase with
the decreased sized of pore throat.

(2) The mechanism of pore throat mineral compositions affecting tight oil charging
behavior has been unveiled. Quartz, calcite, kaolinite (0 0 1) and kaolinite (0 0 -1) are selected
as represented minerals in the study of charging behavior of tight oil. The charging
characteristics and charging resistance of different systems are different. Among them, the
quartz and calcite systems have four migration processes, while the two kaolinite systems have
only three. The charging resistance follows the order of Faolinite (00 1) > Faolinite (0 0 -1) > Fealcite >
Fquartz. By analyzing the interaction energy, adsorption characteristics and capillary action of
each system, the differential formation mechanism of tight oil charging behavior has been
uncovered. Combining the reservoir characteristics and molecular simulation results, the
dominant tight oil accumulation area is predicted. In addition, according to the equilibrium
relationship of charging mechanics, a molecular simulation-based theoretical evaluation
method for the tight oil charging pore throat threshold has been proposed, which further reduces
the range of pore throat threshold, and proves the possibility of tight oil accumulation.

(3) The influence of associated gas conditions on tight oil charging behavior is clarified.
Methane associated gas significantly affects the charging characteristics of tight oil. Studies
have found that the higher the methane content, the lower the charging resistance of the system,
in spite of the gradually decreased charging rate. The addition of methane reduces the oil-gas
cohesive energy and the interaction between oil-gas and pore throats. When the methane mole
fraction increases from 0 to 0.6, the oil-gas-water interfacial tension will also gradually decrease,
contributing to the weakened capillary action during charging. However, when the methane
mole fraction increases to 0.8, the oil-gas-water interfacial tension will increase significantly.
Comprehensive analysis of simulation results, the ideal methane content range should be a mole
fraction of 0.4~0.6. On this basis, the effects of heavy hydrocarbon gas (ethane, propane) on

charging was investigated. The study shows that ethane and propane are unable to affect the
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charging resistance significantly. Instead, they could significantly increase the charging rate and
further reduce the oil-gas-water interface tension, meaning that heavy hydrocarbon gas has
better promotion effects on charging.

Key words: Molecular Dynamics Simulation, Tight Oil, Charging, Pore Throat,

Heterogeneity
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Figl-3 Distribution of pore throat diameters for tight sandstone and shale reservoirs!!#
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Figl-4 Typical micrographs of nano-pore throats in tight reservoirs in China: (a) Oil found in
nano-pore throats within tight sandstone, Yanchang Formation, upper Triassic Series in Well Ning-57
of Ordos Basin; (b) Oil found in nano-fractures within Jurrasic tight sandstone in Well Gong-22 of
Sichuan Basin; (c) Intercrystal pores within clay of tight sandstone, Xujiahe Formation, upper
Triassic Series in Well Hechuan-1 of Sichuan Basin, pore throat diameter between 25~200 nm; (d)
Intergranular pores within quartz of tight sandstone, Member-8, Xiashihezi Formation, upper
Palaeozoic Group in Well Su-315 of Ordos Basin, pore throat diameter between 50~250 nm!®!
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70~400 nm Z [i], U HEDPKFLME RN AT 50~500 nm 2 (8] 55 NB5ER 2 8
T E K A O A R R LR A AT T gk, R R TESLR BN T
20~300 nm, FES3AiTF 50~200 nm. E 1-5 IR T BRI EUE fig 2 10 FLE BLAR 2 A
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Figl-5 Pore throat diameters of global unconventional reservoirs!!!
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Tablel-2 Density statistics of tight oil in China and North America!’-1%3"!

T ER SR (g/em®)
TRIR 2 M “RAREKAK TR 0.80~0.86
1HE e /K —RATEIH 0.87~0.92
gl TR K2R 0.60~0.87
e MRS dri v 4 0.67~0.88
FaiL HELAFILAH 0.78~0.87
SEIAAR R e 0.85~0.88
I i &4l 0.75~0.85
= 5 = 24F S 0.85~0.91
JER Ve %540 Bakken 41 0.78~0.82
Maverick 40 Eagle Ford 4 0.82~0.87

PRECES M E B LLAL, BB Al IR A IS A R K USSR R AR A (o i AR O P2
W JZ K8 B — B RIS, KA EFE CaClay NaCl 4. RAR UK T I Be )&
e GEFAE 90%LL B, HUONLke. ke T hess Bk, Wl RefF L — ALK,
AR A AR B B AR R BEAEAR KRR B RO M FL e, PR e B0
FEERT IR, 752 R G5 SR I ey S A SRR AL
1.3.4 BEMBESRETIE

FH G R vk ek ) 3 DIE B P SRR R, S0 Vi ek A 3L 2, I PR S IRANI
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TR B TP 7, X It = Bl = S0 AL 3 8O I k2 32 B, e DLE N B 1 e
P o SRR I R L FE A IS 7 IR EE P AN I RE , HIRIE s 52 5ok s 22« FLIMGR &S 1 S84l
RAETEZ KB TR A RAS R AL R GE . DU 7 W) S5 2 L e U0l A 5T
R, BUE M R RE R T CAE AT U S A AR

el
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Figl-6 Distribution of conventional and unconventional hydrocarbon accumulation types!®
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A0S Forp, At HOR (R BEEUE ISR TR . BRI R E B /P8Rl peilia
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Figl-7 Pore throat structure mode of petroleum accumulation!’-!
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X DX 3 P R I B2 R ) R B AE BRI 2 57, HLA b B R B R, b2
JE AN 2 1 e B s R i AR A B LR B P B 3 A AE 2~4 °C/hml1 6196031,
Bltn: BEoR 2 7 2 1S S IR B EE N 2.6~3.1 °C/hm, DY 1] 285 b T 45 3t T 6 T A
1.93~2.44 °C/hm, iV 3 1 1) ~F- 2 LR AP 252 ) i 5] 2.92~3.63 °C/hmee H [ &5 il U G
[ 71 R ARKTOR, 38 A AE 0.5~2.0 2 [7]13), sieas 2B Ik, th 7%,
X5 [ KR 28 T SR B A R 1S B A e, IR E AR AR K IR ) R B L
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225 SLBUE I FEEAT IR N3G 24 7% RO MM KR R < R 56, R 1-3 B4 ThEYE
b5 SR SO M A B ) R EURALE

#1-3 PEEILEBEMEEE S RE168192535

Tablel-3 Pressure coefficients of tight reservoirs in China and North Americal!-6-:8:1%.2535]

with &% EVAEY 4
LYE2 —Ea KA 0.64~1.24
HENE /K AT 1.20~1.30
g VN 2 1.20~1.72
e R T ALY 1.20~1.80
Faid HELFILHA 1.20~1.58
SRISAR ToeH 0.95~1.40
I i & e 0.70~0.90
= TR 1.00~1.20
JER Je %40 Bakken 41 1.35~1.58
Maverick 24 Eagle Ford 2 1.35~1.80
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BUR M R AT R A EE AT L, Bl Bls R MG TR K AL
Wk R GRS 2 AT 4 R BUE M T DUR A 783 ? RTERFIE AT 4?7 L 2
02 3 ) R0 ) [ 225 B S B8 T FR T AT S B T R
141 HERFREITATM

HHT, AT ECE R AT N, EEE ARSI, 7 Y AR S
(8526461 RN 22 B0 4 SOV = AT T o I G T 32 BRI FH — R 5 i 43 e sl St 1) 23 il
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REENSRIH— RASEIREA GER . SUiEEMR. SRR, ek CT. &
R BT BB, X SR ERATID, WS8R 2 W A e K 2 K 7 BB b A R AE (Rt
FLMk s SRR BRSO BT 04, SR Al R IR AT AP 9LA% 15 nm
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Figl-8 Scheme of tight oil charging and migration simulation experiment!6’!
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Figl-10 Water charging nanoscale capillary to displace oil!'"!

Le &5 NMOSRH 2> 73) 12840070, BEFE 1 B AE A S g oK FLIE N I #8470
FHE2 [ AL RST WA S0 TR B s, BRI DGR R I T A
FLARRIIE RTIIG R, B8 70 B3GR, RFa T LA P8 v B A e 2 5 R R, B £
Bt 7 FLE PO TS R R R T L A RS e, BEJS, Le S ANMIZRELRT R [
1T be/ — AR IR & R R AE A SR FLIE NI BT 9, R — AR e B T
PRIV FRIEIL BINIT, FRAR T IET e pW I ae 7y, MM 1L T bR ah k.

Zhan 55 NUER 78 2O AW 7T 1 3 MR LY (R, SEfhia.
MAD R SLE N KT BIAT A, BT ISLEE ERISE — BB K GiER S, s =
B2 oh K RS DB BEAE 58 — IR 2 BV, R 7 AR s 0 3RSl B R AL
TAEZ5 & Navier-Stokes Jy 2, J& T /K& FEATKE L SRAT | I SERIL %A%, R TA5H T
DS LR ALTE KR ER S EEAEH.

Wang &5 NUBERH 4373 ) AT VER 5T 1 /K Fe i3 A JEg oK AL, B Hh i
PO R (B 1-110). B R B B AR 1 CRURIAED U575 AR 1t o 40 53 B i 4
o5 5y W A S oK ALIE o 538k, W o AR ity 2 2 fu ) T SR AR AE P AR AR 5
4k, BHAFIXER IR, HE—0H, Wang 58 NUMRIESE 1A Sk AL O 7055 S IR E AL
i, RN ENEREAE A AR B e B oC B L, RIFRARIRAR [B] A 5K A 4] 142

19



HE i

e K FLIE PR IR RO, 1T v A AORS B U A A SR K ALIE R R AR

Oil Component

System ITI |- Tt
System IT |

System I

4.0 8.0 12.0 16.0 Time/ns

B 111 KFSHE R SR AL IR IR 21

Figl-11 Water charging quartz nano-pore to displace different types of oil components!!'!
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Figl-12 Shale oil flow in clay mineral nanopores!''!
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Figl-14 Oil charging and displacement in quartz nano-pore!!26!
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Fig2-2 Density characteristics under constant pressure and varying temperature conditions: (a) N-
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Fig2-3 Density characteristics under constant temperature and varying pressure conditions: (a) N-
octane; (b) 3-methylheptane; (c) Methylcyclohexane; (d) Toluene
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Fig2-4 Miiller-Plathe non-equilibrium molecular dynamics method for calculating viscosity
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Fig2-5 Viscosity characteristics: (a) N-octane; (b) 3-methylheptane; (c) Methylcyclohexane; (d)
Toluene
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Bond angle; (c) Dihedral angle
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ARIEEE R ), PRI IRAT B K 2 B AU T FU AR 2025 RGO i 1) 7RIk, I8 LU
BRI J LA A 73 SR B AR A 09, 114118, 120-123, 126,128 19T 3t gt AN J AR EL SO M PR BT . AN 3
W, BT I SRR S FAELE R A, BETE T P DL B S R SR TR DA R A
R, SRR 7313 0 S AR i S o )k T A AR S, F e S0 ik e T FL R
B B FRE O B F) s 1R, SRR eV AR TR BB L], IF R S8 B 4K FLIR R 2%
VRS ES G PvERnl AL IR I
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32 BRAERESSERWE
3.2.1 B HRIUA R IR K& LEIE

S B AR UM, FEH 44 (293 K, 0.1 MPa) R R K £ /3 AifE 0.80~0.90
glem’. B FRAELE R LY (B 3-1), HWARSERE (46.45~94.38%), F5F
TR AELL 23 1015 L2 BN 4.36~21.34%F1 1.26~30.82%, 1 & RS (CKZ /N
F 3 %) HIBH S AR 45 A H BTS00 [ b, A ST i R EU I ) SARA (S:
WA, A: 5ER, Re AER/ME, A WD HAMRFENSATI80, gy 7 — g $eiir
T SEPrE LRI B T TR R, SR SRR, FERAEER =R s, HR
B AN 65%:15%:20%, BT & ERIR GEW /N T 3%), ZHMEATE T
TAEH B 20 . BT @I SURE AR REE 12 a5, SBEECT I SIS 187, Ry
TR, AREEAEA SRR, AT RE R BB AL (S AR,
AREFER, NREIER, SN TEWWE 3-2 i, HESE, Hland R
T o TEA AR S HAE AR 3-1 PR

O Chang?

0-5
I)ong)ucnn;m[ ] 5-10
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B 3-1 BRI R 1)
Fig3-1 Properties of typical tight oil 13!

S1 ®o

B 3-2 HEWMATKDTERERS

Fig3-2 Molecular structure and code of tight oil components
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Table3-1 Tight oil components and relevant parameters

T Jii A b
4y K5 Ziam iV T H BT
(MW) (%)
1E = S1 CsHis 150 114 17100 16.21%
IS WAV S2 Ci6Hsz4 76 226 17176 16.28%
3-F R Bl S3 CsHis 150 114 17100 16.21%
FRELHA e S4 C7Hi4 174 98 17052 16.17%
# Al CsHe 50 78 3900 3.70%
4 A2 C7Hg 42 92 3864 3.66%
%% A3 CioHs 30 128 3840 3.64%
(3 A4 CusHio 22 178 3916 3.71%
TR N1 CoH 150 34 158 5372 5.09%
NS4 N2 CoH 160 34 156 5304 5.03%
I pf N3 CoH/N 42 129 5418 5.14%
B R N4 CoH20S 34 160 5440 5.16%

d 1 0 TR EHACS BT 6 nm AR
BEAb, RZBCE AR RYEAT T TN, DGR S FME . R SR I A o4
BUETE RSN 8.1x8.1x8.1 nm® (XYZ) HIIE TR &7+ (Bl 3-3). KA NPT K%,
f£ 298 K M1 0.1 MPa (Huffi 5% ISR, HEAT 1 10 ns W2>F3h /122l A
LAMMPS # (¥4 /8] 43 |29 (ave/chunk) THEZIR RV, BHUE TR 0.5 A

N—JZ, &2 ps i —XIHHESR,

Geit it R | ns WIGTHIEE. BHDAE SRR,

B AR R LN 0.84 g/em®, 5 MUR SR I B SE IS B (0.80~0.90 g/em®) WA R

&f o
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T ) = ML
5

8.1
nm

¥ . 30
%,

8.1 nm

B33 ATE®EETENSEmMRUGRET
Fig3-3 Tight oil system box for density simulation

322 FLMRRARM A RAE

HT T 2 o B FLIMR 254 BOA s EE AN AN 5 2% LA TR AR o] 3-4 A ), H
A BB BOR AR MR S S B FLIMR S5 ) . DRItE, T LRI E S, RIS A sl A rpr fLRRE
LA L ERE AP A HIE , A SCAE R P R AL A 0 7 R — R i AL LR S50 Chn
3-4 JEMFr ), SEILALRR 2 8] 28R A= FLIGE 1 FLAR R N ECR . F DRSS S0 il A 78

~1 um

Pore Body

H 34 BEHREE

Fig3-4 Schematic diagram of pore throat structure

B B MEE DR AL S B SR R FLMR A A, oy R O 2.3.6 749
TR, MWAEAERGER. ERME 7V ALEARY 6 nm IR R, FLRME SRR, £H
NFRSETEIK, IR S0 M SCE T FLMR AR R 220, LSS A4 ) 22 A7 9 0 R RT A 2 FLRRE
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8] CRIVEL AR AT SE e ) o O T AR RE S TEIE DK FLIGE, 24 8 10 2 A0 I 73 33 T
BRI EELE, B SER BEANIE, RS AR ERA . 5
Bk, O T 3 G S SR AL S AR AR RN, AR RO, 0 AR 2E A N TR — S i 2 X
s M 2nm, A 13.5nm) . BAR R MR N 3-5 (a) Bos, BaE R

N 2.46%8.6x45 nm® (XYZ),
(a)

EERROLE Bl E

B35 (a) BAKRIEET; (b) BERUERFED T30 2B R o T3 1R
B BETHR: % BEe; & g6 & 46 & Be; &Hn, ®2e; 5B ARG
Fig3-5 (a) Snapshots of the initial system configuration; (b) Simulation configuration of

equilibrium molecular dynamics (EMD) and the steered molecular dynamics (SMD) simulation;

Atom color codes: C, cyan; H, white; O, red; N, blue; S, yellow; Si, bright yellow

323 RIRE
WA R R 38 58 J i » KA R S 40900 15 B 90 7039, U3 i 4H 532K ) OPLSS 7137,

KA TR SPC M, HIfLMER A CLAYFF /13, higssngk 322 Firs. i o
TE RN R LAMMPS BAHAT, T VMD 8 AR OB ) 2 25 Bz AL 7Y
B B, RARE T REIT ARG E R, RARIIABAL . Y8 S0 21
PR, FRPIR BB E Y 353K, R I 20 MPa (BN, 76 76 47 I VS 26 s
R/NARTRIE J5 18] A S B g Pyl Py, LR AR ), HoR BBl 3-5 (b) fim). b
J& » 7E NVT R %5 (Nosé-Hoover #38 BEAT 4 ns (1111 7T 8)) 112 (Equilibrium molecular
dynamics) {1k, EMD 405 1 &AM BN 3-5 (b) FivR. Rl H SR = 4k 8 Wit
FaktE, #WrEEA 1.20m, SEKN 1 fs. RABHIE-BIH A (Lennard-Jones 12-6) i
RAEEA AR, RAEECHRMIRF AT, AR 2R L-J $6eR ARG 2
WS, KA PPPM BETFEKAEH ). R BAEHRIE AL R
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12 6 q q
O O ivj
V = 48-- —IJ - _IJ + # 3_1
non—bonded ij [ r. ] [ r. J 47T80rij G-

ij ij
NP e M oy RIFFEFAERE EAR, ry NIRRT @ A1 BIREER, ¢ =JETF i A, &
=8.8542x10712 C2-N""-m? N E 25 14 v $ .

R 32 BEWMASREENITGEH

Table3-2 Force field parameters for tight oil components and quartz

JiR R & (Kcal/mol) 5 (A) q (e)

C (Mifl%, CHs-) 0.0660 3.5000 -0.1800
C (MANE, -CH-) 0.0660 3.5000 -0.1200
C (A, -CH-) 0.0660 3.5000 -0.0600
H (Hifige, C-H) 0.0300 2.5000 0.0600
C (&R, =C-H) 0.0700 3.5500 -0.1150
C Gifk, =C-) 0.0700 3.5500 0.0000
H C5#&k&, C-HD 0.0300 2.4200 0.1150
C CHimER, COOH) 0.1050 3.7500 0.5200
O CHMIR -C=0) 0.2100 2.9600 -0.4400
O CHIHR, O-H) 0.1700 3.0000 -0.5300
H CAHR, O-H) 0.0000 0.0000 0.4500
N (MR 0.1700 3.2500 -0.6940

C (FEmk, CD) 0.0700 3.5500 0.4250
C (WM, C2) 0.0700 3.5500 -0.3590
C (W, C3) 0.0700 3.5500 -0.0080
C (WD, C4) 0.0700 3.5500 -0.1970
C (W, C5) 0.0700 3.5500 -0.1120
C (HERk, C6) 0.0700 3.5500 -0.0700
C (W, C7) 0.0700 3.5500 -0.3070
C (HEk, C8) 0.0700 3.5500 -0.5630
C (N, C9) 0.0700 3.5500 -0.0510
H (FEMK, HI)D 0.0300 2.4200 0.0280
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K32 BEWMASREENIGEE (8D

Table3-2 Force field parameters for tight oil components and quartz (continued)

JR 2R & (Kcal/mol) 5 (A) q(e)
H (mEk, H2) 0.0300 2.4200 0.1460
H (FERk, H3) 0.0300 2.4200 0.1190
H (mEk, H4) 0.0300 2.4200 0.1330
H (R, H5) 0.0300 2.4200 0.1130
H (mEk, H6) 0.0300 2.4200 0.1140
H (¥R, H7) 0.0300 2.4200 0.1570
S (HifE, S-H) 0.2500 3.5500 -0.3350
H (WK, S-H) 0.0000 0.0000 0.1550
C (Wikg, C-S) 0.0660 3.5000 0.0600

0 (KD 0.1554 3.1655 -0.8200

H (O 0.0000 0.0000 0.4100

Si Cf5) 1.8405%10 3.3020 2.1000
0 CF%,-0-) 0.1554 3.1655 -1.0500
0 CaA¥, O-HD 0.1554 3.1655 -0.9500
H CH¥E, O-H) 0 0 0.4250

VTR AR AR W, SR M 7e 3T 52 B 1 0 2 iR e Ik sh 21880 Oy T R S T
IR 1M P AR R CRIBRZ) /g A ZE W 386 0 I e 2835 BUAR A SFATRPIRES ), R A e
5 F 5 71% (Steered molecular dynamics) F4UJ7 V%, Z I VAN R =4 — A WEFF
GRIG R SAEE ) B Y Z B E T In)Re 5 0 B A S ZE I B0 b, AT HAENE E
&3 (P + P WEEal By AR, hrfior 13 R B K 3-5 (b) FraR. Fif
vamrIVAL Y EPNOEES AR SV 1l

F=K(Z,+Vt)-Z, (3-2)
X FORIER ), KR zh B R4, HAEKA 1 E 9 0.001 Keal'mol ' 'nm™, Zo &
TEANNE ZEAE Z 7 1A L IRIAE AT B, v R R AR Z BhE Ty ) (e E B A A, AR
Wy 0.001 nmeps™, ¢ RFAE],  Zeow & 72 MG ZE BT oY Z Hl1E 7 1) iR SER A2 E
SRR RIAT 10 ns (IR 53730 ) B0
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33 HBR518
33.1 HEFMMMIEEEEIE
AT B TR R, T RGO O A AR . 32 R R IR E A
AT AR 2, B el s 28 R s ) BEE BN R s Ah . IR, Siit THEA
FLIGE BB T ) BERAA [E0 P38 £, B T80 (AR AL BE S E — e R b A L i o
78RR, BB IR 750 ISEIREOR, R 78 R A bR, PIA% 2k an &l 3-6
(e) PR, N T BEFEANSLRIIKIR 7, & AL H X380 Z HiiEJ7 9 () 15.2 nm
Kb, Gt aox B HRR TECE, BUYER T R RS R 1, TR E A
T RAAMIS A S B8 H Hr ek 1, B0 23 7 1R e % B s AN 2 5 3508 R 10 H g L T4
AN, T S R A A I R, RE T SR BRI R AU oy BB AL ]
WAk, T WAE MR, W 3.6 (D i,

(b)
1.25 ns
(@)
= 57ns
€) ooof ™ B ' 7] 5000 ®
0018 b —— NP 4500 120 Ifﬁ‘f éﬁ
o016 — HENFLIE BRI T 4 B - 4000 1000 W;Nﬁﬂ’];fpfi‘;zﬁ_
00141 13500
E',< 0.012 F 3000 - = 8f
— i ] ﬂ =
g oo 2500 ol
S 0.008 - 42000 = =
> = %
= 0006} 4 1500 H a0}
R ;
0.004 - - 1000 : 11
20} :
0.002 - 4 500
0000 C 1 L 1 1 1 1 1 L1 1 1 1 i 0 L 1
0o 1 2 3 4 5 6 7 8 9 10
MBI 8] [ns] BUBLE 1] ns]

B 3-6 BEMAESKILENZIELE: (a) 1.25ns; (b) 39ns; (¢) 5.7ns; (d) 10.0 ns;
(e) FAFEIANHENFLMRRIBRE T4 B BB R BB AL; () RBILRAIE B B AR i 5
Fig3-6 Dynamic process of tight oil charging nano-pore throat: (a) 1.25 ns; (b) 3.9 ns; (¢) 5.7 ns; (d)
10.0 ns; (e) Changes in the spring force and number of carbon atoms entering the pore throat as a
function of simulation time; (f) The variation trends of the reference point position and COM
position of the piston

B4 IhEin G 7k R AT AR FEDIRES, 2 A — 2 ks, R s 11 it47 %
WHE (CanlEl 3-6 (e) HELLR) . MRAERHIE 28 s AL n] DLIX o 80 i e vl /2, 7eiE
IR R NI B, Wi 3-6 (e-D) Fias: MBI URIEEYED, B wIG i &
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ZWTIE TS B FLME AN T X 38, (B 3-6 (a)), X —FBEsfE il ok, (i r#
ENARNS o (A A 70 00V 26 5 RO TR (R PR RS A P o, R BHARE IS B JR e IR — 58
HIBH 77 BB T2 B0 M ) 787 pr B, AR A8 T AL IR BT AE AL 1 X 350 i
T (& 3-6 (b)), 3 T AN NFLME IR B S5 T BORR B8 N, I B 2k BT o LBy
B rb R Al DAE S8 T FEAZ By, T 26 -5 MR A0 m 2 R (R PR B K, R BVMAR7E T E AL
WIS S22 T RS . BESE, AR B B T GRIZRBL D, MR B b
BB HEAT JUFORFFTE — MR IRAS, RN (B S 7 0 R e M g i fa %%, 3%
FE 5 DL R 2 [B] PR BE B ZE AR ORRF AR E . R IIIRS) JIFIRH S AP, Il AR ZE FLIE A
BRFRE MRANIRAS . BLJSF B IV 305 ) RONE BT ok, (LR R A) Py FiA 31 T
RS GBI B 1D, BRIRTHCE BEARGRELN, (H Gl 3058 = B BT s Btk
55, REZM BN B0 M 7 2 E) T —E RIBRRS, (HBKE) J3E K5 ST T K
P77+

B2, WA T AU RS R, AL T BUE I R EFLME B2 4 3 nm. 4 nm.
8nm. 10nm 1 15 nm MR, AFEERAMAHSE YIIRBRA 5150 ) 5400
Rk 3-3 fE 3-7 fios.

£ 3-3 4/8/10/15 nm A R P EF WA S K FEHE

Table3-3 Number of molecules of tight oil component in 4/8/10/15 nm simulation system

77 H
HH 4y K5 7R
3 nm 4 nm 8 nm 10 nm 15 nm

1Bk S1 CsHis 100 114 186 224 312
1E+oNkE S2 CiHz4 50 58 94 112 156
3-HIE Pkt S3 CsHis 100 114 186 224 312
IR O S4 C/Hi4 116 132 216 260 364
S Al CsHe 34 38 62 72 104
P A2 C7Hg 28 32 52 64 88
B A3 CioHs 20 24 36 44 64
E[= A4 CusHio 14 16 28 32 44
T8 N1 CoH 1302 22 26 42 48 68
BN oicy N2 CoH160: 22 26 42 48 68

48



AR (4O 22 S

Table3-3

F 3-3  4/8/10/15 nm EH AR P RIBEM S T (82

Number of tight oil molecules in 4/8/10/15 nm simulation system (continued)

o FAH

H 5y K5 1R
3 nm 4 nm 8 nm 10 nm 15 nm
IS IR N3 CoH7N 28 32 52 60 84
B RO N4 CoH20S 22 26 42 48 68
WIgHHR EMD#4 %! SMD# %!

3 nm

4 nm

8 nm

10 nm

15 nm

i
|
|
2
L
!
:

L] |

B 3-7  3/4/8/10/15 nm BEHE RFIFIMEER, EMD f#AZF1 SMD W&

Fig3-7 Initial model, EMD configuration and SMD configuration of 3/4/8/10/15 nm simulation
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Fig3-8 Spring force as a function of simulation time with 3/4/8/10/15 nm systems
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BUE M A AN R RS FLME AR 2 832 3R AR AN 18] 3-8 Fiross, W LUK ILER 3 nm 1K &R AP,
HARE R PR FRES R E &S 6 nm AR RARLI, BI5Z 710688 KaiE 3
FAXTPATRIRZS . BB IV 0 NS0 787 52 J1I8 8, AT BEFL I ELAR 1Y K
P S AE AL T 2 RS E AN BN (BB TV, IR AR 5538 0 R B8 it 78 v FL
MRAIE AR Ao WX T 3 nm AR ZR, FEAH FERLIDLN 18] A L3 S8 T BT TA B ETIRES, &R
RAZAR 2 7 EE AR A SR B A RE A H e iR 77, BRI 3 nm FLIRAA SRARSEIE IO 2478

o

332 FLERSTBUNAISZAHLH

WRAE 3.3.1 W Eg T, BRI R P AR AR ARRAE,  RIARAE 78
VERIRE BB BY B 32 2] 1 B SR BEAG o O T 4R s SO TS E A RO LI, XA - ]
AR ) AR ELATE P ATROUL 5 T 280N ) 5 T i 4 45 2 AL A e 28 Sk LB (1)
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B 3-9 BEMEREIEFHAREEL: () BREE, KJ: (b) FYRE, KJ; W-FIRHEE
fERRE: (o) BREE, KJ; (O PIREE, KJ
Fig3-9 Cohesive energy of tight oil during the charging process, Eqi: (a) Total energy, KJ; (b)

Average energy, KJ; Interaction energy between tight oil and pore throat, Eiipore throat: (¢) Total

energy, KJ; (d) Average energy, KJ
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AT A B S AR (Bo) AH-FLIA] BAEHIBE (Eoil-pore throat)» A1 3-
9 fizse HIT 3 nm AR RRBEIE R T THPIRES, IR SEA 2R R AT RS
FEARE I RE N A I Ros BE B AL U7 7 B8N, SvREA A aeg s, Hoe, M1
AR, HEERELSEE LIFANE (K39 (a), HILKRESERNERERERR
PAECOE S (R AR 20 720 H . DRSS R AR R B0 W A R ae T e (B 3-9 (b)), /]
PRI, Bo i) A R REHIL 5 SR R A e IR BrBLT A, T e i 28
IR AR AT AR SR 4 A T IRAR, SBUIE R R N R B L AR A g,
AR P RAE B AL DT S48 IBEAS 7= A B 7eiE. Bric I, ilAR st A fLk,
155 KR I 7 2 SUMARGUR ZURA0, SR R AAT N SR REE— 2B n. BEJR, SRR
RN RREE R MRE AL RITMARE 2 SRS . WK 3-9 (b) ATLURIL, 4L
W RS0, JrAH PN SR B AR AR PR, T IV AR P SR AR IR /N RS LR o sk i) P
TS B vy AERT B I AT IV AR, AR R AR A SR REIZ IR TS, IR AT TR R
IBTa6 A AL, IXRINIAN FEIE AL IR (0 N R AR T AR E N R 22 B
B, AR BT AR E NSRS, AR BERI AL R Bt —E RIRE T, (2 AR AEGK
FLME A RS RESLBHIN ,  IRAE RIS &% 783 B A0 77 A2 ] S 20

FLK, AR S FLMGE ] AAH LA th S s 7EEAT Y, il Gt 1 - FL AR ELAE
S REREATTYIRER. HIE 3-9 () ATUUEH, BTAEREEB R L3712t
ANAUME,  RLIZ B BUR M -FLMEA EAE AR 58 G FT%); BrEc T 2FrBc v, Jil
AR R HEN AL, FUEEXHHAR A ST 5, I -FLMRAR BRI 9. 538k, O 1o
M RAL AR 5 AL RIS &, THE T 6 nm FLMR A R R Ses i 4l 8 A (&
3-10 (a)). FETHEAAMAT LG H, AER SR I FE BT AL Mk 1h A 9 0 2 AT W S i SR 4R
178 BB 5REU T AR AR FLME A AT LI (B 3-10 (b)), AT EURELAN 3
ARk 71 E A AR 1 ALK T b o T IRBRAET . AR o3 O 12 25 (21 Bt 2 T L
TR, T EATT A P M BN 5 A 2 5 LR TN M 55 e e TR A R AR LA UL, S ok
D AH B FRVE TR I R AR B g0 DRI, R A 50 5 L Mk 3 T 18] P B A A FH R8BS e
FFEE A8 — s Bl iR (BB V) ) — A B R R .
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Fig3-10 (a) Density distribution of each tight oil component in 6 nm pore throat system; (b)
Distribution of non-hydrocarbon components (N1, N2, N3, N4) in 6 nm pore throat system

e AR AR B R B4 DX A N AR SR, 3ot AR Al S04 00 LA 2
RSN F122, 3K T AR AN ELIE SR AL A R S R O R, T o SR B
MR R FJAKT 4, 1K BP9 B{BUK0R, (Jamin effect) 100191, 128 Ryl AR 7873 2 31 7 =
BAEH . AR RSLIER IR K, R o A KB, BRI i) = A v %,
DALk B BB T A PR 7 RO -

AP = a{i- i) (3:3)
R R

2

P APTMAHBENFLMEIN B S 72, o ili-ZK SRR K 77, R AR 7353 i A AE FL g A1
A AT, STRCSORN 7R e B E3- 11 3R o Btk LGS b AH S oL T4
R BN T 55 K, o KT Re. BRI, AP SUE, 022wl il Al 78 E R AR
[J7 T, HRBOBEAG 78 B4 E IR T .

|

|

- |
|

B 3-11 RN () &~EEMY; (b)) PSR EE

Fig3-11 Jamin effect: (a) The schematic diagram!'*!l; (b) Equivalent schematic in the simulation

T BIR AR R, B AR SRR R 3 2 B LR BAE R A4 S TR
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SR, AR P RR RS AR FE O 78 0E BE D R STk M R 48, IF B ARVERR 0 5 AL T TR AR B
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B FxNx4.184x10"
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Table3-4 Conversion of threshold charging resistance

-4

L Rt SR 5REE ) TH R TR Il 5t 7e33 FE
HERFHHE

(nm) (Kcal'mol1-A-1) (m?) (MPa)
4 0.02769 396 1408%10720 54.13
6 0.01499 516 1848x1020 29.09
8 0.00932 636 2288%1020 17.99
10 0.00670 756 2728x1020 12.91
15 0.00416 1056 3828x1020 7.98

B, NTERAE S, HATPLUEE 4 i Young-Laplace 52 (MIKAR) 1155
2], HRITERFRIE LT

20 c0s0
r

K, PAHBMEIRT), o NMKFTTRT), 0 A=AAHRS, r NEME L. Eid5
T T i T oK S sk A = A A (& 3-12). Frisk o
B AR KB AE R~ N 4.5%8.4x17.2 nm® (XYZ) (A& T, 7E 353 K Al
20 MPa {45 1F T, SKH NPaAT REZGHAT 6 ns RIS AR R, Bl SR NVT R4
BEAT 6 ns R DUREERE . —AHEAR A V5 B IAR A KOO T AR b, B
&1 RN 2.46%20.0x16.2 nm® (XYZ), RAH NVT REZEAE 353 K 54+ T i#E4T 4 ns 1
X, 18IS VMD 1) QuickSurf DI EER & M-/K AL, FHAEBIERG 1 ns N AERS 0.1 ns Wl &
— ¥, G ME: A, T HERHARIE D), EAKA TR S U — R
P 37 S T 0 38 LT3R T 1 K /Ny 20 MPa ITEE £ 77
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(b)

B 3-12  (a) WOKFEBIHERE: (b ZMERATERR
Fig3-12 (a) Schematic of oil-water interfacial tension calculation; (b) Schematic of contact angle

calculation
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Fig3-13 The pressure vs. pore throat diameter obtained through different calculation methods
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E3-14 (a) BMAKFESFHERS: (b KEREERAKIE Y HREE S
Fig3-14 (a) Schematic diagram of calculation of the density distribution of adsorbed water; (b) The

density distribution of water along the Y axis in different systems
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Fig3-15 The relationship between adsorbed water and the pore throat size
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AR LB (] 3-15 PRI T WK S BEE Tk 8 BE A k3RS, KK 2
IRTHAME L (0.98 glem’®) [ 0.5 FHIF2), DA 24 i 2 - /K 5 1 ) 73 X dske - P
B 3-15 nf LUE Y, BlESE FLIRRCST IE K, WRBR 7K o 3 Lk 2 [ £ LA a0, B B
KIS FUMGRAT R EAR USRS o« X A T AR 17 D T 8 B /N RS IR AL A 2R (A 4 nm)
H, M RITRETH R AE RSB A R [ 2= 5 5 K. (H 55— T3, WRBR 7K 0 52 B Lk
FOF 2B RIS . ARG K& A (B 3-14 (b)) FFAERTHA, 4nm LER
PR A AFAE BRI 7K 111 A% FLMGE AR 28 A7 AE ORI B K o Ot F 4 nm (1044 2K
N T PREMARFEE N FLMEIN BA 2 W AR S0, B 1 W 0 RS E 1O 28— 2 PR 7K A
HARFIKN L 2R 1o MAEADS KRSFHIFLIE (6-15nm) AR R, AR EAT
MBI AR 2 8], BV ER R B K S 0 SR i TR R A ELA R R8s, A S B E
o AN, KIT UM B K 5 5 R A2 B AE — e B EAR I, TS
M 575 2 R PR PRI B AS E 1 ELy BRE A BTt o, XA 3801 KRS A B IS

BT BRI, KA ILAR R A R E AR AR R EHATE, BIE T
BME L REIR . BRI EITE S R 3-13 K G2 AR 3-5 R, B
b, EEHR A BANE ST INRIL T 1 s S AR T R YT, R T 10 nm
A 15 nm A Z . SR10, XFENRSFFLAR R, B 15 A (45 RAIR S HULA5 RAFAE R
REF

F#35 BEBFEESN

Table3-5 Correction of capillary pressure calculation

FLgE R SR AL L MR ITE T e W RITRE T BN R )

(nm) IS 78RR 71 (MPa) 71 (MPa) BT R EEfE TR (MPa)
4 54.13 24.71 30.89
6 29.09 16.47 19.77
8 17.99 12.36 14.54
10 12.91 9.88 11.23
15 7.98 6.59 7.38

B8, R TM-K AR IR . SERET, Sedghi 55 NU2IWHFE 1 U5 AT 9K SL
T8 AR - SR 5K A O, B3 AR 2R R R 7K 31 A s AL R P S, T XA —
€2 EHISS TR AR IARR], S EBuh-/K S P sk gn. AT, g
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Fig3-16 (a) The distribution probability of the angle between the water molecules and the pore
throat surface; (b) Characteristics of oil-water interface in nano-pore throat
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PRI W5 oy Bl RB235), [ 2% S g b s W sy, IR T A, TR
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Fig4-1 The construction of nano-pore throat: (a) Quartz; (a) Calcite; (b) Kaolinite (0 0 1) and
Kaolinite (0 0 -1); Atom color codes: red, O in quartz and kaolinite; bright yellow, Si in quartz and

2.57 nm 2.57 nm

Kaolinite (0 0 -1)

kaolinite; white, H in quartz and kaolinite; pink, Al in kaolinite; green, Ca in calcite; cyan, C in
calcite; gray, O in calcite.
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Table4-1 Force field parameters for calcite and kaolinite

JR 2R & (Kcal/mol) 5 (A) q(e)

Ca (J7ffA) 0.1000 2.8720 2.0000
C (Jif#Aa, COs) 0.0576 2.7850 1.1233
O (Jififa, CO3) 0.1554 3.1655 -1.0411
Al CGRIBAD 1.3298x10- 42713 1.5750
Si (R4 ) 1.8405x10° 3.3020 2.1000
O (Hif, -0-) 0.1554 3.1655 -1.0500
O (=&, O-H) 0.1554 3.1655 -0.9500
H (Fikf, O-H) 0 0 0.4250

422 BEHERERRMEE
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LAMMPS AT 43 T3 J1 20540, FIFH VMD 34 AR 40l 2 24 s A 5 i i 784 P
P~ 7013 1 A 7 5 8 1 B B A S 3.2.3 A HE, AR L
WA IA R BT AR B ] 4-2 P

(b)

® aH
L.
@
1y L)
o1 00 -1
L. L.

Bl 42 FLEBAERYTIERR: () AF; (b) HT#EA; (o &KRA (001); (A ®mikA 00-1)
Fig4-2 Initial model of nano-pore throat system: (a) Quartz; (a) Calcite; (b) Kaolinite (0 0 1); (d)
Kaolinite (0 0 -1)
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Fig4-3 Dynamic process of tight oil charging nano-pore throat system: (a) Quartz; (b) Calcite; The
snapshot of tight oil charging nano-pore throat of quartz system (c-f) and calcite system (g-j)
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Fig4-4 Dynamic process of tight oil charging nano-pore throat system: (a) Kaolinite (0 0 1); (b)
Kaolinite (0 0 -1); The snapshot of tight oil charging nano-pore throat of kaolinite (0 0 1) system (c-f)
and kaolinite (0 0 -1) system (g-j)
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Fig4-5 Simulation verification of different systems
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Table4-2 Conversion of charging resistance of calcite, kaolinite (0 0 1) and kaolinite (0 0 -1) system
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Table4-3 Prediction of tight oil accumulation threshold
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K51 ARRRGEERTHAL > TH

Table5-1 Number of component molecules in different methane content systems

AR G R IR 3 KR A R K T 0 H

oy 1R JRT %

0 0.2 0.4 0.6 0.8

1E=EhE CsHis 26 150 142 132 116 86

N5 WAV CicHz4 50 76 72 66 58 44

3-H Pk CsHis 26 150 142 132 116 86
GIE- S NwV C/His 21 174 166 152 134 100

ES CeHs 12 50 48 44 38 28

P C7Hy 15 42 40 36 32 24

% CioHs 18 30 28 26 22 18

E[3 CusHio 24 22 20 18 16 12

TR CoH;50, 29 34 32 30 26 20

AN S % CoH 1602 27 34 32 30 26 20

=0 CoH/N 17 42 40 36 32 24

BRI CoHa0S 30 34 32 30 26 20
F e CH.4 5 0 198 488 964 1928
Sy = 21190 21052 20956 21062 20378

B, - IR AR R AUKBCE TILMESE /b, e/ A PR B TS 28, 15 51 ]
TR RIHIAERAL . HBEBE R 7340 0 R R W] 5-1 () B, HARIMN G5 AR &
VIR 5-1 (b-e) From. B TTEMAH FOIIN B e mT e - S5OBADU T JHy - <A 3R 7 A B
BRILG, DRIl FH e BE JR 73 4 0.2~0.8 1R RN AL 7 RO HE Z Bl Bk AT o R, g A
I S B0 AR R, 0.2~0.8 A& RN G T RSN 2.46x8.6x70 nm® (XYZ)
(K 5-1 (b-e))s
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(b)

(c)

@

(e)

5-1 AN FEERS B ROPEEBEL: (a) 05 (b) 025 (o) 0.4; (d) 0.6; (e) 0.8; H
FErEit. 820, RFRPPKRET; 26, FRPISET
Fig5-1 Initial model of different methane mole fraction system: (a) 0; (b) 0.2; (c) 0.4; (d) 0.6; (e) 0.8;
Atom color codes: violet, C in methane; purple, H in methane
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2 fIoR e XF BT 1A RIEAT 4 ns (P75 2) 1% (EMD) #E48L. Bifhi 7312 1% (SMD)
AT, 25 R B B 2% S0 AH AR DL RCR T AR R BE R FLIE BRI AR [R] 4k 2R 119
SMD RN [ H BT AN, HOREEE /R 7040 0 F1 0.2 1A &Ry 10ns, 0.4 1A KRy 12ns, 0.6 14
N 15ns, 0.81KFRy 19ns. HARARR LB B 3.2.3 i

#52 WENI%HSH

Table5-2 Force field parameters for methane

Ji R ¢ (Kcal/mol) d(A) q (e)
C 0.0660 3.5000 -0.2400
H 0.0300 2.5000 0.0600

53 HER518
53.1 FRESBE R EIT AN
o, $EELT EMD BERUS MR R (B 5-2). ATLURIL, BERE R B AR A0
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P, PR TR REARFAEEEIE R, MH G EER 8AE 0.2 A1 0.4 B, HILGEEEA
SYECTF AR R, H 2 G BE R A BOA E] 0.6 AT 0.8 I, Sl AR RIAEE S B A A A
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P, RS2 S K E 15 R E 5-3 FHEl 5-4 Fs

B 52 AREREK EMD BERIE: (a) 0; (b) 0.2; (¢ 0.4; (d) 0.6; (e 0.8
Fig5-2 EMD simulation configuration of different systems: (a) 0; (b) 0.2; (c) 0.4; (d) 0.6; (e) 0.8
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Fig5-3 Charging characteristics of different methane mole fraction systems: (a) 0; (b) 0.2; (c) 0.4;
(d) 0.6; (e) 0.8; (f) Charging force summary
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CH=0 CH4=0.2 CHy=04 CH4=0.6 CHy=0.8

B 54 FRERNSEHE

Fig5-4 Dynamic configuration of different systems
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Fig5-5 Changes in the interaction energy of different systems during charging: (a) Cohesive energy
of oil-gas; (b) Interaction energy between oil-gas and pore throat; The energy calculation includes
methane
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FR ot JBE JR 40 4

56 (a) AAFRESERM-SKERER,; (b) REERKFEHKS
Fig5-6 (a) Model of oil-gas-water system with different methane content; (b) Interfacial tension of
different systems
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(a) CH4=0 (b) CH4=0.2
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(c) CH4=0.4
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FigS5-7 Interface configurations of different methane content systems
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Fig5-8 Density distribution characteristics of oil, water and methane in different systems
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Fig5-9 Initial model for ethane and propane systems (Gas mole fraction 0.6); Atom color codes:
Violet, carbon atoms in ethane and propane; Purple, hydrogen in ethane and propane
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(a) C;Hg =0.6 (b) C;Hs =0.6
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B 510 ERFHFHWE: (a) Zhi: (b) FWhe
Fig5-10 System dynamic configuration: (a) ethane; (b) propane
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Fig5-11 Charging characteristics of different gas types: (a) Ethane system; (b) Propane system; (c)
Charging force summary
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Fig5-12 (a) Oil phase cohesive energy (E.i1) of methane, ethane and propane systems; (b)
Interaction energy between oil phase and pore throat (Eoipore throat) in methane, ethane and propane
systems; (c) The number of oil-phase carbon atoms entering the pore throat in methane ethane and

propane systems; The energy calculation excludes the gas component
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Fig5-13 Interfacial tension of ethane and propane systems: (a) Simulation configurations; (b)
Simulation results
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