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To develop prediction methods of three-phase equilibrium conditions of methane hydrate by
molecular simulations, we examined the use of NVT (isometric-isothermal) molecular dynamics
(MD) simulations. NVT MD simulations of coexisting solid hydrate, liquid water, and vapor methane
phases were performed at four different temperatures. We found that the calculated equilibrium
pressures tended to be higher than those reported by previous simulation studies using the same
water model. The deviations of equilibrium conditions from previous simulation studies are mainly
attributable to the employed calculation methods of pressure and Lennard-Jones interactions.
Isobaric-isothermal Gibbs ensemble Monte Carlo simulations of methane hydrates in equilibrium
with bulk methane are performed to calculate large and small cage occupancies. The simulations
provide comprehensive predictions of large and small cage occupancies for temperatures and
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Development of prediction method of equilibrium conditions for clathrate hydrate

To develop prediction methods of three-phase equilibrium conditions of
methane hydrate by molecular simulations, we examined the use of NVT (isometric-isothermal)
molecular dynamics (MD) simulations. NVT MD simulations of coexisting solid hydrate, liquid water,
and vapor methane phases were performed at four different temperatures. We found that the
calculated equilibrium pressures tended to be higher than those reported by previous simulation
studies using the same water model. The deviations of equilibrium conditions from previous
simulation studies are mainly attributable to the employed calculation methods of pressure and
Lennard-Jones interactions. Isobaric-isothermal Gibbs ensemble Monte Carlo simulations of methane
hydrates in equilibrium with bulk methane are performed to calculate large and small cage
occupancies. The simulations provide comprehensive predictions of large and small cage occupancies
for temperatures and pressures. We also performed hydrogen hydrate system.
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[1]. ZoHETIE, EBROT—FZTIC L TH A MMy+F & KDFPED N Z OO AEAER S
TA=BET 4T 472X 0RD, HHREFETLIZENTE B2, LrL, ERrT—#
ERAWET 4T 4 T ThHHI D, 2L OERT—F 030 LD, £, A N1
FEEED 2 FEALL IS o 125/, RS RBE - [ ENEM~D 7 4 v T 4 T RRETH D
ENELENTWAS, ZOMBEEZEET 72012, KEFTAFDEORT ¥ VESF2 I 2
L—3 g 2K 0RDDZFEBREISNTWAD, HKZ TR 5 HEICITE-> T3 4]

THICH LT, BFLNDY I 2 —2a DA TERHTAFEN 2 BEINTWA. 1
O, BRI EE W T 7 2 L— bR, KOZENZENDOZDOLERT vy
NEHRETHZ LKLY, HREZHET D HETHD ([6,6]). BUERESINTVAHRIRIL, £
Bl BT OVAE B & ERE RN DR VBN TV AR ERH Y, FIEOEEMEDNHEMETE T
IV, FRHEO A RRIEFIZRE LS D EBMBENTND Z D, TFMIZ
FIHATE X227 510, HEOBGLE L HICHERMOMRANETE L /D,

I 1 2DOFEE, 77 AV— KR/ KT ANWED 3 FEEREEZ —DDROHFT
FH LT, MMM A2 RO DEHENRTIETH D, ZOHEL WL ONOIFERER ST
HN[7-9]l, FNENORERIIRE S B> TEY, HEOHSLNRO 5 TN,
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WSt 9 5. Fiz, 7T AL — rKF) « ZA NORNS TR E HEWICHHR T X7 27 4
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A BB LZ. 20X 72B8EOMMBITET 52 TIE, SMHOEMEROE, ik OFEN
KEWEDFENZHIET S Z LT L. F2C, B8 - (55 - I5E & (NVT—E) O
Sal—yarEFEETLHLIC L. IREE, 285, 290, 295, 300K & L, KiEE THIMIE
TDOERDI 2 b—ra 20 O0nERL, T ZROTZ. IIEIZL > TNA R
L— MADKRE D 5 WITHHBNEE, ZHUTHEOVRNOENNENT D, JE, HoLEbE6 1
X RVREEDNS DTG, TIULZEERIRIE L 70, 2RO Nt & 70D . KR
e ClE, E/ DRy 2 2 b—3a Y ORxth® 100 ns T S VT2 E 1O BN i E 11 8 A E
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2 b—3 3 VEITOTTORD T JEREIIMOMICE A LT HRIBEZRWDS, A R L— MR
FTHDIDITENFENEL L, AKBIZIEAZ U DFDER L TWDHT0D, WRELEB LT
EDNEFHE LRTNER L2V SICEERMNETH D, fHRICITIVHS FEN ) FE R Sy
r—D GROMACS ZFI/H L7=. /K5 &7 /WUIZiE TIP4P/Ice, A % o4y 1-E7 /L1213 OPLS-
UA % iz,

QFTAT YT e ErT ALY 2 b— g I L D FRIERIG
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REXTAT VYT T TFhrasIal—alTHELE. TAT U T+
Ty Ial—arTiE, N KL= REF R NG TONVIEREL, MERTY
A Ry FOALERT o VR EBIZIR D LIS A My +OBEI 21T . T OREE, SFHARIRRE
TONA FL— MAOFTERBRNEIG TE 5. AZ A RL— FROEE - EH&ME, 2h2



 270~290 K, 2~40 MPa & L, KFENA NL— FROEE - [EHEME, FnEh 150~
300 K, 30~1000 MPa & L7-. #tEICITHHAE Ty Ialb—va Ry r—v0
MCCCS Towhee Z AV 7=. KHOFFET/VICIE TIP4P/Ice %, A ¥ 4 FF7 /L% OPLS-UA
&, KEHSHTFET ITIT Silvera-Goldman E7 /L% AV,

4. WFFERR
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AR NA Rb— KK AZRTROTZMARZH 1 1R T. EROCMOT I —3
VERENLRD BT SMELRIKNICOR L2, £, FIRETE OB ANZY e
DTHSTMNE I DEMND HT2DOIT, Kl 2 E#R O X % Clapeyron O
TRDOT-. A R— MEOFHEICHE S = XV E—2 b & RREEE, PR - £/ F T
KEH, AZFH, AZ A RL— MADOIRE - B/ —EY I 2 b—a Va2 EiT-> TR
Dz, ZTHE VGO PHERIZR 1 FOERO LI, ZRENDIELNIZEN ST
WHDNTRTED., LoT, iRE-EYI 2 b—ya Db AR FET VORGSR E
SleEEZLND.

AT TR/ O EHBIE L, EOMRITHIEL Y b EWEE R LT, 1 @ Conde and
Vegal8] & Michalis & [13]OF5HIE, WE - £/ —EvIalb—rva illoTHLNERRT
& %. Conde and Vega D FIXFEREIZITVMEEZ R LT 523, Michalis 5725 K 0 B¢ (=
A afpA—4—) DI alb—a VRO 21T o72 L 2 A, EBR KLV & @O )
DELNDZ ERbhrolz. AFETHROERMY I 2 —varZ#f L TWD5,
Michalis & DR & DL, FIENHOBRBIITEDEMNIERT 5 LB 5. BE - JE
N—EYIalb—ra T, ZMEFEROENND (Px, Py, Pz) R UETHEL TV
EERDbNAD, ZHITRAEESIODREZER L TWDEZ LD, REEIORE LY, £
DTN AT RN TRE RN L0 IR 2213 THS. 300 K TOIRE—EL I 2
—a VINBROTEAZ HDIES ERBIRDET) (P + Py + Pr) 13) ZIELTZEZ A,
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JEESy (P EER—B L7272, B Z G 25613 2 Oy O A % §ilfE3 2 O H3E b)
THA ).

1 D Jensen 5[6] & Waage H[14]0OfERIE, T T Hrmn v Ialb—ra il kb8
ZRESEEZANWTEOLNZLDOTH D, Jensen HASRD T FHMIESIL, & LTI ITE N
fEZR L7-. Waage 1%, Jensen 5 D FEIZBIT DA X D7 T ¢ —dHREICE K BE
DD EEERML, TN 02UE LR TFECERME L EWVEEZSD Z EICkB L. A%
DOFERD, Waage HDFER LV & @O FEE /) 27~ L72DIX, FIZ Lennard-Jones (LJ) fHA
YER OB ITIEDEVICERT S EE 2 HiD. Waage HOTIETIE, SAMHZYY EEL Az
RYIalb—va &7, Iy FATHER (1.0 nm) XV E<O LI HAFEHS tail
corrections IZC L > CHEATE 5. —J, AMETIE 3 HILGFRIZB T LV I =2 b — 3 U&7
S TWAH72®, tail corrections Z i TX 72\, —fRAIZ, tail corrections ZwHT 5 &, 1
ALRWEAICHE_RTRVEAREOND Z Lo T D, AFFETIEA ¥ O
MOBENZERHLTWADT9, 300 K DA X AFHOBIEE D tail corrections Z VW TH %
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HHFEZDOUI 2L —2arnbROENTWD =D, EEIZIL tail corrections (43E H T 72\
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DREAy NAVHBEZEHATOVLERHDHTEAD.
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(Reprinted from [10], with the permission of AIP Publishing.)
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a UV EAWTHEEREZRDZ., AX A RL— MIWEL 2 & D720, 1 FL— MENIZIZ
Kr— (51262) L/hr— (512) O 2D —VUNHFIET D, Lo T, RIS —f
RO T, ARWFIE L ATHIEIC L > THRON-REEREE 1 IR T. B0 1ET /L OK:
TIP4P/Ew, # %> :TraPPE-UA) WX 727 %o TN -FrTHhlasIal— g
COFER[B] & T B &, RERICEB W TR TR EWFIEEE R Lz, 23V
TETIVOEWVIERT D0, 7~ oiEomkRe] & g Li=54, A cHvi-n1t
TIDIINKTr = DOFERIZBNTCTLW—HFE2RT 2 ERnbnodz. BIC, FERFFECT—
AN AW SN TW A EEGET /L, van der Waals and Platteeuw &5 /L & OB Z1T 9 -8,
10 MPa (28T CSMGem[17] CHRIERAZFE L= L 2 A, AT FBEFIX 2RI & OME
Lo, BRI IV —FEE R LT,

KFNA FL— MEEKFBHIZOWTHRBROHEZIT 572, KEANA RL— MNItEE 1T %
LB, Rir—y (51264) E/hNr—v (512) O 2HEOr — VN FEETDH. Lo T, TR
I — DR AREOREIL, ST R =BT AR I ab— g
8GR ET AN LD PHIFERE LRV AR LT, £, ThE TERSCHERBET L
\Z XL DRk 7290 T, 1 DD —VITHEEDIKFINAD Z LN TE LD OWN T 1oL T
X 7=, AREME T 225, 250 K, 300 MPa & 9 &fETFT 0.1 %D/Nr—3II2 2 [HDKFES T
DEELTNWDDEMHER LT, ZOREFRIL, 5% DKFENA FL— FOFBERSLZEMONFIEIC
BWTHERRMRA L 725,

ALY, XTAT YT e BT HARY I 2 b—2 g k- T, BEVIRE -
JE/E DO FEIERN RO 5D Z LR ENTZ. ERPHE LW EEEKR CHLEHRERETH DA
FZETHLARTHD. 5B FEORBEINETH LN, e g FL— FOFERHEA~D
ISR SN S.

K1 AZAA F— FOFER. EnbER (T~ 7], BlonFET /WCE S
XTRAT YT N s BT HAOY R a2 b— g 16], ABFEORE R 2%
Uchida et al. [17] Henley et al. [16] This work [11]
TIK] plMPal | Total Large Samll | Total Large Small | Total Large Small
273.6 2.99 0.925 0.980 0.760 0.827 0.902 -.600 0.938 0.967 0.852
273.8 5.00 0.946 0.976 0.857 0.884 0.940 0.715 0.960 0.979 0.902
274.2 5.92 0.935 0.978 0.804 0.897 0.948 0.743 0.965 0.982 0.914
278.1 7.81 0.930 0.978 0.787 0.904 0.953 0.758 0.967 0.983 0.920
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