FhESES: 0742 BN 10425
¥ 2: S20140034

T FAMIEX

Master Degree Thesis of China University of Petroleum

EERAEKESIARBERITAN S TN FERHUAR
Molecular Dynamics Simulation of Hydrate Deposition

and Desorption Behavior on Pipeline Surface

FRENE: MEAFE IR
WFidim: AT E % REARS!
Rt AFEs%

BTN K F K

—O=-=%HH



Molecular Dynamics Simulation of Hydrate Deposition

and Desorption Behavior on Pipeline Surface

A Thesis Submitted for the Degree of Master

Candidate: Haiqiang Fu

Supervisor: Prof. Jun Zhang

School of Materials Science and Engineering

China University of Petroleum (East China)



Z B ] 2003 5 H 19 H
B HE O X L RERTREVR KJE 236 =

K w4 HRAFR TAEsAL
T [R5 oz R R (AR
B Ml Hiz Hh [ K 2
) BRUR E2ELd R (R
. P4 Hix AR RHR
B3 B €3 R (R




X TFLIE A IR B 14 SRR

ANMEE Y] B A8 SOEA N S EINTRS NI 6T e AL BT
R 1R SO AT R BRI A2 S ORI RIRI AR, BRoCHh 8 LR E RN S50 4b
ARXAE T HEMACE R RBIESHT TECR, WA E R NS ARG T E A
K2 (AR sl S A MU 22 6 el 28 A T A A b el . 53k - AR IR &
RPTETE I A AT A o RS SRR SO S A A A

AL AL AN SRR R T

e gy, _ 438 55 H#: w23% 48 | H

FAOLMEREWH

AFALR SR H 5S4 AR IE A R (A AT RORE . R AR ST e
[ & S R OR B 1) [ 5K A 0B 1 sl LA 8 A 2 18 SO S B R | T Il e v AR 22 (18
SCHE T B A ] o A5 NSRBI A0l A7 CREZR) T DK A2 1 SR 4 TS sl Tl 0 N 2%
MAFREIEEHATIRR, TLUCRASE, 4580, AESEHETFREFMICREEA L
So CORBE IR A 18 SCAE R % il A2 B

S T 498 5B O#: %23 ¢ 6 A | 1

X
1B FEINE 4 AW 20054 67 [ O



wm =

RIRFIKED) (NGHD 52— FhRUKCIRYI BT, - 1 U 42 1) 7K A S U B R 2% F R
Wiy TA . BT RRTUKEVIEERTURYI AR AGR L 200, #EEk,
PR e Ay e B B AR U . 2RI, ZEA . RIR LSRR UK G IT R
Fr, KEVIATREAERIRAN S IS MR A, X SBUS B, & p™ H A 24 )R R
2T o R, A A2 T K S DN B B4 28 B S B LAR , IR R it n AT

AR 7313 1 AN TR T TR R K SR ATy, Il S TE R
EKEG VR 18] A BAE RS, BRAE R SR OK & WAE e o AARGHR T S A i AR 28
AU FEETE R TR R R LA, LS I 710 R AR SOK S WA E T R T AR B I
IR o PR/ ETE B R7KE VIR R B 1L RIR SOK-E YIS ZE 0 %071 SERTHI0T
TR, KA PUORRIG 52 A £ R R HK SR . i, @ AT 0730/
B, RIAEKE R RS, KBRS SR i 2 i ik & P s AR PR
HART S, /KA Fe 3R BI5R2R A 17, TURRIZK S VIAS BER W BI7K AL K &4
PRI KB — BARAE . BEEKSEM T IRIBEK (Fe>Fex03>FeO>Fe304) , W FH/KHAE FerOs
ERAONT R IKEY, FHEKGYITIRREE FeO M FesOs B /K G H1M
Wy K B A2 N AE RS B S K G, Ka YR M or A B8

(Fe<Fe:03<FeO<Fes04) o 1X & K AUIAR KK G 1 53 B T R HEAEBUR I A J2 X
B, BEEBREZERER, KB REmmE. Hit, 55&FRR5MKx, KELEK
T ARG XK ER M ARE I 1E .

FE RIS RE RN, e S KT O SR G, BT ReE

Bomm i SR B H KA R EERCDN, K S AR B SRR Y ST B R B R L R
(Fe>Fer03>FeO>Fe304)

B, WSS AT B T S A B AR K S PR R S P R B i AR AT B AR
BEEATLAR o X AL A48 o B AR R 42 o) LA K 5 A A T 3R ) A2 B S K & A ) B e vt
AN A AL — € A BRI WS

R RNUKEY): U B8 KM RiMsm

vii



Abstract

Natural gas hydrate (NGH) is a kind of ice like substance composed of hydrogen bonded
water and nonpolar guest molecules supporting hydrogen bonded networks. Due to its
extensive distribution and huge reserves in seafloor sediments and permafrost, it is also
considered the most important alternative energy source. However, during the exploitation of
oil, natural gas, and natural gas hydrates, hydrates may form at low temperatures and high
pressures, which will lead to pipeline plugging, causing serious safety issues and huge
economic losses. Therefore, it is necessary to understand the key mechanisms of hydrate
adhesion plugging and take effective measures to prevent it.

In this thesis, molecular dynamics simulation method is used to study the adhesion
behavior of gas hydrates on the pipeline surface. By investigating the interaction process
between the pipeline surface and the hydrate particles, we understand the mechanism of
deposition and adhesion of natural gas hydrates on the pipeline surface when transporting oil
and natural gas under high pressure and low temperature, as well as the effect of methanol
inhibitors on the deposition and adhesion of natural gas hydrates on the pipeline surface.
Reducing hydrate adhesion on pipelines is considered an effective method to prevent natural
gas hydrate plugging. Previous studies have shown that water membranes can significantly
increase hydrate adhesion in gas dominated systems. Here, through molecular dynamics
simulation, we find that in water dominated systems, water films play different roles in the
deposition of hydrates on iron and its corroded surfaces. Specifically, due to the strong
affinity of water on the surface of Fe, the deposited hydrate cannot convert the adsorbed water
into hydrate, so the water film always exists. As the water affinity decreases
(Fe>Fe203>FeO>Fe30s), the adsorbed water will be converted into amorphous hydrates on
Fe>O3, and after the hydrate is deposited, orderly hydrates will be formed on FeO and Fe3Oa.
When the absorbed water film is transformed into an amorphous or hydrated state, the
adhesion strength of the hydrates continuously increases (Fe<Fe,O3;<FeO<Fe3Os). This is
because the separation of deposited hydrates tends to occur in the soft regions of the liquid

layer, and as the liquid layer disappears, the process becomes more difficult. Therefore, in
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contrast to gas dominated systems, water film plays a weakening role in hydrate adhesion in
water dominated systems.

Under the action of methanol inhibitors, the water film on the iron oxide interface cannot
be converted into crystalline hydrates. Due to the absence of high-energy hydrogen bonds, the
adhesion strength of hydrates at the iron oxide interfaces is significantly reduced.

In summary, our results contribute to a better understanding of the growth, deposition,
and adhesion mechanisms of hydrates on iron and its corroded surfaces. These mechanisms
will provide a theoretical basis for understanding and controlling the formation of gas
hydrates, as well as for the design and selection of hydrate additives.

Key words: Natural gas hydrate; Deposit; Hydrophilicity; Adhesion strength
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Figure 1-2 Natural gas hydrates as energy sources*?
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(Fe>Fe,05>FeO>Fes04) » MK TE FeaO3 LEAL NI IL KA, FHAEKEWITIR
JGTE FeO Ml FesOq FTERA FE/KEW . 2RISR 7K I 22 D9 d A B K-S P
I ISR B AT AN (Fe<FeaO3<FeO<Fe304) o 1 & BRI NITTAR I 7K A4 1) 3 5 1t
6] TR AR IR AR = X3, BEE MR Z B0 2R, Hod R B mE . (3) 3R
TR TE R AR, B REX — 5 R AR K S P R R B A S o R R
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KA N B EKEY, KEWESE DT R MR E R FEIK
(Fe>Fer03>FeO>Fe304)
AHIT T 25 SR AT Bh T S8 A st PR Ak S IR i R DB K S UTAR LR, AT A
ML AR A TG R T AR AN . AN K B K S TSR, B T K &)
DURRR 2 R 10 BLIR = (1 DL S R A A A B e 1 =
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28 KM RYE ST

IKEWEAEM AL SOKEPIT KOG TEERE EREMT, &R TE R ZE, 52 ma il < BRal,
H RGBS 2 AR, 4R AUKE MBI AT AR R BBk RCA1 . i
T, IKEWA KA B EAAE AR . B, 8T T AR K& B
FIZEAEAINLEE, ATEL TR IR UK S A B AR AR, AT o AR JLAS 7 g i
TR TET: (D) AT R B RRUKED A E. g, KA
i, AKBIE G RITERE AR (2 W RRSKEVRGE: 73T RIK
NI ORAF BT 26 PABEDR AN P S2 384k, PR E AT HER 2R GEAT AR AR AL (1
. (3) SEEHRUCRIEAD L ZE R R JRE IR TUKED NI 2 R F24L
R, LT 1 B BRK S AR B T8 i R 3 2E 7]

2.1 515

AT SC A VEIR X RIR K G WRAT I A B IR EZE WA TN E, 0 HAARE
RIRNE R o AT FEBENBE RRSUKEMYBE VIR BUZILL, 5TATERIRS
KGR 7 TR TE ik Fe s B -G Wk RS R M R 28, i I TET R T 41 1 kit
FRAZATE A VAR AR BT W R . [ 18 BTl sk, T4
HEEEAGE A, SEI0. B, A RE M BRI IR R, PR R R I R 4 L
ZHIG. ZRERZIET. SRRZIER, BTSRRI EAN A meEEE S, 5
EHERATE, WL B E SSUh 2 M . KEFF TN K& A8 T 1E
PRSI S ik, MRIEARAR S %, SRS IERE B m B4, SRT, TR
KA 557, ST 5 A P 4% A2 2 S5 ot BRAZASE 25T B B AT A7 16 4B,

2.1.1 Y5 pit%

2 W% R R AR HAR I Ot FE v, AR AT AR B 2 TR R A I, 5T 9 A
oA AR K (& 2-1 hen sl I H E B REIE KA S5 8 A A AR 17
JrRUELL . SR MM RIEL (EFK 748 AT A SO AR 2, 7R SR
R B E RN E HARG D (H2, MR RKASRKE, RRFARIIZFERE
B BN, RSB kR, TEAR 2 R T R BB RS N R EE AR, SR L
ARSI AR A E R A B D) 2 0R5), RURFR A e Re T, st /2 B Al A A 1
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R EbREZER, ERME, I HEEE AR AR 5, fEE 2-1 hBLEk Lk

e

Interface frec/ nefgy‘

B 2-1 SUUREHER A mAR (BE-EE K, LhaEmE So-Eh

Figure 2-1 Free energy change of classical nucleation theory (black - interface free energy, green -

total free energy, red - body free energy)[48]

XFE, TEBCEAEN o (RHTAH A% TG A 1 ) E e AR A PT BLRIE
AG = %zr%gv +4nric (2-1)
A, AG R EBERRE, T Ag, ARMAFBAA BEEEN, T m™: o HEAIH
1 H B, T m?
HHAETER A 7 (A2 2) S EH—MRAHEAG

20
rz:ritical = A_gv (2‘2 )
AG*—167TO-3 (2.3)
3Ag; '

RN E, FrA RS SA 50% MR AE KB . ERZDT 7. 1, SRR
R FEEEE B B REME N, Xt ] LR AAE L %15 3 (B fr) ). 29K, 5T
I 1] 2 PR BAR #8122 25 DL B M B AN RN T A AR R R 2250 o ol A2 e 1) o
A 28 FFOB AR A% 5 ZEAE T 2 3B J A E R [R5 20210 B i RER KR S /B, Brbl
pe % T RE 2 22 D0 I RN B 7, BB /NI I i . DRI, 53 I 7]
FEBENLA, IXASBEALAE B A5 A5 L S AN T oA i R B AT AR R AN S 1, G W 75 2R
BHGEHIT .
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DL E kA& Gibbs 58 A\ H 135 44 I 48 Rl i% B2 18 (Classical Nucleation Theory), %
R A PAHE— 2D BT 46 JE 12 B (Arrhenius) [ B 38 K [ TE 20K R R -

AG"

J=Ade &

A, JARPBEZ, mol's's A RFNIEETHT, LEMN, S5 FMHTHEREA X
W1,k NBURZE 2R KL, 1.380649x10-23 J-K!; T ONZEXHIRE, Ko

AT 1 S B8 IS ADLRE 5 2 B AR 22 BA% ik 7272 43 9 5 EAT 1) (Two-Step Nucleation), 7
etk B NHIIEZS B ARSI T IRIZS, SR rh )28 PR R A SR AR (1 Al A 5071,
SR1MT, 2013 4F, Baumgartner 55 A\ P8V i 2 5 BT~ SR AU BE (TEM)AIF FCREERAT 14 B R B
TEBUZ AR T RE AR R b i 2 HE IR AR S AR I AR AT, SRS Bl I TR PR AR A4 3 b B
A TR 0 UL o [R] St A E VAR T B4 HE R Dt A A ) B PR
#, RISAZL R L8R, 2013 4E, De Yoreol”)7f Nature Materials %5 bX} I %
BEAT THRGE, S Bt FEAMUN R A —Fig 12

C

(2-4)

Y Bulk surface energy
Amorphous / o Crystalline
bulk /. bulk
>
phase phase )
1]
c
[
[«}]
g
Atoms or -
molecules § Metastable clusters
>
w
Stable clusters
| I
v/ Average cluster size
Pre-nucleation clusters or primary particles \

B 22 ZRERZREED

Figure 2-2 Schematic diagram of multi-channel nucleation

K 2-2 xF BB HLHIREAT 1 IR, IR 2 R AR T R AR, AR R
JE 5801 T LS U AR S A, SRR B AR BB A A AR I — D i, AT RAE
PRI RS E B R o 2014 £ Nielsen 48 NIIE Science % & EARIE 1l fITHI R A2 TEM
ML BR B A5 P BSAZ T A o AT A BIAE A R 5 1) F % SEE 30 v, VA AT A L2 A B IR
PR A, AT L E ST AR S A R BRER S A o 1X AN S8 — ICIE SERZ R AR (1 2 A1
SEBHMURE T A% L .

[59]
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XtF 7K AW, Valeria Molinero B 5C M E2 27K SR [R1 3L id% » VR IE T BAR > T304
A TR AL “Blob” (i, HIE#— LRI KEY), Zid bl B e 2500 5 &
TR KEY), Wk 2-3.

Dissolved Blob Amorphous Crystalline
Guest Clathrate Clathrate
B 2-3 KEYIREEREREEBS

Figure 2-3 Schematic diagram of indirect nucleation of hydrates!>l

W AT B SR, FORE SR 7K

A o T

SV EERAZ, i 2-4,

G

Bl -,

500ns o 600ns

B 2-4 KEVEERZEEC

Figure 2-4 Schematic diagram of direct nucleation of hydrates!®!!

ST RIS %, WBE S R RIS AR P A5 = A s D B I 0 R 3B T A% A K 5
TR EE R R B> RG4S .

2.1.2 FE¥IS A%

TG AN AR LA 55 FARER S R, K-S i 5 AR K — IR R AR AE [R5
i, fE—m R L, FEAE AR T — MR R, T LA KA %
FVERSRERL 21, IF B A S EA R INEN CEAFTERIK G WZHE Fae HAE . EARR
IR EYNIIRIRAE, BUZAAAC o), [ AR T 17K S k% v, & G2 . Cha
8 N6 3 5 i A 3 T PR AEE T AR K B 1 CHa 7K S P AR O 2R o AR AT D [ A 2
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HR AL T — e A% AL 1T, IR KA R AR T A KB B« Riestenberg 55 AIPHE H7T
BWIAAAE RS T AP T8 . Chen S8 NICHHAIE BT 17K AR A& PR W] LASE i CHa 7K
BN A R A SR, DLW T I AR T A RENE ] S R K S I A A
KRR NHERAE- A A EAERTER N, K5 i B ARR 3 R a1 DL &
I3 1 IR PR FT BE 23 A K S BUZ 5 A KIS R . SR, ROV T o [ A4 3 T 4 ]
SURSARIRKE VIR AL R B A e 3 . BN, B SURBUK S VIR T Ok
AR, ER RN Z K EP-DIOR A EAE AR, AL ARG . R
BT E NI AR AL A R, AR SEBRh IAEAE 1 22 K501

FENBAZ KRGV, ARBEA RS2 R ISR 2 F S
A, HA IR 3 ANER R S YIR) A AT NS IECR . (1) S A S e i
EFEAMEK EWE R Q)FHAAAERS, K GV RAZ R A+ 72 5 TH . B i B
G TR R P 3 A 2E 1

2.2 RBEKAEW A

I A B ORI SCHR, MR T A E @S SIS, AR R @ e A
Packmol I T /K & W& F VAR, FIF Gromacs®®7 5131 1) F 3 AE 5 Wik A5
RUAT T a5k, SRIGREAT T B AR,

A FAE T —Fp 5 FEFRISHIL(MC, Monte Carlo Simulation) A~ [A] {1 4T 448, 77
¥, BI4» 73 15 (MD, Molecular Dynamics Simulation). 3% 42— 3 T 5 14 J5 7
7%, Tl @A B RIAA IR, AR AU e, PR R TR T INIES)
BT, 1S 2] R G RIS S 112550 BRI ECR T 1 R 5 R Gromacs 27
BEAT o

Z R F AT RGNGE R B R G ATA R R T IIEDREFI RS M3 ae 2 A
P e o RGEAIHARE AL B S (0 25 (A7 B W IR A, 38 1T LA R 4 1 IRV IR AR
HaeM 71 N #AaE, B

U= Uppw+ Ui (2-5)
X, UNRGHBEE, T Upw A TRIKTEIRIERRE, T Un N TARHERE, T
RGO AEAEAE T DA A 5 [)E ERAE FH £ 167 50 23 -

Uypw = uiatuis+++ui - +uzzt+--- (2-6)
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Ziu(r

b, r— 5T i j Z AR
7y NBEIEAE . PRBD. HH i ATES PR S A T N e

Ry Wish 22, AR BN T2, Ho SRR

FimV U=(i -2+ ;9 479,
ox, oy, 0z

i, FoNSE i ANETHZH, N
ST SR A A BT I P s

N
ai:

F |y

R, a, W i NRTHIEE, ms?
S5 A NI AT AR RN 2 AL B

- -0 0 1~

ri=ri+v; t+5ait2

A, 7 NE I ANETFOME, me t IEE, s,
&0 ULz F G- W3 7 7545 2 R 40 A W BEAAL 2248 5 .
2.2.1 ERIE

(2-7)

(2-8)

(2-9)

(2-10)

A5 FH AN TRI VA S8 1 FRBE VAR, % T8 VR e T TR ) 3 MR AT B 6T 7K 5 T RS R A R 52

A a7 70 7 o ik, B T KRGV A% 07 I [R] L %0 i

H RS

YRR K73 A T /K-S RN T B0 4 U7 TIPAP/ice 5184108990, 1] 2.5 R | iz A6 2

Bl 2-5 TIP4P/ice /KASHY 168,69
Figure 2-5 TIP4P / ice water model diagram!68.6°!
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AR (2R SR B 200 1 S

RS SR TR AT Packmol &K EWI&E T K/NA 104 nm?
B &7 (4.7 nm UKW T & T), AIEKIT 2884 4> ra A K> HE €, d@id
SR e 700 R BRI

T 713 IK 5> TR F TIP4P/ice 7> T %Y, CHa K A OPLS-UA BXA i 18407
OPLS (optimized potentials for liquid simulations) 773 JorgensenIBIFAFF &, FHiE
T2k, A %R AIUETISRE G R, X B TIPAP FRERARCEH . B
T BRI 2-1.

#2-1 H,0. CH,FIFEMHEH Lennard-Jones #i EAEFH S H A R T BT

Table 2-1 Lennard-Jones interaction parameters and atomic charges for H,O, CH4 and surfaces

Molecule Atom Mass Charge q(e) o (nm) € (kJ /mol)
oW 15.9994 0.0 0.31668 0.88211
H,O HW 1.0080 0.5897 0.0 0.0
MW 0.0 -1.1794 0.0 0.0
CH, C 16.0426 0.0 0.373 1.230096
Fe Fe 55.845 0 0.226 57.79111946

222 RUSHKRE

P 518 H Gromacs AH-ELIOCTBTTEAT . AELADLR Y = 48 J) 300 5 2% A, B9
fRrmt (]2 K29 0.001 fs, 7E MD B2 1, 1 Jeilid fdd T FEENE e iR MR %
F4t. MD HAUAE NPT REgHiAT, HriR B E TGy 270 -290 K, H Nosé-Hoover
fER A, leap-frog AR5 BIE M T3 E F I BT, K176 5-50 MPa.
WIh638 B2 Hh 22 e 7 = 0 A e A
223 IKEYNRAEE

IKEYIWT )2 A8 FFS3(Order Parameter, OP)SKJ¥ B /K &A% L KL,

MEEGE R, HHSERRN G ARSI AR K BEGT RE. FUE, X
SeAS AT 5 B S R 4 e R B A S5 R 3k Fee 1) 7V AN 7 508 S SE A AR 18 S8 56 T
FESEPRR A, XL IER RN T 2 B AR R BUR . BN T I B R R 1
SR S SEBRI SR AR AR, S 2 (17 SRR EE, DL BT SR, P A
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AR (UL 25 e RUKEVIRIRRAT K &40),  IF I BI iR itz ig 4%,
IKEP =R SR AREER AN 2-6 PR .

\ -~ o !
A % ,‘ ";
Lo 4] ]
,:3;‘ p “lja

s 2

J9%2 X
S =L,
ate A

‘ 4 A o G &
KL% L

Py et

£ o ,3.3" i

K TR |

145 T AT,
T LY Ekﬁ%ty?{ H
P - to gt ., b A S '; Te SR o { N 04
RS P RGBT P T T | Spelcrons

B 2-6 KAEYSREH0
Figure 2-6  Crystal structure of hydrate!®!]

(D R

Rodger % NTEAHARIIZK 93 F 2 [B]3€ LT — /MR F S For FIULRAKE VIR K
IR G G UK B R A K X A3 FF RSSO, B AR 4E A5 f PO 26 /7 24500 LRI 17
KGR XA, (HX L P S AR X 7 HESK SIS SRS, BAREX 70 B A AF
IKE VARG R X 3K . Radhakrishnan F1 Trout fi| /=4 1 6 X} Steinhardt 4 Ff 2 %18
AT T VP, RITE SRR & PR CO2 KRR AR 51 FIK o3I PR ANE & X 43
XA, BRI A A4 7 18] IR0 B gk S8 o A 4y (R 3l Y B ABR T B33 o 50

F,, =(cos(3¢)) (2-1D)
A, B, AR ZHL RN o ARAKS T HAMI H-O----O-H lF 1. UK.
WA KRR G F,, FYHE S5 8-0.4.-0.04 H10.7.

Clancy $2 H =& 7 2415,
F, = (| cos 0| cos 6 + cos® (109.47)) (2-12)
A, Fs RERFS8 BEN: 0 —MAEFRE S —/NEFILZ i A AU
TS o F3 BT 57K 431 AR 7 28 A 25 D T A2 (AR 22, Xof AT AT I DU TR A4 PR 2% 49 0.6
N TAEAR P ZH00] LXK 43 7K 437 [ AN 5] DY T A 24, Rodger®7E H-O-+---O-H ¥ £
(Bl ST T — ST VIR T S5 Py X B AR SRR RANZ AR T TR
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ML, SMZR) O-H SR A Sa A& H T —A O A, IR AN EL A7 5 S oK @i o i
HFEAA . KEVEM L PR AT, Hike=EEE 11N FefE. WNTFSEEES
453K TS 5T =R AR e RARA S G vl RE A B IME . IS N TS ER
FAR X 3 AR R AL DY ThRAA K 2%, BARAEH DY AN S BRBERIARIX — HbR. £, ZFEHIRF
ZH] DR B b X 43 32 B2 45 40 2 P TR K B R 7K A W A0 32 22 45 0 72 7S 1R oK B9 4 it 34 L
HHE LN 20° BINAUK. A T IHEREE, KK LFDEREE & O Hn-O---0
-Ho 287, Her HilRes 08k O 45617,
F, = <(;0m0, -770,.0]. XI—”OJOH ) (2-13)
b, FORE § KA TR A F RS, R £ o WHAKS T m i
I & RFHK EWINT Fy 0 F3 NAB S 58 0.7 F1 0.1 247, WA /KAS NAE 73 78 0.0 i
0.9. ¥/KEWERILMNHN B, HIMNZZ B HAHRRG LR s, HF3sHET
LEKEY, (BNZENFEZSHE LEKEVMRFESEEE ETie—2.
& SUEANK ST 1 YT AR 7 S 50N,

) 3 3 4 1
q,()=1->>"> (cos, +3) (2-14)

=1 k=j+1
KA, q,() N P DK T q O VIMETFSEL BEN; 6 ML i MKy RFL,
AR 5> T jk HIR A, rad.
WHEESHAE: BUERNS, F FSEY, KEWMKD 75, BT

FHO, o IR
(2) K

CHILL+ Algorithm: Molinero SV IR -G WA UK HR K (1) R SR S5 46 B S AN [R) o 8 A
I TR TR EVRVK I % KR, =5 L — ARSI & 0 Bk X 8
TBE— AR B 7K 2T o Z BT SE AT LR BIVKEOK &4, EASBE R IR 5 P&
XS UKAK G IAFHIIE Dl 1 BRAR, B a0 oK & Bk & YAIAE i e K& B F Ry
R K S UK . Molinero S54@ Hi 1 —ME 70 Bt R A ZE T KA« 755 0K
SE T3 VKA /K A RO . CHILLA A A2 48 0 B 7 7K 71 B O 50 SRR il 3205 0K
INFHOKRK G H 7K 73 CHILLPYWE R 1 7S UKL T7 oK, AR EERAIKEY),
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CHILL+/2%f CHILL ¥ f&. Bk 7 /KEWIEN, CHILL+E R E 5w 1 X 7S MK rfs
MYEHE . Molinero BHF 7 CHILL+FH TR AIVK A (13 & S A RUK S PI BUZ A K. X
e SRV R ORI K G B, T BB 5 5 TR X e i Ak 1 BA Ty
EAR L B B B AL

(3) BT

Jacobson “ENLL R KK & 4 1 i 244 43 1 I B B AR A AR 43 -1 AN Hh 45 B AL 1Y)
P28 R MO 7 B & AR T HI(LCSSG)FF 2 4. N T % blobs 574K 1
oy Itk, DAHEBR B ARG 1 A Al 458 . 1 SR8 A 4 7R 4 TR B IR
KT SSG 43T, SRJE M I R ISHIING SSG xhER R, R H B K SSG R,
%tF Stillinger-Weber /13711 M & A4k 5318, SSG gt K AEAEZARs>FlRIEE S AF19 A
ZJ8), XANVEEE A 53— A S 1 AT DU R A0 TR, RRAE T LE /K Bl A A
STRE—R, WRIFOKEMRIE. T, KEVEEE TLABEOSAIK. MR
Gy TR IR 3 A0 SR LA S LCSSG Fr 2408 vl F T IR ER A BUAH 27K 54 blob 1K & . 48
1M, Jacobson Z57E & 3 LCSSG & H0%t SSG MK T HIA F AU, - HAREX 2
TR A e (B A AT RE R 78 1) TG o T B B K &0
(4 A

MCG: W ZKEDIH TS EAAB T KT IR, TR RE (R EE
JE50)id /& A2 JR R (R G 48 ) ) OS2 OBV AR M T A 2 - (R AR AR, TR e B 2
— /N N AL fR(Reaction coordinates, RC), ANAeHERfE E/K SR UIZIEE I K RE . 2014
E, Barnes 5| N\ T B> TMCG)FSH, %S HEL T /KED T K
AR AL, RIS T KRG 1 1R R 4 .

FEJCHT AU 7, 40 Lennard-Jones R %45, &I I A/ INANGE FstHifid
JRAZAR B 249 Barnes %5 (1) MCG-1 7> 2801 B iH (0458 RT (R e 401 IO BRI S 14 G
JFRRNIE AL 5 (LRI TR SR s B A% . TR, e J 3o B[R0 ) i JE HE K 20 7 SR A 3R
[ A% RS B B S AR . RS EUFAMBGE d kg i, FTLUE T BMESS RC, BT
fELERZ U 1) AR BOV R 7 TE 7 454
(5) SUHEIRHITE L1

SUBEATIN ] O-O B 3.5A, ZOOH i 35° WIJLfTAE . #t— DA AR BRI R
DFS 4. i3 —DARYE 3L FHRHEAS BIBOIR 45 M . Matsumoto S8R “ ZTHA” 51
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T HAAASE, FovF M, AR R AN 2 s, 5 i i sk fLRRO . 35 fn
T (D —ATAHBAR=AE I, () WAELE %3, (3) FHHE F-E+V
N2, Hit FOE MV R EARIIE . URITT ERR  A0 K RE S A AR AR
HASLY, HFE Y (1) n THFZEDH n MHESFRE AR (2) MARSMUEE R eIk
BN (3) SMUPR R AT TE B ER I [R]— ]
224 KEYIREEE

TERIRBN J1F 5 IKEWD AL AE 73 T ALAUL IR IR B) ROBE P B R R AR 16377897981 4k
FEARBR S JJ A b, 72 SEae = A E AR S a8 W MK ST kR R, 3B BH KAk
RRIARIE . T IR BT A 2 A0 1 1R S S AL bR AN il 2%, 75 A S k1K VR
HORE 28 WL R S, 3ol I A BORE Y, G b i b 100101 g S T B e 11001021 0
[ i R L 03104 S 8 g 2051060 -, S T VA AN T T e B AL AR I S B KA,
FAE I Fr 28U 4R SR I & S S A BE e (BA%) o AESERR I, IR B T7 iR I R
SN IEFRAEE UK BIRF T WD S S e (9 7 S 8O 5 R SE bR i e R AR bR, (HIE
MFSHOEDLER], DRI BT BN PR R R AR (R R E T
H1 blob R [RI K &4, I W B AR UL B 1%
(1) IE @& KA FFS

AR 58 1R S S ARBR (A K AN BUAZ I FE R 5 9 N+ AN EE B S ET . 25— IR
&2, HESIRC, BRARIEES. N T HEIEW KRS 2, 532, &, NHARZS

My =g <y <Ay << Ay << ay BIEFE A o N TIFEMZE P4, | 4, WERELE 2, AR
PR S H 22 2 i AR B &, R KRS MD . P4, | 4,,,) MR AA
MD BAUHORES 2, BRI BNE 4., TIAR B BIEAIE 2, - 55, 21 P4, | 4,0) &
1, ANfsE—Bit R, R4E FFS #ie, Im A 2 IERMER p,(1) BIZEE T 50%, XFA]
LB T2 Py (A) =TT/ P(4, | A,,,) T E

Li''"15% ] Planar Dihedrals order parameter (DHOP35)FF 2 $1E Ay [ W A A S ik 7k
BV, XA AR TSR] T I R . RIRR KR E Y 4, (DHOPss:

= 20)o MKEPAZAA T IEH T 28 FAF MR, SR )5 (8 A ALEAT 1 100 4>
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ST MD FEAL(~32000 ns). fEIXH, HFILLTAIRENE: P(4, =574, =39)=61%:
P,(4 =814, =57)=61.69%; P,(4, =110|4, =81)=87.5%; P,(4, =110|4, =81)=87.5% ;
P,(4; =140|4, =110) =100% o X5 IHEEAMREHIE M UME P, (1) =32.9%, P,(4,)
=53.98%, P,(4,)=187.5%, P,(A,)=100%. Ft, /KEH &5 DHOPss- 415 2, (DHOP;3s-

= 57)0] AR LRI 5%
(2) P72 KFE EPS

0.18
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Figure 2-7 Probability Direct Method!**!

Barnes! VA F F AT AR RIETF AL & — @ i, BHRES—EM R, SHas
R SE ISR 8], Qi 2-7 BraR. EPS FREVGRE W B, ARG, ZEH
W Hifg e A MCG-1 [FSHUEEE . HH T2 & DS EPS #HE), ffiEEE,
MR BRI F= 4 — &S MCG-1 {H. /Ml EPS & H MCG-1 Y6l 3 A4,
RARMEE 1 MCG-1 JEElh 24, S fEE L1 MCG-1 JEFA 28-30. N ALFR 1 &
A DU pp BT BN PP, XA, W ERS BB MY Z ps fhTH
S5 R i — AN BT pe A E R ARTE 2 AL MD U b, AT 4638 B2 BE N A (]
BTG RER B B R AE T MDA IR . — NP SR ARBR 22 25t — AN I8 35 5 0T 23 A7 B
Beta 72 I E 7 &, RS IRSHHGE T SEOE A, B 7 ERAE 0.5 Fim ik )i
fE.

(3)  EIAS Fid i S

RETISH 0810950 g ] f of B A7 o B8 S D 3R AT R AE,  [RIINSE T BE A 00 B o vifE e 1
REEZ B A W 4% o TEARG S AhRF s LA R 5 6 42 T OB AR AS B BT B2 D 2 Ik
B384, MRAGH LA 58 AN F M B A . BLRE R T A FPRAS B 42 2 IR A8 #e, ik
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— IR T ORFFUSSIEN ), [ 2-8 \EoR T TPS Al TIS RAF.

b5 (0 R A O T LU L5 van Erp J A ST R 5K SEER 1081090 fg g S THI Y
B SRR RS LA e 75— A FHEAE R P I — AN X AN E B (1)
FRBR B — N S P AR AR ORI AL AR e RS B R 1 B AN U

(a) Flexible-length TPS

(b) Fixed-length TPS
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Figure 2-8 Typical track of common path integration in TPS and TIS. The shaded area represents

the state, and the dotted line represents the interface boundary!1%8101
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Figure 2-9 Snapshot of hydrate nucleation at different temperatures
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Figure 2-10 The change of the number of water molecules in the maximum crystal nucleus of

hydrate with time under different temperature conditions
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Figure 2-11 The maximum crystal nucleus size of hydrate under different temperature conditions
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Figure 2-13 Snapshot of Nucleation of Systems with Different Methane Concentrations
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Figure 2-14 Growth state of hydrate
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Figure 2-15 The change of the number of water molecules in the maximum crystal nucleus of

hydrate with time under different pressure conditions
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Figure 2-16 Hydrate nucleation in the presence of defects
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Figure 3-1 (A) Snapshots of molecular configurations during the early stage of hydrate formation
on (A) smooth metal surface with water, (B) rough metal surface with water, (C) smooth metal
surface with light oil, (D) rough metal surface with light oil, (E) smooth metal surface with heavy oil
and (F) rough metal surface with heavy oil. Iron: silver, water: red, methane: blue, toluene: yellow,

asphaltene: green. Hydrate cages (5'2, 51262, 5'26° and 5'26* cages) were highlighted in red bonds!!!?!
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Figure 3-2 Snapshots of the confined system simulation at 100 bar. (A) The transition of the initially

rectangular-shaped methane slab into a convex-shaped methane bubble and the lateral growth of

methane hydrate can be observed from the methane-water interface!!3!
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Figure 3-3 Micro mechanical testing technology!!'4! and macro tensile modulus testing
technology!!!3!

XFT K E YIRS T R R, WA KRBT, SLIG 0T 7T 3 2R A AU i B
CHATA 2 W A A B PR AR ST i 8 32 S P o M 5 T A% foloh ) 285 B 5 FE 0K,
RIAERORZ, i Ja 3 AR JEOR 42

Sloan SR RYAN UM BOAR S 3EAT 1 &R (0 SRR 7T, SWORLAN S 1] S Aok

32



PEAAY G5 FARBA RIS

(NP AR EE I, WP 3-3 7. G. Aspenest! Vi B/K &4 5 [ A4 THI R R I 702 HH 22
AR BOER), AP aREREM RV . RETHOKMAHRN & &, — Ok, &
B BRI [ A, KGR 0B o KGR A T [ AR 1 B, K& 51E
PRR T R T2 LR G2 B R Jm - A e 534k, Wi AR gt i AT K A
L IR KEPRORL 5] B RE B 23 i o SRR PR I [ A4 3R T > K-S PRI & I 038
BB A7 IR — Fla] LAAT R0 26 B IS IR XS8R ST BB, KSR B 5
JEE R OUHERmA M  mnm. KEGEEVRRR.

RIVFKEWN) 2 3 A AE R TR AR AR L, DR Al o i A 22 1) B AR E TR
[20-1251, SR, AERIR UK SRRz S R b, KE W] REAE IR IR AN i R IR
ROR S HUE TE R ZEU 2P, 3 R E Y 22 A I RN BRI T RS . R, A TR
IKEVIEZERI BB, JF R RE i T K &1 2€

TE TR IT 7K 0 B 28 00 38 Tt o U923, K& W 0 70 286 B 2k T 7 % 32 S Lo 181,
Amadeut 15 NFEH, KEDIEIEQREMNANLEE: K. KEWERK. SiRMEE. £
i — N R BR T, KA YRR 2 [ M G 7R A AR T . BT, Wang! 188 A,
HMEAE K SV KRBT R AE T, ] DL I s 7K S 35 IR Rt by 1K & s %€
AR E, @ RS UTAR I TR, Wang! 0155 AR SER/K (& b 1 7K S 4000
RESEM AN B 228 — BB BN /K ST B TE AR IE , T SE — B
B, RS K S eT LLZE B SN A R TE . DI, K-SR K & V)5 28 i A R
TOPRR. MR BIREER, JUAS/NANS NGNS IUGEAT 13 i Ja b 7K S R R B 1K &4
sIE M. B, Wl NERRR A 1 iR )R, XA BUR K & PRk bt o
BEAR 79%. JE LRI /K E VIR I 5 T HUS T AR EE N1, (B K G ZE T3 SR M A
T o FEAE, FEVFZ Bl (T 5T oS 0TS RORE T LIRS 7K 0 285 B i P2 4
i BIPANECE

N T IR IR K SR B E ], C25R—H T LMY 44, Sloan!! ')
FNKG KA R B G 58 VA A K-S A P E R ANE JT, Wil 3-4 (AD Lt
B R FETIX WL, R T BOE. i F/R=2mycosd 7 RE 5L, [HIk, /K- 54
5K71 Cp) AEREE M iR E 2R E AN . BIRZA ] DR G b iR K i 51 k2
FRRZUK SR, EEMNRTAEETRRE. ELKCHERRG T, KEWIHKER
. B, KEWIXEFETEZ 8L A K TS, i 3-4 (C) Frox. R

33



%3 & FIERIKEWEKITRIT

FVE T8 18 s bt 23t BO™ B (R 7K G 0 8 28 U D00 FE G A T As Fan i R 1 100 T
IKFTRESAR, RXIRIKEMIE AR . FERXMIELL T, KSR AT L2 [ 1 b 5

B E. B, A0EAE NGH B R R sl i T ZAAE K E R g 348
FAtoK- SR LA, BRSO 3-4 (B) P,

@ Methane

. ’ :@’ E Pipeline
.;Q;:: .& s% Hydrate

L5

©

@ Water drop

® Water drop with
() hydrate shell

Hydrate particle

Nucleation Growth Accumulation blockage
Horizontal pipe

)

B34 (A BTKENBHISBHKEDENER, BEREEEERRSEF. (B) NGH
TEREBEFKEMEREGT R, BPRFEAKERRS, THARERRSE. (O KERRFHK
EYFRER. (D) KPEE
Figure 3-4 (A) Scheme of hydrate adhesion due to capillary force of water film, which generally
occurs in gas-dominant system. (B) Scheme of hydrate blockage during NGH exploitation, in which
the bottom part is water-dominant system and the top part is gas-dominant system. (C) Scheme of

hydrate adhesion in water-dominant system. (D) Horizontal pipeline
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#3-1 H,0. CH,FIFEMHEH Lennard-Jones #i EAEFH S H A R T BT

Table 3-1 Lennard-Jones interaction parameters and atomic charges for HO, CH4 and surfaces

Molecule Atom Mass Charge g(e) o (nm) € (kJ/mol)
ow 15.9994 0.0 0.31668 0.88211
H,O HW 1.0080 0.5897 0.0 0.0
MW 0.0 -1.1794 0.0 0.0
CH, C 16.0426 0.0 0.373 1.230096
Fe Fe 55.845 0.0 0.226 57.79111946
Fe(I) 55.845 1.251 0.3906 0.780662623
FeO
) 15.9994 -1.251 0.3627 0.328050045
Fe(I) 55.845 1.251 0.3906 0.780662623
Fe304 Fe(I1I) 55.845 1.611 0.5996 0.00115782369
o) 15.9994 -1.11825 0.3627 0.328050045
Fe(III) 55.845 1.611 0.5996 0.00115782369
FexO3
0) 15.9994 -1.074 0.3627 0.328050045
Fe FeO
Fe, 0, Fe203§

B 35 WREHSRE. sl 2KEMREHIEMEERE. CH HFRRKR. FEREK Fe.
O J& T2 %) Fl ARBRA L BRR -
Figure 3-5 Schematic representation of the initial configurations. The sI hydrate crystals are
connected by a network of red lines. CHy is denoted by cyan balls. And Fe, O atoms in pipeline
surfaces are denoted by the silver and red balls, respectively
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Figure 3-6 Typical snapshots taken from the MD simulations at 0, 5, 10, 50, and 100 ns, respectively,
which show the hydrate growth process on the surfaces of (A) Fe, (B) FeO, (C) Fe;04, and (D) Fe;0s.
See Figure 2 for the colors of atoms
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Figure 3-7 (A) The equilibrium configurations for hydrate depositing on various pipeline surfaces;
(B) The evolutions of 6-ring numbers against MD simulation times
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Figure 3-8 (A) Number density profiles of water molecules on different pipeline surfaces along z

axis (perpendicular to pipeline surface); (B) The top views of the adsorbed water molecules on

different pipeline surfaces; (C) Two-dimensional distribution of water molecular number density
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Figure 3-9 Snapshots taken from MD simulations, which depict the hydrate detachment process on
pipeline surfaces of (A) Fe, (B) FeO, (C) Fe304, and (D) Fe;0s. See Figure 3-6 for the colors of atoms
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Figure 3-10 Evolutions of interaction energies (A) between hydrate and adsorbed waters, and (B)
between pipeline surfaces with adsorbed hydrate against MD simulation time during the hydrate
detachment process. The black, red, blue and green curves represent the systems for the pipeline
surfaces of Fe, FeO, Fe;03, and Fe30y4, respectively
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Figure 3-11 (A) The evolutions of applied pulling forces in hydrate detachment process; (B) Tensile
modulus of hydrate on different pipeline surfaces. And the black, red, blue, and green colors

represent the systems for pipeline surfaces of Fe, FeO, Fe,03, and Fe3Oq, respectively
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Figure 4-1 Experimental steps in pull-off measurement of hydrate adhesion!!'%], where the

Hydrate

substrate is moved from a resting position (step 1) to apply a pre-load displacement (Dp in step 2).
After a 10 second contact time, the substrate is raised (step 3) to a maximum displacement (DD)

which is captured visually (step 4)

RS THOSERRE STt T K5 T FE I AT A 7K £ PR T 2 M 3
JEAHE RIZA RIS« H RS — 8 FHM R R AT SR K e 2, TR K P, R IR 3%
T AR, LA HEMIR K S VIR PR AL R 2%, ARIR T ZIRAHTIT -

42 BHBIRFFENE
42.1 1EEIME
HEE 7 5~ R A7 o TR RN, 4] 4-1 o

K42 HEERE
Figure 4-2 Methanol model diagram

45



5 4 & EITER K S PANHIIET

HEE T K OPLS-AA 13772, Z80ink 4-1 s,
# 4-1 FEEH Lennard-Jones HHHEEFHS$0M R F A

Table 4-1 Lennard-Jones interaction parameters and atomic charges for methanol

Molecule Atom Mass Charge ¢(e) o (nm) e (kJ/mol)
CN 15.9994 0.0 0.31668 0.88211
ON 1.0080 0.5897 0.0 0.0
Methanol
HN1 0.0 -1.1794 0.0 0.0
HN3 16.0426 0.0 0.373 1.230096
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Figure 4-3 Schematic representation of the initial configurations. The sI hydrate crystals are
connected by a network of red lines. CH4 is denoted by cyan balls. And Fe, O atoms in pipeline

surfaces are denoted by the silver and red balls, respectively
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Figure 4-4 Typical snapshots taken from the MD simulations at 0, 5, 10, 50, and 100 ns, respectively,

which show the hydrate growth process on the surfaces of (A) Fe, (B) FeO, (C) Fe304, and (D) Fe;Os.
See Figure 3-5 for the colors of atoms
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Figure 4-5 (A) The equilibrium configurations for hydrate depositing on various pipeline surfaces;

(B) The evolutions of 6-ring numbers against MD simulation times
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