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Abstract

With the continuous decrease in conventional oil resources and the increasing national
energy demand, the development and utilization of heavy oil resources are of great significance
for promoting sustainable social development and guaranteeing the national energy security.
The high viscosity of heavy oil poses severe challenges to its efficient development and
utilization. Currently, the cold recovery technology is an effective means to realise the
successive development of heavy oil in the late stage of thermal recovery, and the in-depth
understanding of the viscosity mechanisms of heavy oil is the theoretical basis for ensuring the
flow guarantee and implementing the chemical compound flooding technology. Heavy oil
contains a large number of polar heavy components, such as asphaltene and resin, which is
usually considered as the main reasons for the high viscosity of heavy oil. The essence of this
is the complex interaction between heavy oil components and the aggregate microstructure
centered on asphaltene. However, for a long time, there has been a lack of in-depth
understanding of the intermolecular interactions of heavy oil, the microaggregate structure of
heavy oil, and their relationship with viscosity. The wide range of aggregate sizes and
morphology characteristics in different heavy oil systems have also obscured the essence of the
microscopic viscosity mechanisms, which has gradually become a key bottleneck problem
restricting the design and development of highly efficient heavy oils viscosity-reducing systems.

Therefore, this thesis develops a research method for the viscosity mechanisms of heavy
oil based on a multiscale simulation method coupling quantum chemistry calculations with
molecular dynamics simulations technologies. This approach overcomes the limitations of
traditional research methods, achieves quantitative analysis and characterization of the
interactions between heavy oil components and the microstructure of heavy oil, and reveals the
characteristics of the macroscopic viscosity response to the microscopic interactions between
molecules and the structure of the aggregation states. It has gained new insights into the
scientific problems of "microscopic aggregation states and viscosity mechanisms of heavy oil,"
and provides theoretical guidance for the design and research and development of viscosity-

reducing systems, which is of great significance in promoting the development of low-carbon
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and high-efficiency cold recovery technology for heavy oil resources. The specific research
results of this thesis are as follows:

(1) The molecular interaction mechanism and viscosity determining factors behind the
anomalous phenomenon of "dispersion induced viscosity increase" in asphaltene aggregates of
heavy oil are elucidated. Utilizing a multi-scale simulation method combining quantum
chemical calculations and molecular dynamics simulations, the dispersion performance
differences of target dispersants are accurately predicted and verified. The van der Waals
interaction-dominated m-w stacking effect is identified as the intrinsic driving force. Excessive
intermolecular interactions between the dispersant-asphaltene lead to hydrogen-bonded spatial
networks and strong aggregation structures, resulting in an abnormal increase in system
viscosity, and the simulation results reveal the significant roles of "external molecular friction"
centered on asphaltene aggregates and "internal aggregate structure strength" constructed
through hydrogen bond cross-linking in regulating heavy oil viscosity. The important role of
the dispersion of heavy oil aggregation structure on viscosity has been preliminarily
investigated.

(2) The micro-mechanism of viscosity impact by heavy oil aggregates has been
summarized. Different models of heavy oil with varying degrees of aggregation-dispersion have
been constructed to analyze the molecular interaction mechanisms between the microstructure
of heavy oil aggregates and the macroscopic viscosity characteristics. The study has
summarized and explained the nonlinear "V-shaped" viscosity change curve, clarifying the
intrinsic connection between heavy oil viscosity and its aggregate structure at the molecular
scale. It has revealed the physical picture of heavy oil viscosity induction, emphasizing the
dynamic competitive balance between the two structural viscosity-inducing factors, "external
molecular friction" and "internal structural deformation" under different heavy oil aggregation
states. The study has provided deep insights into the sources of heavy oil viscosity, elucidated
the structure-shear response characteristics-heavy oil high viscosity relationship, and has
enhanced the theoretical understanding of heavy oil viscosity induction.

(3) The effect of trace water on the micro-aggregation-dispersion characteristics and

rheological properties of heavy oil asphaltene has been confirmed. The modes and intensity
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differences of the impact of trace water on two types of aggregated heavy oil has been examined.
Two interesting viscosity influence mechanisms have been identified, which the viscosity
increase in highly aggregated state crude oil and decrease in highly dispersed state thick oil,
showing that different aggregated heavy oils have different viscosity determinants, highlighting
the universality of heavy oil viscosity mechanisms. As water content increases, asphaltene
molecules transition from bulk phase aggregation to interfacial competitive adsorption, leading
to the formation of new oil-in-water aggregation structures and a shift from aggregation-
induced to emulsification-induced viscosity reduction. These findings demonstrate the
theoretical feasibility of regulating heavy oil viscosity by manipulating the aggregation-
dispersion state of heavy oil complexes, providing a foundation for designing heavy oil
viscosity reduction systems.

(4) A new strategy for reducing heavy oil viscosity, termed "disrupt strong aggregation,
promote weak aggregation, break old structures, establish new ones," has been proposed. This
strategy is based on a deep understanding of heavy oil's aggregation state and viscosity
induction mechanism. Researchers studied the molecular action mechanisms of oil-soluble
viscosity reducers on the "structure-viscosity" impact of two extreme aggregation states of
heavy oil systems, confirming the theoretical feasibility of regulating viscosity by changing the
aggregation-dispersion state of heavy oil colloidal structures. Simulation results detailed how
viscosity reducers disrupt the energy balance between original heavy oil components through
hydrogen bond adsorption and disturbance isolation. They also revealed mechanisms for
reducing viscosity by reducing external solvent friction, internal structural deformation
resistance, and achieving molecular lubrication by enveloping and isolating asphaltene
aggregates. This work validated and supplemented viscosity determinants in the induction
mechanism, showing differences in viscosity contribution of each factor under different
aggregation states of heavy oil. Effective strategies for enhancing viscosity reduction are
proposed, providing theoretical guidance for designing and optimizing oil-soluble viscosity
reducers.

Key words: Heavy Oil Aggregation States; Viscosity Mechanism; Asphaltene; Molecular

Simulations



I BT e

AR TAECIH PRSI N T 2 RBE S FRAUTE, R T A& G e i A B i 72 1 )R BR 14,
MOy T IRIRE ELAE FH - SR SR M 5 M Ak - BT DR e S ARRAE . 2 AN R R G055 7 A
MRS L1 5 R B 2 T R OGN L s R R T — A AR I FE (0 2 T RB T %, 3R15
BT e ROV S AR S R B e BORE IR, AR T T SR L ) e R SR R R
T TSI T R B TR TR v IR AR A I B LB L A A B 1 B VR IO AN TR S e
77, Ty SEUAR I B R AR = O R AR L R e S AR R SR

(D) BT Hwh “ B IREIR, B THHREESTHRFERERR.
BEXHE 23 BORAE F R U5 5 B R Bh A 23 SO R BB i O SR SR R AR AT TR S04, T
MEAIE 7 HAR oy ORI MERe AR B 22 5, #oR T 48 S AT N RAE I NAEIRB) /g, VER A
RS R N A OUAE AL LA B AR O T RERE T N N RS AR BRI P REL
B0 DR 200 B R EE PR T O T R e SRS A A P AR 2 FL SR 8 R B L
BAL T XA SR AR A A 5 R EVE BT RS R EIRR . (PEIRSCEE — &) AHOCHT
FURR K FRAE SCI —[X Top #AF Chemical Engineering Science .

(2) #\ T HMBNRESNFELMBEIE, Wik T HEKNFmHER
RE-SBUFERRZIT R E R RRER . W07 RE FEE T2 WS MRS
SR Z I NAERR R, R T PO RS- RAAR” IR Y EAAL, TR
BRI R AEA R SRS NI TE G- PETE s 55 1R ACH T-H I iow SR 236
B EEAT NS ANA, JE TR AR v AL SOBh sk, WAM 7 AR IR R 2 %)
A [i) SRR 2 R e 14 2 e i SR ATL A R 288 FEE R A LB, D e et A 2R 1R e v B BB A
(FEIIRSCEE = D&)A SR KR AE SCI —IX Top #H T Chemical Engineering
Science Al Journal of Molecular Liquids I .

(3) WR T HEEREREN NS RIS, REBT “PRRESS. WIHLH” KE
FiRTORME o T B AOW SR A S SRR IR AN, BOAIE 1 18 I SO R o 4 A 2R
B3 HOIRAS She S IIRE 2 V42 SRM 1 BRI AT 1k o TR IO T PR 280 0 ok USRI R L 330
8% 25 110 77 AT BB I 2 43 22 1) 114 e P-4 O ELAR AL ARA T 10 3 - v R S B R 1) 7 T
VEFIBLE], BAE T Ab 78 1 SBCREHLEE A AR B2 e I3, $h e 17 s B 2 A R A 8
NEEFT TR RIE SR AL T O SRR . LIRS s

vi



B et i
ADSITACE ..o iii
T S BT FEIH L oot vi
BT EE ZHTL oottt 1
L1 ] et 1
1.2 FREF I FF R IR B FETE IR ..ooeeeeeeeeeee s 1
1.2.1 BATHE BB ST A cvvvvereeveeeeeeee et 1

1.2.2 FATHTF AR oo 3

1.2.3 HRIHA AT AT E TR oo 4

1.3 BAVECBTIIREMADE S oo 4
1.3.1 P REE A FERAEILRE oo 4

1.3.2 B BREESERIRIAEBIR oo 8

1.3.3 FHTHZE B SZIG T TE oo 10

1.4 43 FREFULE BRI AT A IR oo 12
141 A3 F RN TTVETTIY oo 12

1.4.2 HRIH O T SE LRI IR TC oo 14

1.4.3 B BTEIFEAEAT I AU TT oo 16

1.5 RSB AR S BB B FEI R oo 18
552 3 BHIMAO SRS SR M HOE BT A TT oo 21
2L ] bbbt 21
2.2 BTN, ST B TTVE oo 22
2.2.1 B RGIETL I oo 22

2.2.2 TFBEAFIAITT (oot 23

2.3 B R G I T o 26
230 DI FTIBMIE oo 26

2.3.2 WE R BAT AEIEILIEIE ..o 27

2.3.3 A3t 2 T MIROIAE FIHLAIERIT oo 31

vii



3.3

3.4
4
4.1
4.2

43

53

2.3.4 B AL B AT I UE FALERTRE T oot 39

IRBEIINGE oo 43
AT ROV SR B S BB MLER A AADUIE 7T v 45
B ettt 45
iYL R = Ay OO 46
3.2.1 B FREIIHTIEEL cooooveoee e 46
3.2.2 TAEBFIHAEIL I oo 47
3.2.3 TFEREILATTT oot 49
B R g 1T e 49
3.3.1 FHMHELE S IRAEAR I ATAELRIEMI R IR e 49
3.3.2 73 TAMBEREXS R A ORI R AEF e, 53
3.3.3 SN TE AN i R AR B EURAE T oo 57
IRBEIINGE oot 60
TCER AR AR O SRR A8 B B BRI RE M AL BIE T e, 61
B e 61
BTSN, ST B ITTE oo 62
4.2.1 AFE KBTI oo 62
4.2.2 TFEAEIIGITT oo 62
B R G T oot 63
4.3.1 TR AN AS FEIFRIH R IEASITTLIE oo 63
4.3.2 7K AN [F R I 1B B AR FITLA oo, 66
4.3.3 TE AR EEAT FI T FEILE] oo 69
IRBEIINGE oot 72
BT A F LI AT BEFIHLHENIRZR oo 74
| ettt bbbt s b 74
BEFL N, G TT BT o 75
5.2.1 BRI BRFEILITET. oo 75
5.2.2 TFEREILAITT oottt 76
B G 3T oo 76

viii



5.3.1 FEBE TS AT BB EEZSTEIEIMA oo 76

5.3.2 FEFEFIBIIO 2 FAEFIHLE cooovoeeeee s 80

5.3.3 BERSCRIGIE L ILIRFERIHLHIIRZR oo 82

5.4 ARFEIINGE oo 85

B OTE FEIEIGIEEE oo 87
ZEZETUHR oot 91
O 225 AT B BRI FEIRER oo 110
FUHT oo 112
PEZETHIIT et 113

X



HEAIRE (B SRR

£ 18 %L
1.1 5|5

ICHORBEE E X “ 07 HAsrdR, el e H m E2l, M SRl 2t i eE 4t
Tty SHAMKAFEEA G 3 2], 2023 4 & 72.9%, T8 E BR AN 50% % 2B .
FEM IR, R EER 40 2m, JPRIBTIER, REZRAK KRR E
LA TR BEVRT Y, R D v RO RS T O e [ 2R g U 22 4 B A B KR S T A i
) e R A D e B R 0 T A AN Pt SR v 22 UG 55 BT, R v A ety e 2R e o
¥ Fb B i s ) B EEXE R . AR GO R RAFAE B RERE R Sk RICR RS 2
s A SV R B REA AR TIT R A ANBRHE I, H AR [ 7 R SR AL TR 7l S5
BLAP G EARE R B 0T 5, SO A MR I 7 ) £ O T

e L R ol s E AT TR v e R R R M ROR 2 L RER A 2 AR,
X EOR I LIRS T8 3tk 707 [ AH LA S ROV S BR ShAE) LA B 2 286 J8E 22 T R %o o 5k 5
SR Z IR, AR ORI LER R EARS Tr AER s shAh, X T Bl AL i
ZRIEAT NIV B DM S B ERE, B RV, B 205 = RO T B 7 A
TR A 5 52 4 SR A R I v S R M. R, Ao 2 T AR B AR e o g 4 L
A BRI, 2 SEEUAR Ml DR Ps, SRR AL 5 v R B J il o

ARk, BEAE TH AN AR AR AT R e, 4 T BRAUEOR CB i A
MR 73 R R TERORAE LB A 0 78 3= B> AR Bl 7 TAAUEOR, AT AR
IR AR R RO S5 F AL S SIS TAE s B T IIAR AR, AT FEAR i
BRIy T BA SRS, R R seit . BIRWHFUNERAE J14h T8

ZREpTd, HAarm e R BRI TRESOR MM SR LB ST, ARG
SR O SR B 24 5 5 B 2 TR R SR BB LAR], IR AR I AU SR B2 S L,
HEBHAR b B IR R = ROT A S BB 4R 2

1.2 FEFRBALIPR R E R0
1.2.1 $HEX KIEEDT T
1) A5 542



9H1E iR

B v 5 SONTER A F 2B KT 50 mPass BREHL G35 KT 100 mPas H
20°C FAEXFEFEET 0.92 grom™ W, EAMRFRAE M. FREH 5255 EH S
A2, AR 48R H R R, TR BT s e, B el oy B a0 (R
£ 100~10000 mPa-s, FHXTEFFE 0.92~0.95 g-em™) , Fpfl (F0FF 10000~50000 mPa-s,
FHXT 25 FE 0.95~0.98 g-em™) FEEM I (FHE>50000 mPa-s, FHXT2E>0.98 grem™) .

MEER LR ERTE, B E SR E B, HEEb RS R BRI
ARG NI, SRR B RS AR T . AT E AN E T, BE A
FR R B A v HL T A AR D, DR A AN KB B e, AR R
MF SR MM, METRSEM, MEEI, RERS, JB T Yk
TH o

(2) FREF A% R K oA

B 1-1 H ERR R IR A

Figure 1-1 Distribution of heavy oil resources in China!'é!

o E A A E T, B AR o Rl b R B U 20 i S B R
25%~30%'7, Bt EEREAMEREL 40 {40, A T A E 12 MR 70 2N
AL S E AR UGNl = IR it = I T 7= I = = Rl o X e i
YA T DX USY. TR ]  OK A e FH  ad E N B0 S, AR B R TE R R YR AL A
FZR D g E BT . FRERE AR A TR, SRR A A, Bl B AR R R X
IR EE T 1000~1500 m, PUEBTEHIIGIK . 55 EARSE B HRER AR AL RIGERAL



HEAIRE (B SRR

YEFFLE 20% /4100 Ehif il FH ORI A M P Bk 44 A2, FL b 3R R R I i
B 74400, FERESIARNN 12.2%; 2022 44 H 3 H, RE AN E SR
AR K 5-2 JEMURIE BRI FAR A 7 B 1 R SRR 50 I, ARORAG Bl B e sl g i 8
b EACMEEE AR AR O K20 5 TR, RIER MO R ST ER, TRy E S
Al S 12 5 REVR -

1.2.2 HmF LK

10" 10° 10' 10° 10° 10° 10° g

FiEimPa - s

|
| 1
——— [ S IR ———— :-r 3R >
sER. Z8ER, B | |
| |
| |

e ———— AT
Iy

el FEVTUR

RAOWIK ! AL

e A 57 3R | SAGD

WK | kIR

|: KBz

b THAI

‘ RERIRL "": LI A2
REEATITC HCSS

iR ik

Y TR m

12 FM BRI KBRS RN

Figure 1-2 Classification of heavy oil development technologies!!”!

M FAR I B IR 2 2 T RBOR R AR R R BT Rl 70 v RIS 10T %
(L 1-2) , HAHCRAEBT A E 2T, BIEEARGE Bz, sl
M A B R Bl o A2 [ A 32 BRI AR [ A S [ L RO 3 R ] VAT RE L 2RI
VI E M (SAGD) « KBEI R S HCRIT AT A S I Be ARk T A LA 7%
FAFREON R, HiBDPLZRIRAKAN SAGD Jrik, H A Z&IR At 20 5 B AR R 2 &
(K1 85%!181. SRIM 2k N 2 R AL T A A 9], 2 1 22 R0, i ks 4 8
TEEEAL 04, FN &K mbHREG KRG AR PSS A5 5, AN T4 i 55
(I R TT R ANE 2K “ X007 g H AR i S B



F1E %k

N, AR E SO UG ARRAES AR [ R O R AL, CRESAERER] . I 4%
JH FH S R e T MRS ER P, R R . B R IR CR R E s IR AR AL
THFRTS, DA R S IR REAR AR I RER A 5 Gk IR SIS &
CASEIUAR AL AR ISR N A ROT R, FE TR IR 2 AR, FEAE R, b fg
PRTEFEA A0 Bt 2 5 A RV RN T R e [ S RE R 22 4=, SEBLAR I B s A
ZORBOT K B ERE S, SRR E A 7 1) 505 17
1.2.3 e R HEIms) EZE 6]

AR5 2 v« AR 2 R B P O HTF R AN a8 iR 11 22 UK 5 kR, —
Jri, HETA S R A R BRI G & R AR FLACIS RO MESE R, I FH B N
AER B IR R L A I AT TR R, 0 T A 2 AR I R R B S —
J7 ] ARV RIS A AP RO R B IS IBR L, 5 THEZE I AV 18, K 2B,
BEARAT I A P IS B RCR P, Rt ] e R B 1 BRI A 27 528 VA SRR AE B 2 FH A S
Jit P T T W £ 2 22 ) AL

B R0 AL A ST AE T IR AR i b 2 2% RO BORE S5 LA i B S U Y, T R ) 2
JEERAE I 2 SEIAT R B R AN sl DR Y LR $2 . (BTt r B, A RS E
BE BT, SECTKIPLRIT T A E R LB ARG, X 9t Bl i 4 5 s
TSR & T IR kAR, B A SRR R 1B S B R 2 B A AR AT sk
Z AT HE YRR AR AR o

1.3 HRHEBFRS M E =

AN S N B R R R R, BAI BEE S S ERRRR R
TRERZSBERAE S HA Ik 6 B AU X =77 T O T 3ot S8R0 U ) 2R Lh R AN R 2 4, TR
WA DA I SR B A A AN B SRR M B AR YR, A AN 4312 T8 7 R e O S AL
P B FLAi
1.3.1 IhERGEERELLR

I, AR S R E AR B RS anih T BT, B A S PR M A A Ry
fiE, )5 2H 43 18] 1) v B2 SR AR 205 AT D I8 R A A 2 3 BRI L AT v 6 ) SR R U4
W A2 A i O 20 3 v W P B SR 0 B R ALy o AR IR SRE 2RI i, RO E SN



HEAIRE (B SRR

BRI EHER CREEZ , MAET/AND TG CEREEEIE B ) 1= 5 5w
A1 gER) EH— A E AT BE RIS BB R M 2 A IR N 4 A T Y,
A I 5 4 T B S A AR R N 1] 1-3 T

B 13 HFERS TR

Figure 1-3 Molecular unit structure model of asphaltene

W RN LR 2 S 8RR A SR B B 46 G BT ARYE A AR
PG, Wi TEREJE S T AT TR, A i A e R R IR SR A A IR B K
A R I I E PRSI E, BN R DURRIRAE AR AN R R
AR TEAE L, b — 25 A AR AR 1 DR A A oo Tl b 30 5 5 PR A i e g IR
[ i 7 290, Ayl DA g e R vl o R ) 3 R AL

XA TR LA 0 465 AR % O IR SR BRI A 1, AR KRR BE b v 1 R i 6
TOEE, 7 SRR I R AR G5 A R R RN GG, 48 SE30 BT AN R ) SRR
BTG, AR Z S T — R 46 & AR RI00-3440), G R AR, Yen-
Mullins 8, 5> FHEASE,

1924 4F, Nellensteyn Bff 78 T Wi 8 2 I FEAPE G T 1 3R T 008 BRI ER .
1939 4%, i% B R 4 Pleiffer A1 SallBUidk— P 5e 3 I H 1 H AT A v] (R A 25 i 1Y,
il 1-4 () P, FERRAEER i i o 56 TR et BB EEE R IR, J7
Bl AR AR UG 23 A B0 0 B o YenPP2VRR4f 3075 75 B ] ¢ X S 2R 7 5 A el 1
RGN SLIe a5 A, SR TIE RN 2 R IR SRR, MAEFRN Yen EAYB2,
SRR M T 4 TS TR Ol AR R B EEAE M, VNSRS &R R
S il n AHEAE AR & BT IRsh 1, SR B 4 1) = 4S5 R W 2%
ERBETHAERTRRE MBS, WK 1-4 (b) Fis; BIR Yen AR LURBF £



B1E %k

IR AAAE O SR A ( h  BSRE. SRBRURNTL 28 X AT € R~ RS 2
AT, DA S o R S R R R
s (D) .

A—5 B—8ER C—Fhl D—BTR
E—S5EEHE F—S5RRNTL G—AIEBEE H—rhialik
I—B I— 3B K—AH L —& 8

e RBER ihE RE#%
2.0 nm 5.0 nm

=)

1-4  (a) BARLGEHMERIBL3,  (b) Yen fEEIB2 (¢) Yen-Mullins AR ER & &34

Figure 1-4 (a) Colloid structure model3-*l; (b) Yen model*?; (¢) Yen-Mullins model34!

1988 T IT AR AU A 2 U AN W0, B SR RS s A
B M 1) 2543 B R . Mullins T8 3k K S 7L B SUR B T 90 75 5 78 S i RS 2L 5]
T4 2 B AT NRRE, 3R G Yen 7Y, BFRZ N Yen-Mullins B, W& 1-
4 (o) PR, fESMAT, WE RS TENT 2 ZRNEEALER, RUTERT 91K
AR IGUK BRI 5T G546 DL — 2 20 05 75 48 B 0 F Ah [ o J B R 2 R
“RBERD (WHCABIER) NE, WE BT I EEAT 9 AR T IR B on HES
FEAEFH R SRR TSR RS 2 B T 5 R & o AR BT, 8 ik
i TR EEBARET, SRR =Rk ZRESHOLENRER R PR AK
FUT B PR B R i o 2w TIs AR AR EE T GBS 100 mg/L) , 41K
BRI RS Z BRI N 100, e 00 ik 21 2% 18 467 BELVE 5 FC A AR 47
(IO BEHE A F SE R 4ERE T 0K BRI 0 SRR RE, ERT,  FRAR el 5 TR B A 2 1Y
RINAKTEEEARRY RT3 PR Bt — 2D 3 ek 3 SR BER (2~5g/L) , 9



HEAIRE (B SRR

KEEMB AR TR S K 5~30 nm O ASERRERBIR, K& FEERE, Mt
JRBEI G5, G A R IARAT N IIZE L AL .

Yen-Mullins #5285 AT R IR)EE P, OO R SEI AT TH OB BT IE S0 iR
ANFIAR o 00 7 o B AR AT P AR, RELR AR I e I R A SR AR A A A HE LA
Yen-Mullins 2 /2 IR Z5HIBAL th A5 & BRARRERY, X —J51i0, Gray 55 A H 7 71
UG HIE R T RIFH A

(>
Hydrophobic o~ “%

pockets (va

der Waals Hydrogen-bonded

interactions assemblies
. CC
aly X
. R ey
Acid-base ¢ O ‘7 i/s
interactions 10 A '
- . -lf}” Pi-stacked
‘ /C,l p complexes

Axial coordination
to porphyrins

15 AT

Figure 1-5 Supramolecular assembly model*"!

Gray S NI m-n HEBAH ELAT RIJEIE TN AN R0 75 RO 731 B R
MIASRI SR EESAT O, i 1 AR AR B R AR RE P 7 ot = 4 7)1 25 A 1 T2 22
K. Ry T AR (B 1-5) , WE RN AR a4 - S, S
P 25 430, PR LA FHES TR g 1 IO A 2% 3 S5, G > TR S HE X Yen-
Mullins A TCILMR A REIGAEAT T AN FEMTERE, AR SLIR AT TSR Y] 7 &
2 A 2 G LRI B AT AR AL AT 201 [ R AR A R 34590, KRBT T Yen-Mullins #5274
N Gray #5F H ARG —HAME . 5 2 2 (A1 S5 R AR ELAE FH 22 R4 ARt 11

Z A SREENLH TP PN T T, ATE R R E KRGO, EiE T SRR R
FORGHRIIIIN T 31 [ 46 SRR RE

ERERRAZ, TR ARG GBI, B R R i 7 a5 4 /& s
TE A TEAT NNFEI R E 2R R, (HAES G ISR i) FLIpT B, S2i bik
E LA 1 NI 2 1R HE AT o T AR R AL, S EUHIN T IR R 2 1AL



F1E %k

fil] LA SAH AR Yk Z ER 5 [RIIN SO AR 2R G s 75 i SRR AR IO 2584 « TR AR AN
P EEFEAG 1 DA S A 45 7= R ik 2R AR 5 4 [R) 285 5 < 1R F AL ) 7T
1.3.2 HMBESEHFRIER AR

Mt A2 0 S ORI DR E T 4 B HL S R AE AT IR A A1 56 BB 2 HRRAN A E 1
ol tnsk B AR S B2 7R A A L E B LA AZERY, BRI R — 7
A2 TIHE R B S0 TEMNZESR, 7505 SR E R ET N . BEE K
R RALBIAR AW, TR T — RIURE AT A5 R AL SR TR AL =
JiR 5 SRR ROR S 54708, ATHERRINE 70 78 R4 SRIE (CMO) P4
B, RIS TR, GiEE RS RERSEMR.

UV-vis FTIR

sa it
52 o
7
€n T
O I \ o
ot 1—:& g
o
%0 0
erem -1

3500 3000 2500 2000 1500 1

Ly M e
o GC-MS
Y
- &
- - i i
o P [
[Se o R T RY
3 . o0 N
n - . ucm

Retention Tirme

800 200

B 1-6 i H RIS HRIETAR )

Figure 1-6 Representative structural characterization techniques for petroleum!>!

e i BORAE it BARTR AR I A i R AL T B9 AR i 45 49 1 78 B R AEAS 1 2 1
WHIR A 1 K B AR S . B T RAE 1 R B Ah- Tl IO e
(UV-vis) , HITRACAME B B8 RIFIRSDEIEDY (ZLiotid el X Sfeh 80hil) , &
AEW T 5T 73 S AR R B R R3] (MS) BA K -0 & 0 75 o3 4544 25 B IR R Rl 4
BAEPT (NMR) Il JEER S AR S5 R X AT (XRD) , BRI & 5o 1
R R 2 BT L AmIREY (TRFDD MZOEHFRIEERT (FCS) , LR ARZ A -t
% (GC-MS) . (Il 1ol e LR (FT-ICR-MS) A5 ] 0 i BRI [R5 fit
TR LRI R PR AAERA L, BEVEAE — E R AT = 2% A AR il TR S 0 AN 7 ok
LB,



HEAIR S (A SRR ST

T SR 53 T RAEFI I A R E5A — BRI SN GL T 2 W 72 (0 32 R0, 595 R A
T Ve - BERIAE B 5 9 T A M I E 8 MERGOR R EAR I 2 208k . Schuler 55 A 1O7E
2015 SEHUHRE VIE R TR, B E T SRS (AFMD) AR IE B R
(STMD 5 1 100 RAAFEI BRI 7> T 450, KR 7 H A 25
SEAEFIRAE, MORFESCER TP ARIE, XSO E Bk i — KA. Rman i 1-7
Fizs, ARM BB 51022 S5 IR IO HER PR T T ORAF AL — E 2280, A0 S R 2 1Y 7 22
RIS B IEAT HIWT, 97 ER B R R U Z IR 27 77 o

B 1-7 FHmPHE R AFM JUEE G

Figure 1-7  AFM measurement images of heavy oil asphaltenes!®!!

FERIM SR AR RAE T T, A F /N BERRUT AR, /Nl X 952 (SAXS) A/
U (SANS) 23 #r J7VE wT AIE ST AR il AR 28 455 b il 75 0T oK SR B AR 10 23 UM E AR 36
RFAEIS203),  RFF 50 R LI 75 50 10 B SR A A RURL B SRS HEAE AN RN (R BE N AT A R 22 5, O
RES I AR Z S RWRFE: BAMMAE P A & & S TR B AR SR
(R RS RESA IR KRG, PRI T R il o SR AR 45 4 1 B2 A

Salim M FR A% B IEIR B (LE-NMR) A oz i LR 0 (DOSY NMR)
ARBAE T A SR b P (00 5 B SR AR K138 0 1 A HURe 77, 48R T IS N3l



9H1E iR

TIEEAT RS HAT R TR AR . RIEAEARIREE N B Rl o, 07 o A B
DR, BRI RBENVAER AR /N SRR A, 55T B 90 75 A ek P T SRR AR
J% T ARSI 2 3 BOCRERAR, I RAE R U3 B RE /0 -5 IREEAR IR 0 AT B R
FAEE VIR

-np @

sity (a.u.)

log D (m?/s)
)

=
——

normalized inten

g Asphaltene aggregates \§

B 18 R R S B

Figure 1-8 Size and diffusion properties of asphaltene aggregates!®4l

KIPLOK, ST HMI0H AT 5 RESREMIRRMNRIED . i, d 5
WA AR R 2%, RERRSTEHZHE, LR P RALEORFBATAE R
e SRR, S A RS AR v SRR A AR AL IR IR A PR, 1ORE A R
G I NS 5 RE A AR R, BRI SR LB i RS B S BE I iR
1.3.3 FmFESSMEBAR

PRI I PR AR ol 1 519 i R SR BT A il e RO o DA e ] B 22 4 i
W% P S5 L AT B S, KHARR, IEFEN AT T 17 DK A ol 248 PE A O AT O S SR AT 7T
WA 7 A A IMERTE SR, R T REIR IR,

RZ IR TR ], FIMRTE R E S AL R AR S AN UK S5 YA OC
(O30, 957 JORAE LR T8 R s 280 2 v R 3 2 SC EE ) A R0 730, i I A SR A vy S o
T A AR S B R A TUR B, Bl i E i« REEE” R EL L 1L
SR IIBIE T A2,

10



HEAIRE (B SRR

Ghanavati 45 NSV 128 I 56 A0 BE 18 7F 72 UE B A e 286 2 900 75 Jo ok P2 P 468 S 3 80
K 129 fron) » BEAh, EIE AR BUEE MR O0 T, BT i (0 35 il 2 iR
JEZ BT v it 2 PR o Guol® T i S ik B 1 3 B vl 75 Jo R PR VA VR AR5 2 ) 52
O, SULFER, BN B R B A A 2 B s A R R

7000

¢ T=I5C
6000 ¥
& T=35C

5000 a4 T=45"C

@ T=55"C
4000

T=65"C -

Viscosity, cp
[

3000 a T=15Cl

2000 * ARG

1000 = * _—

0 0.02 0.04 0.06 0.08 0.1 0.12
Asphaltene volume fraction ¢

B 1-9 AEERE THRMEE SIHH AR E
Figure 1-9 Measured viscosities of heavy oil samples versus the asphaltene volume fraction at

different temperatures!®!

Malkin %5 AV2LGHE 7R F AN RIHLIX 25 200 AN H 5 JE A T I BE . [FIRRIESE 710
TS RN ] B R R A5, ELSERR B b AR A I PO L R R AR Y
VTR IR I T B O R 2, IR I T AR AR I A R SRR S LK TR
Je B 2 TCA I ) ) A2 2% AR EL AR AR Al 6 A2 38 1A il v 285 ) B 22 DT R EA 3K - Mozaffari 55 A
PR 7R R R R B R L, R TN O REER TN,

Lei 55 NUSFFE 1 TGl o 20 BROR S AR S TR O 75 JoONS B e 4 s AN 3 1k 2
Uk P D o 6 P PO 38 0 5 SRR 5 UL B A7 AEAT 2K o AR SQER AR R AT FU R PR UESE 1
JoR R 2R AT SR AT B T TS R B B N7, W e N BT 1 2 A AR R R S
TRV L AR GOS0, R MR oy, 3B T FURORL A R TS Bk 4
BN FEAZ I RORL AR ELAE ] . e R B R . 25 BRnd, A2 scia i Fe i E T
W B REAT N, W T BRI RASIRAST L I BORORL ) T A AN Rl s
767879015 ) ok 286 32 2 1] FA 5 D) R K

11



F1E %k

SRTIT B E AN )3t DR ik ) B B 21 00 5 B2 e UK, SR R B BT SR DX AR i
R B & AR, B R R RS, XUl B A R s R AN AR Il R 1
LA, HWEERERIRBAAE —E 2R RN RBE M 78 SRR T
BIRERA Y, TREAIRGRN B4 S Wi, BRI RS REARDS, AR TR
25 R A -5 A i 25 T R PR A IR 28 IR T TR R D), SR I TRER S5 2 880 T 1Y
HE R,

FESI- BB XUIREN T, TR T R ik 8l U A B AR - B0 2 R0 7 ot S AR
REDLME AR, HE 17X 5EE M 4G BB R ME R AT, A& Wik,
X T 2 B RGBT G AR & PR . BN Yang &5 N BU7ESEIG oo BT T 7y
HUHR TR B SO LR s AR AN TR Hh 7K A0 286 B2 Dk 2 52 U S PR AR 2 1 AR AL 195471,
B2 200 70 2 [R] — DX B A AN [ i T PR SO 22 5 B siei b R0 5% 38 110 285 S AR A A A
B SRS HRE IR A E TR LA DO ANS . BTk, BRI
Tt AT T T332k o3 S T B3R B O 254 55 5 W E P 2 TR IR R 2 TR AR
R 26 R S B LB R AR AR

1.4 S FEIETRMSUR AN B
141 FRMUGZEE N

(1D 7 FREFEATTIE

S FRMBEARME AR RO F N “ s, IFRAKA R, R EE, He
AFET BT 0% Gt iHEBR A 2 REEM SR E: 2MRT0T
P ERE AR ik RO BT . AR AR 00 o A B0 ATR R
G e ) AN A T it B2 o6 S TN 1P ) i 7 O S R 3 O B ]
HAMERS . 2oy RS AT R0 N 54 R % (Monte Carlo, MC) HI7»13 /)
2~ (Molecular Dynamics, MD) .

MC BAUTTVEIB IS 73k R b o 1 BRI BENLIES), 45 &4t i S o A
JREE, 4% D RO Y, AT DASRAS RA M Gt Rt AR 1 %47, &M
TRIBAE R SR R PR RO TR R, LRI T RA s
AR, XT3 24T A 2 A7 AL — € BR .

12



HEAIRE (B SRR

MD  FELLNDRE S R Ay fe /NS B G, AR 4 SR ITIE B ) R, L AR
JE AR BARFH LAr T 0k, R385 7 1 e Bot 55 7271, I ES
AN TR] A ST RS AN B i BB R AR A B R, R EIR R KA
B, RIS SRR, IR iR G 022 R, W ROIRES S BT R R, 15
BT R TR o

(1) BUpEE

TG B8 I SRR 2R Gt oKL 1) A 102 Bl 7 R SRR B SR 13 AN AR BR S, 4
KT IR, B R R I A RS, ANEJTEA AR AR A
FIAEAREE BT 2, SRS & AR, B DARR 2> S0 R e TSI 2R G A e M A P 75 1)
BUEREFE . % IR I Verlet SVEESL Bk (Leapfrog) HI%EY. Gear TN IE
HEPOR Velocity-Verlet H3EP, Horb Velocity-Verlet 523255 fR35 FE o s B2 A1 AL br A] 7]
433, fETHEEE P A ATSR N BAAERE R, U2 B BT AR 75 13 715 5%, £ MD
BN R 42

(2) REHR

REE W ER BRI IR R R IR KT, R4 EIIRES T RHOIRES
BEARMGES . MBS I F AR, KRENTHTA RSN LUEE R4
I NVE TR R, R 25 T BARS) )y 2 UK e LR G R SR, DA 20
PR BT o AR L S, AT FAARKI 43 9 1OE ) 2 25 (Microcanonical Ensemble, NVE) |
1EM| £ 25 (Canonical Ensemble, NVT) | %855 fk 5245 (Constant Temperature and Pressure
Ensemble, NPT) DL K %5 K544 247 (Constant Pressure and Enthalpy Ensemble, NPH)
TE 52 B A0 o 75 AR BRI SR PR B [F) (¥ R E5 0705 - T8 MID A5E40 R RL T4
A AERFE E T HL R SR A . S ORFFIEE, I E R NVT 1 NPT #45.

(3) JAWIMEL A%

JE BAME L A 464 (Periodic Boundary Condation, PBC) & —JSAbHE R 41
Wi (¥ 735, PBC 3R 7313 /1 2 BB R AR A R I CBE, e ABUE B MBSk R 2
FH OB A0 3 5 v DU ) T PR T R G e = 2R . TR AR &R, R PBC IR &
TR BRI CEFIEBULEZLTHARS T, 7RSI [P35 5K 25 52 i 60 1Y
TR, KK T EE. i PBC #E/T MD BRI, 4Bk 7 i foc
TN A2 57 5 3 AR DRI, 5~ S A A 53— DA e 77 1) LAH ) £ 3 2 E B idE N

13



B1E %k

&1 BUEORAIE 7R B EEE SR E PR, BE i a4 v Ab 30 SR T 8 32 1 L
DRE1ESUE TSI
1.4.2 MR E LSRR 53

B FRAUHAR, TN G SR R B A b, B S8 5 2 IR0 A ELAE A
Wi B gE ST MR AR AT AT E T REWTIT, IR 7Rl SR AR 4h M AN BT )R
AT AN

GERTHE g ANES S i) WA ES e i el = X I NIAN (1 SPE = < W (LA i
Rogel ™1 R F 43 3 73 0 S B A 7 o 7 FAE R BRI I R ERIRTS, T
PR T RERNIEBESH, R 7 EIREL S SEIAT N MM ILAC S R B )56 H
CVFF 13 7k 5T ok B A [l = s A il b (0 0 5 BRI T (¥ — SRk s &g, T
Wi RS M IR T, TR SRS AR h & S R VE AR AR, A
B 5] S RE R DR g 0

FF 55 FiF 7 PR PR (Density Functional Theory, DFT) & T4k 24115, Moreira da Costa
S NOSHIERH T 75 8 R 2 8] (1) - 2 A R 5 75 IR 46 647 2 (1 B 220K 5)) ) - Gray 55 ALY
RN 2 AR i B R BR 4E AL AR, SR Carauta 5 NTEIA 7RI 7 i R 414
(I F i e p oW 5% BT T S, X ] B2 R T30 7 R B 1 4 ) 2 S BT 8

ESP kcal/mol

18.00

ESP kcal/mol ESP kcal/mol

16.00

-25.33 43.00

42.76
/ -31.16 640
-

-

/ 2.80
o ® 300 -22.40
< 26.00 — _
17.95 15.60
a, b 1 C,
i 6ESP keal/mol ESP kcal/mol ESP kcal/mol
' 16,00 18:90
47.74
il 280 w080 /-29.85 8i40
, ) 3.0 8.60 =3 . -1.20
\ } 4 2.60 6.40 0.0
\ J :
\ 8 8 .80 -20.40
i 14.89 5 00 8.00 -30.00
& 17.18
a, b, C,

B 1-10 ORI R 4 TS St s

Figure 1-10  Electrostatic potential mapping of model asphaltene molecules®®!

14



HEAIRE (B SRR

Wang!** 13 12 i B 3470 A T e 70 7 PUIE SR 7R 1 7 i — SR A L 1A i) 70 5 AR ELAE
RFIE, W SR IAI T o B 2% SR n] e AR w3 o0 A COLIEL 1-10) B TMxt 4 5 9K 5 /17
AR, REWL, LT FE S0 oo HERRAR TR R 2 S R AR
HWEN TT .

Pacheco-Sanchez™ R 7> 78 /1 AR 2 1 I B4 & i =For X - S
T RS FIPATHES , B/ Alvarez-Ramirez 28 N\ DFT 1H 545 B W 7E =K 46507
2 T - T HE A 10 4 B I R R E

M SRS G5 A T 2 S 3 N AR R RN NI 22 DR SR I D [ 4% ) o Sedghil* AU
T T I RO T SRR FL R ERAT NI, W SR B 5 07 A A% TR R AR LA Y2
TREG G T1, T B LA AR R T AT NG G o, B BE 2 B 05 A AR A AT e HE
RO 225 AR 75 B H 4 A A2 E « Bian 58 NUOUE ] MD A1 DFT FH 45 & AU 5 20T
T 1B e AL P 5t B FRER ISR, IX T FUR W, 7 T e ek 0 A i 1Y) 2%
JE R I R 1A B 5 ORI SR SRR AL L . Headen 58 NIPVR I B RS 1A
IR RS A A 22 7 HOE S0, SEEEAR N S50 £ BN KRR BIEECIR, BUR T
5 73§ R AR B A B

Nucleation aggregation

Parallel stacking

Asphaltenc

Small clusters Large cluster

Coalescence aggregation

B 111 REAERSTHER D TREMILIER IR

Figure 1-11  Effect of cooling rates on aggregation interaction of asphaltene molecules!'*?!

Yu S5O FE T e v I A0 R R HIRE M, BECR WIE RIS v 2R
N, I BT LU N ROMAN BLAS S U A R AR S, AR TR
RO R R (W 1-1D) , 48R T I R 3] ) AR 5
SENLE R et

15



B1E %k

1.4.3 HMBHYIRET AR

FEBY VI ARAT A, B SRS UF T A B0 R T S o0 R A & R A
Zhang %5 N\ B Green-Kubo 1 Einstein P50 77 22840 7 05 1 473 K R i S
JR 5 75 A TR A D R B BT, BEAUASRAT IR ) F A 5C R EOFAE ] Debye-Stokes-Einstein
TIRETH AR TR, EI T B R ARG RE R SRS, (B IR
A, AN ] T 52 2 T A 2% B 6 BRSOV 7

& £ ‘(1\.:.4" W% \\-;- %;
Behenic Eicosenoic  Linoleic  Limolenic  Oleie Acid  Palmiti Lignoceric  Stearic
Acid Acid

c ic
Acid Acid Acid i
Fatty acid composition of KO

Shear viscosity
GROMACS

¥
E

...........

B 112 BYYIRE R AAINAR AR

Figure 1-12  Shear viscosity simulation testing process [1%4

Snehal R Y 314 70 5 50 7 S U J P ah 1200 5 T8 4 il s B D) 6 1 3 P
VEREAT 7 INGK, THEEAS 2K BT O) R EEAEAN R T 25 5 SCIR (B A7 A R AP M, B0iE 1
RV EINERHERRTE, BT RS B TH SRR ORI .

Normal Asp Anionic Asp
T S

@)

Without Asp :  AnionicAsp

Normal Asp

ANAsp

L Light oil —— AAsp NAsp —

B 1-13  AREIFMART K0T R SRS B R B EL oS!
Figure 1-13 Simulation snapshots of asphaltene aggregation and viscosity comparison in different

heavy oil models %!

16



HEAIRE (B SRR

HIRHBEE T AU R A & R RIS AAT 9. Yuan 8 AUOIIE T 3 KA
(7 7 FEL o I RO AR e A 2R, DA TR AR 2 R 01701 (B AH EL A Y B BE PR T 17 86 B2 18 I )
THLE, ORI FUNBH &7 BRI B SS 108 PR ERAR I = 4EMI 25 254, FHEEIRT
IEHEIE R, R R R Re € 46 & B 2 A B BRI BT VIR PT 77, X4
PR — MUk, Duan 558 NUOUE FIRERIOR 7230 Jy AU ik, BN 1 A8 IR Bebe i
W R AR BN AN, B 5T 7 A BT UI N AR I T LT AR B b L A2
6, BIVITI 2 AR FE AR S B A (T - T B A T IR MER T3 2, R KRR
JCE NG B B AR R B B U R G IR B N %S . Zhang 55 AU 5 16
ITRAE MRS AN 1 B 12 B8 P 0 B R ST IL 5, Bl el R W iR
JEo 77 G Ak R R B vl R AR AR AR g A s AEART BT DN, B R AR R 4Ly
Gy T NE A B R, it F I BURE, RN RERIZ D A E R
IR, & BT FRTIILG x4 SN .

B KB T AN A RS R 28 P (1 57 H R AR . X S N0 S 3 4K
MRS AL, FEE 1 6 MARhAS T, AT FUSR B < 88 1 AN 2% S A R TR 28 R n
1-14 (a) ) BRAUEE RR W T 0T R R G Kl T SO0l &, R
HY“REEINA R AR SR, AU T A DU I A 2 2 B AN e 000
HIRERE, Moncayo-Riascos! EMT ST A [T 0 7 5t SR ERAT M i AL,
MRV BRI, 7 AR IR R R B S ) 0 1, P AR RS iR
N, AEREARZEE N, R B0 MREILR (L 1-14 (b)) .

(a) (b)

] What s the effect of -CHj location in xylene isomers on the
12+ —o— Without Metal Ions asphaltene aggregation and rheological behavior?

—¥— With Metal lons
Benzene o
(without -CH,) y o-Xylene
Lot d ¢ p-Xylene

o-Xylene promotes smaller aggregates and viscosities than other
solvents evaluated

n
T(K)

E1-14 () AAEETERETRAmFEREMRIS,  (b) FHlRERRKIBUER IR
Figure 1-14 (a) The effect of metal ions on the viscosity of heavy oil at different temperatures [193;
(b) The phenomenon of dispersion-induced viscosity enhancement in heavy oil aggregates!'*!

17



F1E %k

Zr ERTR, BUA R SRS T AR A i SR SR A M AN B DR AR T NS B TR
F O, (EEAAT E N BB AV A+ A IR 2RI X T
FEARDR A B T 80—, AR 00 7 o 22 18] ) 2 5 8 B 7 Jo - J S 18] PR AR EL AR H
KT REEEAAL, A UL BRI AR il SRR R L ok Bedh, R VGR BB
R A o S A AE T LG 0 4 S A D9 A% O R TR AR IOW BB 4 ), (B T ey i il 25048
REELENR LR LR RO 73 T HLER B Z IR AR

1.5 RRXHMREX. HRBBEEMARAS

TR 7 VB F 4« (ECBTF R T B 2 2 2 P D% A R S U 4 LA T
BOL. ARTTRIILUR, AT B 2 TR EL AR SO0 S 44 LA S A1 5 6 R 0
Ri3E RBZ NI, AR F R P 2R b B S s 2 R T OB BRI AR, 0
R BB LB LA B DA S50 P o 240 e A i 6 R 5 R 1 i
S, R A G . B, RS A, RS
AN, SCHERAINL 25 A SR B LR, RS TR, T TR B
HUBIROBIE R, X T2 LBt 2 V5 e B P R 8 6 T,

FES, B SR B T, ORI B A e U R 0 5 B
METS I O BRI e T2 A BRSO A 3R 5 BRI T DA 57 44 & 1 s
B e A A 5 4 5 M S R 423 T 2 AT ELA L AELAT 7 7E 1 2 B 1 R BT 9L
(1) e G5 SBT3 T 09000 2 W0 P O MUREPE T I, LU\ B SO I 2k
SRR SRR T BRI, % R B R RS S BB () DU BT
S A T 0 2 A B I AR P B2 AR, % 4 T IRA EAE T 0 2
FORO B 5 R B, e S R O 5 A4 7)) S5 B8 6 2 D o
%F: (3 ATFHBESSIURAR T, MBS ROB SRS it 5.

E R IR 2 A BEL RS it SO LT 55 6 o T 0 S L, R
F BT TR R MR I SN FT Oi% . ST b, A SRR R T
B 5T RN BT S R RSB OR B A 5 B S R R, RGE
RSN, I Yen-Mullins BUMHHTRBIEIE, SR M4, ME00 “H
S O B S A OB B, (A B L SR O R TR, AR ST
FAI S TUO R EEEIOIE S, AR ROTE R ORI R R A /).

18



HEAIRE (B SRR

A ST I S IL A MUy, TS S HE SR ] 1-15 o
T MRINER EE S R BN IB A FIEIITHAT
[ﬁﬂ%ﬁ%ﬁﬁ%iﬁHMEMﬂxﬁ]

a. BREREEIMK
b. BRERHEE 0 FIRRERICERHH

c. 1B FHRBIEFEERS
I
[ (—) BRMmRESH |
|  RESRIENTAWR |
!
[ mmeskiTs ltﬁ]ﬂﬂﬁiﬁﬂﬁ J
[ (2) PRMMBES
| | BEEMERERE |
(=) MK mINEE —* (M) BEFmmE,
[%umwmmﬂmﬂ[ BRREIE . BB J[ BRI
1 ¥
[ i@emAsEm , WiEKEE ( fREsesking) |, RBIEENEN |

| RIS FEMESE , KEBEHIEIHAR , IR I2 RS2 |

B 1-15 ARSI FTAERE

Figure 1-15 Technical route of this work

HSCEXT SIS T B AL ¢ B R LR, ALy AR R ded A T AR
PR R 731 7135, 5IN I3 BRI UL B S 36 (0 70 Bk 22 5 AR P AUARE S d8 s A i
WO IS F i o UG R B ILR T 5 17 TR P, MR o« 7 O &
17059, FEWIRMERE AR G ) o HIKOY 1RG0 U i 2 RIS A RO 2R A Akt
RO A, R P TR SR A 3 A R AR SR AR AT, DASRR T AR I i 3R 5
ASEE 5 TR LR R P 2 T R i AU A RUBE B AT Rt AR A, 4R HH
FEPERARTY, FF 2 8 3 1 K 286 J5E R A B AE AN [ IR EEAR S i R g b g, A
AT R R ALEE (=%

Wi 5 25 5% 1R AE 2 20 SR AOns B ik SR AR AS ARG B2 B SE M R, VRAEI IR K S B 5 A
[ SR A A 2 18] ) 20 5~ /F P LA AN S L R LB, AR S 36 rh AR K AEAE R AN R Zh
FEARAC R, HE— DI UE SRR A & 1, DB Tk B R A R BT B8 BIREA (28
WUE) o fifm st T A A SR LR AR X BRI B R AL 0 AR PR R AR, F
TR P R 507 WSO 70 VR B, SR UEIF 478 1 SR LEL P 20 5 o e [

19



F1E %k

B, BT PR AR R R AT RN, DR B R (0 21 Bl S e SR B R 4R
T CGELFE) .

T, RANRRBEA R, R R T 0T LUBOR (B il SR LR OB 5T
DAFIE TR BOW R RS BF PR, RS 5 —J5im, REMRESLls
DG, MRWOWPLERH &, $ T SRR PR SR e, R Tis S PR .
P s B EEARAAULAE B ioh OV S B2 S R LER ™ X R O U5 U Y LA 22 1) i
WAFHAR, AFREFM R ERRK .. &AOT KRR S AR S

20



HEAIRE (B SRR

£ 28 WHHURETSHRETBUIBRIT AR

AR A Al 22 U M R, I B4R S AR B AR 5 A% O, I B4
EATNREER AR Z AT R . FTH IR AR S A M S A 2 B (R OR B e, Herh Il o4t
PRI SRR 2 A m R ) B 2R R 2 — . BRIk, R PR . 4RSS IR 4
AR, O T BRI R . SRR R A T B R MR N AR Z
HORS BERGIR SO B2 — . R, A SLIHE TR B A I kR U R
M E AT, XEEGEWINRIIAT, Attt A MBURE S EOEE IR ? hE 4G
SR ERNRREOCR? KGR T RATEANI G, IFd TR TIRA T,

2.1 315

W S R AT g A i olats 1 AR 2 A7 R A& B pk k24, 09 o I
Z5K LIS R M S BUE S TR L BRI B 46 G a8 2 AR R AR
RILTE & R B RT3 T, ORIFI T AR € (K 20 U0 TIE 2 R I 2k,
B IR B R AR AR T R . AEA I A A R T, SIS O R RS
JoR AR K A A R s AR ST A 80T B, H v 3 SR T M 7 DAL R S 1) 2 B P e AT
BRI BUSA, oAy i Bl I — 3805 & B ORIl 5k Ry, 2 BORE S @
0T P43 HBOTE PR ) B o A AR et 80 SO AL AR 1 B 3 R Y, FE SRt FH v 4
HRIEE “— A5 M.

SR, 43 R R B 200 75 I 5 - BT R A R AR 1 R0 FH SR I A7 AE 3L
Yang 55 NBUAE SIS i R ILAE AT 2 e 64 05 &t (Multi-alkylated Aromatic Amides,
MAA) F BRI A 1 4 UM RE IO RO 200 e JE MR AR R FESE INI 5R, 3X A7 17
T BRI GEIRUR H BT B LS BRI IR AR,
IX I s 4l RAR A B AL, G 0 T AL S SRAE IR | /3 %R 7 IR, Moncayo-
Riascos!!" 2IZERF 58 A [R1¥A 711X I 7 03 58 AT A9 1D 5 e Bl SR il A 2 286 B8 AN AAN L e T
W T SRR, AT [F) S T O B T SR AR BUE R R I . BAE o
R ATRHR, AR R AR BT o0 B R B R AL 1R 58 A B B, XY
ST o HGR AT TE R (R R K, [ A D R e S LB R 2R 25 IR PR

21



2 & B ROW RS IR E D O EAT T

R, O TR T IR T 5 7 B 5 A &6 B R R R BRALA, 52 Yang 55 N\ H i
WA RIS K, AREMNIE 46 & 0 8Ol R AT AT, K2 T3 7% (MD)
B % 2 IR (DFT) tHEAME G 2 RS FERTE, BEEE B =K
BRI (D EONI T R B EE? (2) MAA - EGHROW > TR R
Bl 4?7 (3) At IR R BOERAT A ? 50 BRI S i 7 ok 22 5
ARG FE RN, R 2 B T BT O B ) 5 R, B S AR T A B e 22 R (R 4 AL
BERIT BN R E IR G GV BERAR, FEIRR R, #nE RS MAA 73807
Z B B LA FH A RE 0 B e i B N 80 43 HLR, IR ANAZ IR A SR ST &5 14 5
FFE L Z AR RR 2R
22 REEBSISHERE
22,1 PHARGREBIES

A A R E B R MR Ay Canii i BB 5t D) BRI R B 1 20 1 &5 A R BEAK, 2 4
Ji TR E BRI AR AR R TR I AR . DRIk, S5 RE 3 SEBRA i o) 1 5 4k
PEAIARADL R R PR, R K ] MID B0 A i A S A0 I — 2R B 0 1 L RS R IR
G AR R E BRI A I = SR 225 T 7 BT MAA 27 Yang %8 N 1T &
oA, BARG T2 WK 2-1,

£2-1 RERSTHBRKE MD BEAEE

Table 2-1 Molecular composition and MD simulation configuration of systems
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o WER R B 2EG (Da) (nm3) (nm3) (ns)
Crude oil 27 48 1774 — — 12x12x12  7.7x7.7x7.7 80
Oil-MAA1 27 48 1774 66 289.5 12x12x12  7.9x7.9x7.9 80
Oil-MAA2 27 48 1774 38 500.8 12x12x12  7.9x7.9x7.9 80
Oil-MAA3 27 48 1774 27 712.1 12x12x12  7.9x7.9x7.9 80
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Figure 2-1 The initial configuration of modeling system and the protocol for MD simulation and

post-processing analysis
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Figure 2-2 Density and viscosity characteristies under constant pressure and varying temperature
conditions: (a) Density of n-heptane; (b) Density of benzene; (c) Viscosity of n-heptane; (d) Viscosity

of benzene
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Figure 2-3 RMSD curves for the molecules of asphaltenes and MAA dispersants
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Figure 2-4 Final snapshots and projection of 2D-density distribution of asphaltenes aggregation

configurations along the Z-axis direction during the last 10 ns simulation of Crude oil and Oil-MAA
systems; asphaltene molecules are displayed in cyan (a), three MAA dispersants molecules are
displayed in green (b), pink (c) and blue (d) respectively; (e¢) The image of the MAA dispersant
dispersion process with two types of interplay modes
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Figure 2-5 The 2D-density distribution of dispersants configurations along Z-axis direction for
three dispersant systems during last 10 ns simulation: (a) Qil-MAAT1; (b) Oil-MAAZ2; (¢) Oil-MAA3
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Figure 2-6 (a) The definition image of the SASA; (b) The SASA profiles of asphaltene molecules; (c)
The number of asphaltene clusters and (d) the average cluster size of asphaltene aggregates; and (e)
RDF profiles of the action of the asphaltene core for the systems of Crude oil and Oil-MAA

GG T TIE B 1 T Fty (Asp-core) 2 18] (142 7] 43 4 BB 20 (Radial
Distribution Function, RDF) , #6/8 TIHE B BGIAE FTHRES M ES. WHE 2-
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Figure 2-7 Illustration of the frontier molecular orbitals and HOMO-LUMO gap of asphaltene and
MAA dispersants
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KGR T, HOMO A fEBEA BRI ] I, KA E 7 oAl o8,
ifi LUMO £ B A AE A BUR T X o DA R TE e mT 0 1 45 45 7 1 F
PLE, s HGRIR) C-N K 05 ST I LUMO $UIE IR KRR 2 5907 i 5 & A% AL 1)
HOMO #UiE ¥ A7 W B

T IEIERE S B (HOMO-LUMO gap) #K, 8% 2h /) fae s, 1R
PG HEERSS, S5 AR EZ IR, 1T B ATZR PG R A B LA R T P R
AT, WERERE () A () | SREIRE (w) SKIfE 71 1A OB,
Bk LR,

n= ELUMO—ZEHOMO (2-1)
U= ELUM0+2EHOMO (2-2)
2
w=5r (2-3)
2n



HEAIRE (B SRR
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FOETEAEARI R % pRAE T BT MRS ARG R &S, BiEims i,
RE TR B Mu# 2 R g aRENE, ERA M St r7 B 6 T E-F
[EIRAH AR, Bl nen HES o o ] HIF 300 AR 1 5 AR S VD2 18] A S ML R AT
REE, S HORUL, PIRRZ 7 2 H12K HEFE MO oK, SRR R IO A s L (14 mT R Pt g U100,

22 WHERK MAA GBI 2F 15 F AT P08 RR U BRI R BTG M AL 2 iR RF

Table 2-2 Molecular frontier orbitals energy gap and chemical descriptors of reactivity of the

asphaltene and MAA dispersants

EHOMO ELUMO HOMO-LUMO gap pﬁ?ﬂ@ﬁ pﬁ'?i’g‘ ?j% EETE?&

ViR i
(ev) (ev) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
Asphaltene  -6.14 0.24 147.13 73.57 -68.05 31.47
MAA1 -8.95 0.88 226.68 113.34 -92.94 38.10
MAA?2 -9.00 0.30 214.53 107.26 -100.36 46.95
MAA3 -9.08 0.36 217.63 108.82 -100.60 46.50

T 0T 23 T AR (R SR HIR 254, AR Q005 A Ak S5 p B B A0 HE 7 DL,
Be~F o BT =i, R BERI B B . B, sk 222 s,
Ji 43 F 2RI H /N ) HOMO-LUMO gap, SSRGS 08 FE AN SR AR EL, 10435 1 a0t
K, RYPSEZMEFURMR. £ 3 Mo, MAA2 BAT e SR a0 AR iR i)
KM, R D S5IE R AETALR SRR . MAAL ISR EIRECS W5 02 7
N BRI RO B 59 MAA2 BIPR AR SIS R ZE R R, RO RO RE. 5
MGy A PR ASE T DL BT 1) B D A4 23 8507 5 0 7 o R AH ELAE R A MAA2 >
MAA3>MAAT BT, [R]NAE B AT 2707~ PU0E BV AL & %5 272 ok PR A5 B B 7 135
MR AR S IR0 -2 A4 53 2 [B)AH ELAE R S 58 i) A bR e 2 —, A BT Ak B AR 57
HI R ik 5 71 Bt

(2) #FHH S5 7R EAEH

L 38R A3 AT 4 ) R ELAE 90000 S S A AL ) O B R R 170, i e | 5
T LA oA ], AT DAEDU R R 8 S AP GEH € R #5504 0.001 e/Bohr”3
RGBSR R0 ESP 404, FFIlId B X 43 AN [ 14 DI HAm v i A 3 A o, i
FRATT BB AR 731 S 00 3 1 775 A A R R T AN [ 27 ) ] R ) &5 - o i S 5 5 iR
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2-8  (a) WHERM MAA 48BG4 7/ ESP REBS, RIHRIBBRAEMRAMESH LIRE
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MAA S84 FEALLAIRMRES ;. (O WERM MAA SEFIZ BRHEEEMREE: (o
MAA 5 F BB 0 X B2 F/EF I RDF B4k
Figure 2-8 (a) ESP mapped surface of asphaltene and MAA dispersant molecules, surface local
maxima and minimum are presented in orange and cyan dots, respectively; (b) RDF profiles of the
asphaltene and the aromatic amide ring center regions of the dispersant molecules; (c) The
distribution probability of contact ratio between asphaltene and MAA dispersant molecules; (d)
Coulomb and vdW diagram of energy between asphaltenes and MAA dispersant molecules. (¢) RDF

profiles between aromatic amide ring center regions of MAA molecules
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G537 19 ESP A OKAE AR, 7T LA 2 B A W% B BE 1) MAA2 4313 T ESP AR (E A1
B K (+42.76 keal/mol) , [K AT AT MAA2 5357 5 43 T2 18] () m-m0 HE B 2k L A o

RS E B MFEWR MEF N T . THT MAAL ) ESP W8 s f, PR SRk RAE
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Figure 2-9 RDF profiles of the action of the asphaltene core and different regions of the dispersant

molecules: (a) MAAL; (b) MAA2; (c) MAA3
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Figure 2-10 Plane contact angle distribution between dispersant and asphaltene molecules
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AR AR AR J5 SR SO-1OLR B (kAN [R] 43— AT R SR A0 7 o T LA 3], XUBE 73 BT MAA2
BRI E AU B S IE AR B, XERW MAA2 597 0 K7 5 i NIt
e, fin) TR ER AR . BAEEY) MAAL 73T B AR BE 5 AR b i o 73 14k T [8) — 7K,
W O R 2 (35 52 B o A L P R ) R, 3 0 R 5 M 0 43 RE SR ABA 3 43 BRAE U7
T 4V R B S SRR 8 W 7 R FRAZ A P o T v X AR 5 ) o A P e LB SR
A B85 70 TR MAA3 RILH | S K HVERRIE 2 (-30.88 keal/mol) , {5 H:fi
8] T T ARRR M IE PR 7 7, At T S IR AR SR AR S5 (T 1, BT T 5 LK 2-4(dD
5B 2-8 (e) o BRIk, FRATAIEMEEEVLEC A UL T MAA2 Zr 80N S 54 T IR 58
AT, R T HAR A R B 71
& 23 FAWART K MAA 285007 REFIEE e T iRkiES

Table 2-3 The solvation free energy and molecular polarity parameters of crude oil model and
MAA dispersants molecules

. AR e (kcal/mol . Deb
%E]VEE&@\ /ﬁ')lJ’T’kA g HE] He ( cal/mo ) §}¥*&‘rij:g§& T%*&%E ( c ye)
R - . kcal/mol - .
BT pgem wegm K™D oo maerm
Asphaltene -20.64 472 9.38 3.94 3.32
MAALI -13.69 3.34 7.55 3.81 3.42
MAA2 -22.56 -5.36 7.35 3.68 3.35
MAA3 -30.88 -6.98 5.93 1.17 1.04
Resinl -13.17 3.67 8.33 1.06 0.85
Resin2 -13.73 -3.78 8.03 0.59 0.47
Resin3 -14.47 -3.94 7.68 0.77 0.61
Resind -12.95 2.36 6.13 1.22 1.07
Resin5 -15.35 -4.65 9.36 2.68 2.32
Resin6 -13.01 3.43 7.98 1.30 1.07

(4) RERDEAIgAH AR

N T TR WL T TR 4 5 2 I B 2 ) 4 e R 5 3 e DA B 3 4 5 KB 7, AT
FON I CRAREAT Rk A A Re T A RE R iR . AETUAE IR AL SEAS B, R
HI EDA-FF J5iEU M a2l v A BAE ) (Eee)  HBEFMEAEH (Erp)
CHBR G EAEN (Eas) » HH B M1 Egs AR EEEMH TR 28, B T

37



2 & B ROW RS IR E D O EAT T
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RN m-n HEBAER, EZUEMTEES N 2.2.2 /N DFT & AR5

M 2-4 B P REE SR, 54T Amber 7 HHHARIK R EHFS
W BT EAF R0 DFT 44T HE, W5 2-8 (d) 35 A AR e
—3, RERFIIRINTE N Asp-MAAL < Asp-Asp < Asp-MAA3 < Asp-MAA2, Wid i-H
R H LS GRS R T S MAAL 20807, 1H55T MAA3 Fl MAA2 55 2
[ S5 G om B, IXAEAREFRRE T 2.3.2 MRS BECRE R . WBER TR ERE,
B RRAEHEE O Z SRR 45 G g A g DUk, b, B F A BAEH 5 2-8 (D
FRERHIEF S (Coulomb, Coul) BEEAIRKHIAHRNE. BEH MAA Zr 8GRI
FMEERRG N, Y%L (van der Waals, vdW) AHH/E A H R A ¢ B0 51 4 FH 250380
W SR, MAA3 POl B R BRSNS 1 R S| TR (-8.04 keal/mol)
WMUFET BAREEG R TR L8 BRTR, B REE MRS BT R T % R R BOM RO 4
T A EAE R B TTIR, BB T B 0 i o B 2 e 1 R R R R AN

R 24 TE 0BITX-M/def2-TZVP HR 5] T B K& DFT 45 & e & EDA-FF G E 7%
Table 2-4 The DFT binding energy corrected at ®B97X-M/def2-TZVP level of theory and EDA-FF

energy decomposition results of dimers

i Amber 7137 N HIREE iR (kcal/mol) DFT 4548
Gt HJF i MR (keal/mol)
Asp-Asp -5.71 34.88 -59.93 -30.76 -39.16
Asp-MAA1 -7.35 22.38 -41.78 -26.74 -33.63
Asp-MAA?2 -10.84 31.10 -58.89 -38.63 -49.30
Asp-MAA3 -8.04 37.60 -67.88 -38.32 -46.54
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B 8] 55 AH BAFE F X 48 HL g & 45 1 48 58 J5 00 A0 B AR R 00 52 e i Len16al - fgi J
Multiwfn 1 VMD FAEGHEAL 1) = 2K 4T IGM 73 A1 31 2: i £-0.03 < sign (A2)p < 0.04
a.u O NI A T B, AN EE IO AN R R 559 A0 BLAE B X IR A, bt
. SO O XA BIRE B FAER R e aiER (nn #ES)
FHEGIER (8 o WK 2-11 fos, W -0 5 ORI 7 58 - 73 5IGR) — SR Ak 2 ]

38



HEAIRE (B SRR

[¥] IGM SE i Bk ta X It , RUIVuEAE ) £ 5 nen HERURAN 2 E 2K 7, 1E
CREGGERETEE FEN . MAA 2 HGH B S B 50075 B e 2 8] 1
ZEE AR AL LT R AR X, AR T E ) 2 e A SR I PR RN

(b)
0.05 0.05 0.05
0.04 0.04
0.03 0.04} 0.03
0.02 0.02
0.01 0.01
0.00 0.00
-0.01 -0.01
-0.02 -0.02
-0.03 -0.03
-0.04 -0.04
-0.05 -0.05
0.05 0.05
0.04 0.04
0.03 0.03
0.02 0.02
0.01 0.01
0.00 0.00
-0.01 -0.01
-0.02 -0.02
-0.03 -0.03
-0.04 e | -0.04
-0.05 giiil 1 _0.05
£3388=38z&g83¢g
sign(A,)p (a.u.)

2-11 AEEYHE R AR IGM &2 i B A E s st B
Figure 2-11 The IGM isosurfaces map (6ginter = 0.005 a.u.) and scatter plot with sign(A,)p colored
for model asphaltene dimers: (a) Asp-Asp; (b) Asp-MAAL; (c) Asp-MAA2; (d) Asp-MAA3
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Figure 2-12 Effect of MAA dispersants on viscosity and energic characteristics: (a) The shear
viscosity and diffusion coefficient; (b) Number of hydrogen bonds; The interaction energy of coulomb
and vdW of (c) asphaltenes and asphaltenes and (d) asphaltenes and resins; (e) The total interaction

energy of asphaltenes and surrounding oil molecules
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Table 3-1 Molecular composition and MD simulation configuration of heavy oil systems
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Table 3-2 Model construction details and MD simulation configurations for pre-assembled

aggregates
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simulation time; (b) Shear viscosity of different heavy oil aggregation states
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Figure 3-5 Shear viscosity of different aggregation-dispersion states in pre-assembled heavy oil
systems (The data points of different colors represent the distribution of viscosity statistics, the error

bars indicate the Standard Error of the Mean of viscosity)
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Figure 3-7 (a) The distribution of exposed surface area of asphaltene molecules in pre-assembled
heavy oil systems during the entire MD simulation; (b) Coul and vdW energy diagram of asphaltene
molecules with surrounding oil components in pre-assembled heavy oil systems; (c) Relationship

between external frictional interaction energy and the equivalent frictional area
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Figure 3-8 The configuration and parameters of the steered molecular dynamics simulation
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Figure 3-9 Temporal evolution of force applied to asphaltene aggregates during the SMD

simulations in (a) model heavy oil and (b) saturated hydrocarbon environment
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Figure 3-10 The average external frictional resistance per molecule of different pre-assembled

heavy oil systems in model heavy oil and saturated hydrocarbon solvent environments
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Figure 3-11 (a) The equilibrium state interaction energy of among asphaltene molecules; (b) The

deformation energy and deformation rate in pre-assembled heavy oil systems
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Figure 3-12 Illustration of the impact of heavy oil aggregation states on viscosity mechanisms
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Figure 3-13 The equilibrium configurations and viscosity of the asphaltene systems with high and

low dispersion (with water participation)
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Figure 4-1 The SARA molecular structures of crude oil model and a concise overview of the MD

simulation process and subsequent analysis
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Figure 4-4 Radial distribution function profiles for (a) 1 wt% and (b) 3 wt% water content as well
as (c) the minimum contact distances under varying water content in the different asphaltene

structural regions of systems A (top) and systems C (bottom)
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Figure 4-9 Total energy contributions of structural deformation and molecular friction before and

after shearing in (a) System A and (b) System C

5 J8 B 3 RE R ARG Z AN BT D) 77 BT B0 R SETHEASE (1, 10 HL iR R S5 H
ARRIANER o 7 FER N A R £ SERIEFI A, T3 1 P2 R SeAE BT VIR Ja (45
ARG BB REZE (K 4-9 Fro) SKRIEIR R AR RN . REROYIE U WIAE &
GUEBTDIE R T AAE D RE RS 22, IERR AN RERTHAE AR 1 2 T ASE (451
WA, R E T, BReEZE NIRRT RSS2, JFHAZRE
Haer i, IR R,

gi bRk, ARFATEE H AL A AR I R AT RO AL . BN R ]
DB S 3 TP AR SR LB B RO R . A 4-9 A N AP RIARHE,
B T SRR A F R A R, T2 B SRR RIS, 2570 5]
SEANEREEGR RN (ot o O ) AN EZ5 IR Rt REEA D A9 E . ik
HIGIN AN AT IE Gadths 5 90 7 U A S8 SRR AR DOMR B AZ L 3 S SIS e 1 2 1) SRR
SAFRERE L b B S AR AR, Wl RAEBR Mk LA . B LT8R B mi B
REMRM T, KT R0 i R REAE IR KHI 99 1 AMBEEGR N, R 7 &
B TR ZL e i B A S SRR, KA BB R 1 S5 SR I SRR A A, 1Yo

71



4 B WEAOS AN ON TR AR R R AL BT ST

TRRMERE, R LT, RDwKE BRSNS L 1 5 K 2 iDL E,
W AR R T A B AR TR, A AR 25k s B DS , A KFLB % T3 142
T, ERIHRG UL TS » e 3G AL 1R, ST FE 2 I STHE AR AR .

Highly aggregated asphaltene Viscosity increasing
Viscosity
‘ ~
/
o "% //
N 5

(<] =
' \ ® Dispersion Aggregation

Two interaction patterns

B 4-10  PIRIGHH T -7K AR B AR R AR A T R K T8 1o SRR A A b B R Ma Ll P M 2 I
Figure 4-10 Two asphaltene-water interaction patterns and the physical scheme for elaborating the

impact of water on heavy oil aggregation states and viscosity-influencing mechanisms

Y AT L, 25 i it 1 A AR AR A ik 266 PS8 PR R S WL A o T 2R
ASTAET I R AR L MEIC R I HARFEA, P2 EEAE AL At B W 1 A sk floW 2 4
SEEHEER)ZE A, RAEKE SN E LT AR M SRR R, BT
ALK RS, I A R MR ESBEIZ D R AL R LI

4.4 REING

AW TR MD #0075, T SR A Bl SR AR R L AR A, IR A
U8 T RS R ik AR B LA AN 5 B0 R 4 A LI o Ak o [ O SRR e 1 5
FORAE MM GICRK S L T 2RI SRR L . SRAK S 7 AR AR T BSE R SR AR e 1 SR 2R
A, M0 552 o AT D B PR A AR D NI R Y £ 55 SRR AR . B K S B
BEN, B E TUZET AR AR SRS R AR IR B, SRR R R I A R R AR AR
Wik, RBL T KN AR LM F TS A RN ELR . BEJS W] 7R K IR RS
it PO 1 PR RS 22 57, s 1 - /K T O PR SRR ML AR R 3 ZE 45 5 3K g,

72



HEAIRE (B SRR

T O R g8, AR A SIS T, e R R R S, e
AN A AR IR R R S5 0 75 5 7K 22 8] R 4 5 AT

AT FCEHHRE 1 PRI ER 10 55 BERE AL, AR SRR M R b 5 R € AR 25T A
A, REMRAE BRI AE A E, R 2>T- A0 R EE AN N B A R AR 3R R g 1R &R
R . AR, TCRATAAR I A i o A v P SRR T, AR RIS P W A
R TR M SR R AR B SRR L, AR e ¢ 0 S 1 6 P52 DR 52 81 9k - 7K T o R 3 T e
IRRIEEN,  AITIE D IR S SR M AL PR I . a0 4 ARG E 1 A il Bl PR AL
2073 %ot e SR AR A RN R B (IR ORI il v SRR RS A R I BETHBEE 1 BB AR

73



55 & TR B HLE I BRI LR R

£ 585 ETHHBFINERNERIEIRE

AR RS s A, R seBU I SR BOT A L Z T, TR RIRTT
P ER I RA B E— 4y, C2UE 1AM R AL A 703 SR AR A AN R L 1)
FERCR . AL, AE AR T XA GO0 RS ERHLEL RN VGR, Bl TR i3k
REALA > G a2 A8 i 4 5 A F) 2R - 20 HICTR oK S DA o B 268 R B AR W AT, IR
Iy T EEROALE, Hh R B RE B, DA R v R P PR R A 2 BT AT R £
MRS,

5.1 515

FESR 2-4 AR T, FATHEE RGRTOHM “ PR MREIIG, KT
“V AL ARZ PEECRE th £ IF I Y T A R S RS RN R, IFIEM] T EE
AU A] FH Gl 7RO A8 ol F52 e R 5 285 40 Mg R EL 28 58 52 i () U A 360k, S50 ML e B 1
R N AT, SR, I T I RN AT L ) i £V AR IS A R e 2 )
8 MU HTAE A AR SR LB PR AR B R S8, BRI AR RS e Hel i 2R
A, I GINEERAF, BT P 1A v GOUL S AR A A ) FE R -2 HICIRZS R IA B B4R
R, HAR B RTAT, (HIFRAG R FE 0 Yk s Mo ih ¥ B R 5T (Viscosity Reducer,
VRO 1AL G Pt B fili BT A — AU 2 R R, D PR RCR AR E - A IR A
LA R S5 R 86 32 PR, VS H T Q2 IT R T AR i AU i a1 B 770,
(S A28 ) S ] e 3 AR e SR AR AS A ) PRI it 288 P2 1) 0 3R IR AT sk = BT A AR,
ST AR 2 S i A O BRI I v 20 0 7 R 46 S AR BB U T o - o 2 T S B
[P 28 SR S P 11202012020, S B LR (IR B B —, TR 3 B807E B 280571 10 ARk
EwRZ A, Gl N R DA G I PR R A PP SR RS, B AR, BR
BEZ A, A R R EEORIR A %, AEBILI7 N FH i [R] - B 280 751 £ A [R5 ] £ ot R
AEAEZZ AR, AT Gt 2 BB R R 28 28 I A i B L R P42, AROKAZ S L RHAS
TR RIS A RO A, TR 7 o A B 2R R O LR T IR AT T

AT ADRAE I SR S IR R, DU & TR SERR ARl BRI R TR
ST A MO BRI LB I PR R LR R . HFERNLEEN T, SIESEIILEE, P IiE
BORHUH A S HEE; X BLIG IR DY S AV P R R B B 2 ORI 7T R IBCAI X AN =) vk

74



HEAIRE (B SRR

TREEASEE T L PR CR V520, e8] AR ol 3 a8 (0 SO0 2 VR PRI, DA R i 4 SR P et 1)
oy r it Ffik e (e 4R 3 H1E 4.
52 WREY S5HERE
52.1 BERFREREST

AT REBE G IR 73 130 77 5 H AL IR v R A BE AL 0 S B AR SRR S E R
BRMH A, B2 15 3 B HR I TR R A et & B AR AR T A R N R 2R
FARGERE N AR, RN O 1 S OeAS A ol ek ) SR SR 45 M RF Il DRI 128
3 B 2 AR IR - BN S ZE R K I B R4 G AR B 3¢ AT 60c, 707K
TR O R TR AR A P SRR i, VRO SRR BRI RCR . SRR BRI RO I AR pLA
AL LB SHETES 3.2.2 AR EeMFE, WWESHER 3-1 RS T4
Ji WA FEBEIA o RGN A £ B2 Xu S5 AIOR A 1 B R TR Jia 55 NPV FERR
W RS TAER R A&, el N-F2 PR BEIE + )\ B AR (el DU R AR
FR R bk R AV R AR (vi2) DURFUIERET R RER R, P2 iE v
R 7> TR 5-1 Fros.

2 ' J/\
° o
¥ ///)//

7

vrl vr2

Bl 51 BREEREFTR (vrl) FIXUEERERIF) (vr2) BT HRY
Figure 5-1 Molecular configurations of the single-chain viscosity reducer (vr1) and double-chain

viscosity reducer (vr2)

T PRFTHIE A R OURE R R0 T A7) S8 A 2R ol 1 e 2k R DA % e R 1 AL
SR ERNEAA R M R, OFEFHHYIEFM AR R 3¢ 1 60c UM vrl. vi2 PR
FIRIBR PR FAAR R, 2l %N 3ctvrly 3ctvr2y 60c+vrl I 60c+vr2. 7 5 B 2 AR I
RIS 1 S EAL B L TSI R 75 0 SR R AR A L 23 Tl 4% 1.96 wit% A1 2.80 wt% 1178 Ml
FL35 SJ 35 78 30 AN vl A1 ve2 W VE R R 0 1 B 55 AR BT 70 1R 5T &

75



55 & TR B HLE I BRI LR R

RAMIZE Y5 B ORAE S A AR Tk A 2R R 28 285 0 S 2 o 1) 7 2H R BR AR 25 73 A1 DR A —
Vg8
5.2.2 HEEHRIAT

A BT B 7T 3 1 AR E SR TR A GROMACS 2019.6 58k, i H]
VMD 1.9.3 BfF SR af WAL, , 4035 5 S0 0 B0 A5 SIS A 2R P R0 58 e P 5 BSEADLER R
Gy TSI E G . X TR R, 1R 58 e & /MU NPT FICP#t s, %
AT 3.2.3 /NS AR [ (R 3R KOS S DLORATE B T AL A 2 % 231 R0 B e = JRy
Hega, PRUEFERITFIA 71 2 (A i & B, BE S $RAT 20 ns B9 NPT ~F4725 MD #5i41,
SRAFHRIE BRI SR AL, o Je W AR A 2 5t I B D7) 70 AL 15 B B 4 1) B UG 2 LGS
R ACR . B 5 8 =4 Ve B oA, BT PR R E Y 1.2 0m, BHUPKIKE
N 1 fso KRN MR- A R AR B AH AR, SR A PME SRS d AR ELAE
W RIE R E N 343 K, JE A3 HITE 10 MPa AT A 0L B 5 771 S By N AR i b J2 1) 1)
A, AR ST XS HR B 2.2.2 NI IREE— B

53 RS 5h
5.3.1 BEFFINTMBESHIF

FESSHT BT FE T I8 70 R B, B 0 SRS IR KREE B JE TR0 1 A4kl
Fl, JCH AT P HE S ROP AR - WO B, DAL, AN 1 S ST PSR I AE I
B2 285 791 o Xt A ik SR AR S BORE A o & 522 TR RO A AR AR IR B AR R G T AT i A
MD B S5 10 ns A2 A SRR 4P B0, WA BB RR
TR TR R 99, RIS th mT DAY B 00 52 H AR il 0 75 o 0 O B
(SN Tl P & i A

VIR RSt 3¢ RS RS ARIE R =8EK, £2d R0 Tl
B E A Z AR I R =R B RIFR R IR I (& 3¢ AT , HE
ANHIh FR G AL T B B B ERRAS s A 3 AR SR N R vrl ATXUEE vr2
S VA TERBE RS, BE AT I 3cvrl A1 3chvr2 FOFE I M4 M i o B Dk 55, JRA
HU =R A RE, BIHNERE. RIS RN "o 8o k£ R %
P T R I o B2t 771 0 S B AR M 8 [T 5 90 7 oA LA P i, 3T 1 SR ERAA ] BB ¥
AR, REESRAUEAN 2 a0, BN T MD BU i E i = RAR 2 AR, R

76



HEAIR S (A SRR ST

SRFEME 5] [ 73 O3 AR R T B4R S AR LSRR, A BT I B o B s, BA
W B SRR RE I o AT AR SR PN PRI AR, B XU S5 A8 (R B 3050 2 S AR il o
T B AN i, FEAE BT U AR, 25 RS BN P R B 2 1A ]
BN 1EPE, KRR AR5 THME

S LSRR IATIR BT R Gt 60c, £ HEAELAVAR KN4 7313 7 2t v fR4F
TRGERIARSs ), 4w AT E R o 1 2 R R RGN, Hh KRR
25 T - T SRR (0090 7 o 40 5 S o 0 W PR SRR T A8, 0 R 01 - T R 2R A T
T, R A BB AR, RN U SRR S i o T P R R SN SR i T
W PRGNS, (BRI BRI 22 N 75 R4 & VR RIS A I B0A R K e As, HE
N0 72 [ 285 7R A8 5 T 0 R e A A 3 0 S IR AR 7 A e 5 10 I3 2 Ak A 1
Br i, DRI EEAS B 1 2R S B SO0 7 B AR i R AR 2

s
- 3 0 2 L
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

X-axis (A) X-axis (A)

60c+vr2

Y-axis (A)

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
X-axis (A) X-axis (A) X-axis (A)

Bl 5-2 FIEFmMARER R D ERAE 10 ns P Z WBEERME R REMRIK R E N6
Figure 5-2 The 2D-density distribution of asphaltene aggregation configurations along the Z-axis

direction for initial heavy oil and viscosity-reduced systems during the last 10 ns simulation
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Figure 5-4 Radial distribution functions of (a) asphaltene-asphaltene (b) and asphaltene-resin and

(c) interaction energies of above two parts
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Figure 5-5 Radial distribution functions between asphaltene and the (a) head group and (b) tail
chain of the viscosity reducers, and (c) the number of hydrogen bonds formed between asphaltene

and the viscosity reducer in the heavy oil viscosity-reduced systems
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Figure 5-6 Radial distribution functions of (a) asphaltenes to viscosity reducers and (c) between

Head part of viscosity reducers in the heavy oil viscosity-reduced systems; (b) Interaction energies

among different components in heavy oil
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Figure 5-7 (a) A comparison of the viscosity reduction effects of two types of viscosity reducers in
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