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1. 1 RAHRANA FL—FZ&BHRERE

IAEOHE, A > Rig Ea il & Uz HiBE 0 20l 2R R I RO A 7 =
FNF—FHENEE > TS (Fig. 1.1) [1], 2000 FiZIT AT 9799/ > Th o
C ROV R RN 2011 IR L3 FICHEAN L, 2035 4FI2iE 2011 AF 0D S
HITH 13 FICETCTEATHRIAALTH D, BREDODRWVHARTITHET o4
BRED 92%ITH AR - TI 0 [2]. FRIZ AL A RE I R 4 228 & L TR )
FEEDIFEE RN LTz 2011 FLARIE, A EOHINNEE TH D, BEE, ==X
VR —T X2 T ¢ OBLED SALEIREI OB AT 2 3T 2 REt 8 hE > TRV |
2016 FELAREICIT A AISKRE O > = — v T 2 2R b KR H % (liquefied natural gas. M
FLLNG) & L THA 2FHEIZ 72 > T 5[3],
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Figure 1.1 World energy demand. [1]

LN OHNE AJEKED I L > TEEOZ RNV —TTERE LIERTDHET
HE5 10 B [EZ Keygrowth 438, ZZTlk, 77990, Axva, 77V
B, FTATY=2VT, =V, hra, BT IET,. AT, XA, AKX
T L Lz, 2B, EUSHEEKZR EN D725 OECD IZHIAE 34 HEMBME LT\ D
B, ZOHBHBAFT L MLVATRFREN TR X —FEOEIMICERET 57
. Key growth (25 $72[1], 97245, Fig. 1.1 OECD32 LI AF v a L hl =
Z < OECD I ™ 32 B [E %87,



KIRH A (Table 1.1) 1%, BABERFD b8 (COz) MUHENN AR D 6 FIFRE &
WS BREEENIME O R & 2 bR BRI RITE BRI S 5, T TIE, /RO X9
72 5 TCRRRELL LR A& KRG & LIAERI D KKK A2 T, v —)b
A AR JE T e OB JE T T 8 D WITKAM EBICFET 2 A2 A FL—Fh

(methane hydrate, B$ECMH) 72 E OISR O RIRT A Fl-, AR EGDOTITR
BRI L Mo T D F/NITZH (1 -5 TCF) ORI 2B biEA T % (Table
1.2),

Table 1.1 Typical gas compositions [4].

mol% Canada Western Rio Arriba Cpunty,
(Alberta) Colorado® New Mexico
CHy4 77.1 29.98 96.91
CoHs 6.6 0.55 1.33
CsHsg 3.1 0.28 0.19
i- and n-C4H1p 2.0 0.21 0.05
CsH ML I 3.0 0.25 0.02
N2 3.2 26.10 0.68
CO, 1.7 42.66 0.82
H,S 3.3 0 0

a: Total amount of gas composition is over 0.03 mol% than 100 mol% because of significant

figures.

Table 1.2 Classification related to reservoir.

Availability class Reservoir type

Conventional gas Gas field of over 5 TCF

) Shale gas, tight sand gas, coalbed methane
Unconventional gas
methane hydrate

Stranded gas Gas field of 1~5 TCF

2JKS7. )57 4 — b (trillion cubic feet), 1 TCF % LNG 4[] 100 5 k> % 20 AEAEpE T X
AT A B h T,



TERTIRIEAE R & W o Te RIRT A DIRAFIRIEBITIK &3, T AHENGAE LT
KR AZ A 7 F 4 > (pipeline, B&FC PL ) TIHEMIZIE T2 OB —KHITH
V. MROKRKTAZES 8D 7E% PLAS[B], LU PLIZAFEM & HE O
BERS PL Bk D a X MCEMT57H, AARD L S ITRKARY 2 DOAEFEM &= < Bih
T IR 30 S, FOHAIE LNG & LTk S s (Table 1.3), LNG (T4 A%
k922 L TRRETHH 600 56 DEREDO T A ZRTM TE, =R /LF—FEN
BN E WD BN B S, BEEEICRTT D 3 X P OB LNG ROERME N L L AR BT
. LNG (X LV REEBfO#XICHERITHDH, —FH T, 111 K (-162 C) DIKIRIZH
AL THEILT 270 ORMB L OWE X R REWIZD, TADEEA X NI
B0 KB T AH~OBEMCR OGNS, £70, FEAMIZmT TR N ET RKIKT
A DHgE « WP FEED—>2 & L TiX, EMEKRIRH A (compressed natural gas, H&FD
CNG) 235, A% 243 K-253 K (-30 C~-20 C) BETHH720D LNG 1Z L
DRI MEE LW DD, 20 MPa FRE DR 2 MR T 2 7o o O mEmfii 2 2 L
[6, 7]. ZHAEEIZHND A FNEML EIFAERIZ/R>TWD, 29 LEERRY
AFEOREEI A D, TANA RL— hO—2DF%ETH 5 H CIARFEL G % F]
L7 RRH A/n4 FL— b (naural gas hydrate, B&iC NGH) (2 X 5 KRN 2 DT
i, EIRDRSE S ALT2[8-10], ATFIETIE, BIxIX. M 100~300 77 k> DRKRA
A% RIRA ANA R L— MZ X -T 253 K- 258 K (-20 “C~-15 C) T 6000~6500
km OFEREZVE BT A5 E . RRT AL FL— hoflid dmk, ik, H0 2
LOFIIEIL LNG O 4530 312z b d LR ST 59, 11, 12],



Table 1.3 Conditions of natural gas transportation [12, 13].

Transportation oh Distance for Temperature Pressure
ase
method transportation (K) (MPa)

L Approximately
Pipeline (PP) Gas 290 8~10
below 1,000 km

Liquefied Over several
Natural Gas Liquid thousands 111 0.1
(LNG) kilometers
Around a few
Compressed
Gas thousands 243 15
Natural Gas (CNG) )
Kilometers
Natural Gas Approximately
Hydrate Solid several thousands 253 0.1
(NGH) kilometers

1. 2 HANAFKL—FkER
1. 2. 1 HANAFL—rOEREEE L FHEE

T ANA R L— b &lE KT D RIS DN D 220 2 T A 53 705 5
AL FAL— MEEMO—FTH H[14, 15], REMRESEEEE LT 1 &
(structure-1, LLF sl) & WAL (structure-1l, LAF sl) 23V . 54K 12 @675
12 ko Small cage (AT, S&—), 5AJE 1216 & 6 AJF 2 Hx 6725 14 K
@ Middle cage (LLF, M 7r—2) 5 AIE 12 L 6 A 4 w6725 16 KD
Large cage (LUK, L7 —) oI s (Fig. 1.2), STr—y 2filé M or—
6 f% 1L HALE T DfEGED sl, ST —Y 16fHE L —2 8% 1 HALE T HF5MmN
sll THYH, ZNENDT — VIO ZERELIZREG S Te T A FITEA S D,
[ U< KGN T DFEMICIE. Kk (hexagonal ice, LAF 1h) 23&% 573, Fig. 1.2
(ORTEIITTANA FL— F EKIFBESERRLIMETH D,
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Figure 1.2 Crystal structure of gas hydrate for natural gas and ice.




Bz X, KIRA A DEE, ZERREED 0.5-0.51 nm D S 7 — VI A X U512, 6
058 nm O M r—VIFT X U T EREIRED LS A XU TFITEAE SN
Lo TN LD b RERTAZFIXI OO —2 D9 bt KEWERER
067NM D L7 —TOREHET S (Fig. 1.3), T7bb, HANA RL— FaMkL
9 LT DRIRHTADHMRN A Z > DHDGEIL sl. 7 rN B EDORE DAL
IKFH A5+ G 1id sll 2+ 5 (Fig. 1.4) [16],

Figure 1.3 Gases trapped in the cages.
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Guest species

Guest size Natural Other Structure Cages occupied
gases gases
0.3 nm
No hydrates
(Pressure lower than GPa
order)
Ar
0.4 nm oI S-cage
L-cage
N,
0,
CH
4 H,S
S-cage
0.5 nm M-cage
coO,
I
C,He ’
M-cage
0.6 nm
sty ST
i-C,H,, L-cage
0.7 nm

Figure 1.4 Cages occupied as simple gas hydrate [16].

ZNBDHANA R — MEdhZ AT DT ENEND T AT O ORI
SR U7t Znm s B CF-ly) SRS T o MERH D, —KENZIZ, TANA R
L— MIEERERRAE (298 K, 0.1 MPa) X0 HARIR S ESMFTAERR L., FlxiX, Bk
DITANBIRDTTANA RL— K THDHLAZ A RL— TR0 RL—
NE 278 K TIENEIC 45 MPa Ll b, 0.5 MPa Ll Lo H AEHFHR D FCEKT 5,
Flo BEHTANA RL— FOGEIE, B E 725 0 A ORBITIE U Tz 4y FEITRAF
U ORI ED . BIZIE, A X2 95%, 7'/ S%DIRA T A3 273 KT
BWT 12MPa bl EDOEESMET A RL— MET 5 (Fig. 1.5) [17].
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11

===Methane hydrate
CO2 Hydrate
=e=Ethane hydrate
=—Propane hydrate
=@-Mixed gas hydrate

(CH, / C3H, = 0.95/0.05)

Pressure (MPa)

0.1 —

fTt to milder temperature
with carbon number

180 190 200 210

220
Temperature (K)

Figure 1.5 Equilibrium curves of simple and mixed gas hydrates calculated by CSMHYD

[17].

1. 2. 2 HARAN FL—FOBCEHRERZR

AR D&Y TANA FL—F

(TR &0 B ARIE, EEED LY bEET

AL, B IN O OESREL Y bR, REICRD a5, L
L. Yakushevbid, A% /A FL— b LoKOEEEREZ 267 K. KXJE (0.1 MPa)
EWVND AT A FL— b O DI ST 2 EERRAFT D &0 AZ A
RlL—h EKDEERFIZA X A (1~3 L1 kg) ZHRFFT2HSEZBEA L,
o1, BIVFRR SN OANTIRE, JEN T T, 2OXIICAZ AL R
L — M AR FITRE SN DB R %, A1 FL— kD”Self-preservation effect”

(LLF. BOMRAT) 4T 72[18],
DAXT aBENLERILLTZ T A NA

NA RL— FOGRIZ KV AERT KN HTANA RL—NEFEES 2 &

Ak DOBIGIE, 1986 4FIZEEIZDavidson 5 (2 &
RL— R THHE SN TEV[19]. v h A
OKBED

) 2k, Wb HANAL RL— OSBRGS0 EE 2 BN,
Takeya b iZ A X% oA RL— b &, R&RJE T THLEER 173 KELTOEEN S HiE

TOHERBRICED, AZ A FL—

MBI ORI KD A F 2 T A DL
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(LY, AZ A RL— FOgRIH S D 2 & 2 EEMICR LT[0, 21], =
9 L7 HARTEBGIIA X g RL— RPSMZCO A RL— M THER ST
BO[R2. kD (1) - (3) AT v 7 THBLT %5 (Fig. 1.6) [18, 23, 24],

(1) JKFREFTHANA Fb— b2 RBET 50 T, FRHKUE D FEE
Z TS & EIZKAIZHE LI ANA RL— FORED 3L TKE TADBFAET
%

(2) HAFTKAIHT, RIS T2KITKE LTH AN, RL— FREZHEL
KIEZTERT %,

(3) ZOIKENH ADIERAAET 2 Z & T, ofEniH Ens,

Temperature ramping
process

10

AT

Under equilibrium

Pressure release
process

B

H,0

0

Pressure (MPa)

Gas

Just outside equilibrium 0.1

180 200 220 240 260 280
Temperature (K)

C |Self-preservation

Olce film

Well outside equilibrium

Figure 1.6 Self-preservation mechanism by ice film [18, 23, 24].

2001 FFITIEStern B A3, A X A AFFRITIT 2 A2 A FL— FOHCRF
DI FEARTTE 2 RAEHNCHAE L7z, 193 - 239 KOEEDREIZB N TIE, A X 2
A RL—b2AERLEE, FRIEAU EOEEA X v T AFHEK L KKRTEE TA
JUTE (Fig. 1.6~ ™Pressure release process, LA T, JBTEE) 35 & BIET HIREHR
BWIEEZDHRD AL A R l— FOSRHREET EF L, 239 KTIL 743 THIH
ICEBEL TV AD 88NN SN D Z L aWE Lz, £/o, XVIREREN
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242 -271KTIX, AZ oA Fb— FOSHERZN LD SRR T
171000 A FIZEL 22 58I 2 R L7z, LinL., FEERHETICH LA X A R L
— FZ 193 KLL FCREEE THIEL, ZD%AIE (Fig. 1.6 ©Temperature ramping
process, LA T, FiE¥E) LTH. KAE FOWEEECIXZ DX 5 20 T8
SN oTz, Sternbld, BiIFE OWIEEIC X 2 0 Fmsik e 2 Fr 2722 B CORFHIR
& L Cranomalous preservation” & FEA7Z [25], — 7. FHEEOLGAIC Y, BEFHR
TAT2 e A Z A R L— b OB ARXHERET F5R CIIoKRIE T ORI TIX, LV
RIROE L0 &3 il S 41 CThk v [26]. HIEBREE O KA 5 KB D TR
(C Lo TR O S NRDRDFERDHRE SN TN D, Rl AX A Fl—
FPCONA FL— FTIEAANA RL— MBI O YA IR REWVIE OB, T7b
BRI/ SWIE D D33 S o9 & OFE b B 5[27 28],
ZDH%RDOStern b DOMFFETIZ, A ¥ A Fb— h & ISR RIEKRFESFTH Y
BINDH, THRT BN ORI AR D DIRAE T AD/NA RL— Tl
JE 2 & 5 " anomalous preservation” (34E U722 & RS S7z[29], F7-. FiR
ETRONTEAZ A FL— DL ) 7 HERFE IR STV [26,30], =
L, =& o7 u v oK (273 KIZBIT 54 > DBunseni IUf%%°9.86 X
0>mL/mL, 278 KIZF51F 5 7 123 D KuenenW A% %*69.57 X 10°mL/g) 723 A %
(273 KIZB1 % A & > DBunsenl A% $ 5.56 X 10 mL/mL) (2R TEWZHIZ
[31]. HANA FL— hDfiREE & HITAE T DKICH ANRE LT, HANAL
R L— FREIZEDR OB S U Wi EE 2 BTV 5[22,26,32,33], —
FHT, AR ZUDIRE T ANA Rb— N TiE=Z A 25%LLF D & X 1T
(I, AZ A Rl— MR sfm 2R L2V [80], A&, =4 7
BN DIRET HDRIRHTANA FL—h (KFFETIE, =&, Tr U F0EE
RALKFEH A% GLREGT A BRI AL L, IBRET AN RL—FrD 55, Zh
OO LRI ANA FL—hET5) ThoTh, ZVVIVEET FU U4
(sodium dodecyl sulfate, SDS) DRI L > TREIET, 268 KEWVWH | AKX =T

3 EARDAYIEN 760 mmHg Th 5 & &, IHE ¢t K OB 1 mL QT 2 KK DK
*%E% 0 °C. 760 mmHg [ZHL5 L 7-1H,

FARDSYEN 760 mmHg ThH 5 & &, IRE t K O 1 g ICIEMT 2 KR D IEF
%O(L'mOmmHgKﬁﬁwfﬂa
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B, TR DRIRITANA KL — N OPHHR AR THEF IS EOIRE T H IR
fERFRETCH D T E WA EINT[34], ZAuiE, SDSHFmIEMEA & L CHEET 5 Z &
T, HANA RL— MRBINEIDOZER AR T 5 X 5 ERDBEA T LB B
THEY ., ZEROBENER T ANA RL— MR H CRFREORBUIRE S EEL
TWNWLZEERLTND, EBRIZ, SDSO X ) RN L, A&y =4
V. TaREORACKET ADRIRKIT ANA RL— M EZERE G ERNL b
[CHET 52 LT, RRET, 283K TH HORFT D Z L #HE STV 5[35].
L2NLRIFRIZ, RRTANA RL— XLy FThHho TH U X —RIZLTZHEIZ
TIOKRIE T C O fRINHN IR S LT 72V [35],

UEDE ST, AZ oA Rb— NEDHTANA Fb— O H ORISR %
I S22 0 Do W (Fig. 1.7) . RKIKH ANA R L— h O H CARFEGIZ D
WTHIRFE D T ZAERI, & 2 WALy MIROBEHCHERR S il st & %
DH T D, RIKITANA FL— hOGE. B CIRITHEREIIIER 2 2 B 3 M
Mo TERY, RIRHTANA R— MK D RAET AR ORELIZ A, =
Ly MROKRIKRT ZNA FL— hOHCIRFEOMIA L . B RFEL M ESE
DT D DEM OSSN EETH D,



Outside equilibrium

Gas hydrat F Und ilibri
A . e e ——— /MO the clapse
pressure release of a certain period of time
Gas
H,O0 < le  Gas
e X O
Powder °
Bare gas hydrate. Surface of gas hydrate | H,O becomes ice on the gas | Almost gas hydrate changed to
dissociates to CH, and H,0. hydrate surface because of | ice with ice growth on the
endothermic dissociation. surface.
Self-preservation
Gas Gas P
Methane hydrate | 2
HZQ‘ - l_lzo Ce .
«d ,—JO
Hzo "'5_- h Hzo
<> O
Bare gas hydrate. Surface of gas hydrate | H,O becomes ice on the gas | Ice covers the gas hydrate
dissociates to CH, and H,0. hydrate surface because of | surface, then dissociation is
endothermic dissociation. suppressed.
Bulk . .
H,O interacting glaS‘Sparse Ice
with gases‘? f %
_ _ Q N
Propane q')
hydrarte Bulkier ices that are formed

Bare gas hydrate.

Surface of gas hydrate
dissociates to CsHg and H,0.
They are not separated
completely due to higher
hydrophilicity of CsHg than
that of CH,.

H,O becomes ice on the gas
hydrate surface because of
endothermic dissociation, and
gases are excluded during ice
crystallization.

from H,0 interacting with
gases covers the gas hydrate
surface, then dissociation is
suppressed.

Figure 1.7 Summary of reported self-preservation mechanisms [25 - 27].
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1. 3 RAIAFTBZBEHMELEXAARANA FL—MRLy FOE
EAHEEZTDMERE
1. 3. 1 KEHFANAFL—rRL Y FOEHGRE

KRR A Ze A Rb— MEIZ K > TR T 288121, T ADWUMENZ W &
L. ENERFTELDZEDRBEETH L, 61T, G - FIHOBLEHITK
%ﬁzA4PV~%@ﬁ?%ﬁE%ﬁ%%&wotAyPuyﬁ@%%ﬁémwa
37, NS OEHEZTITIE, HANAL RL— DXLy MEREZITH 538,
39]e HANA RL— hO—fkpypilE s LR, METAFHAKTNAT Y 7
R X > TRKPICH A Z LY AT b D[40, 41]. BIEAT AHRIZKEZERZETHHO
[40, 42, 43], JKki% HATNET 2D H D23, 441035 Y (Fig. 1.8), <L v MET BIT
X, IO DOAERTREORICHKIE TRP/LETH S,

® 4= (b) (©)
[ ] [ ] [ ]
Iy
B Agitator ) Water spray 25551 Ice particles
== — 5 /
N/

Figure 1.8 Standard ways to form NGH.

RIRITANA FL— b Xy FOTEAEZ HIYE LR (R o RK
HANA Rb— FX Ly hOuEfEidE > 7 > b (Process Development Unit, PDU)
T, B TR Hgl&@*kﬁ2®##&% KD RIRHT ANA RL— ME
OSBRI UL AR, 5 AR, mAL BIE, B O 5 TREEZ#RLZ LT
RANZRIRTANA RL— bR (BALHEEHTZD ORKRTANA FL— FOEHE)
%%@@ﬁ%f%ﬁxﬂfPVHF&VyF@@ﬁﬁﬁbht(HgL@Dﬁ4@
RIRIT ANA R L— M OERE R A B RO 2 BT 5 2 & TRIRT
ANA Rb— FRZ 100%iF < £ TEAISERERARTANA RL— MO X—%1ES
ZEL ENEKET, RRUED T THIZEL TNV y MIT 52 &2k s LT
2.
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Feed gas

l First reactor

Vibrating screen

ie—  Feed water ._._._.._...Q—L Pelletizer

‘ O

Cooling device

Second reactor _L NGH Pellet drum

Depressurizing device

Pressurizing

device
NGH powder drum

Natural
gas

Regasification

tank l:l

Carrier device Dissociated

water

Figure 1.9 PDU Process flow [45].

ZIT. RBRAANAL RL— bbby bOREMNRBIESMFZ Fig. 1.10 12577,
M A2RDITEAD 2 ROMT, FHiFtE 7 1 25 L5 CSMHYD[ATIIC L W R A #
A RL— b OFflh# & | RRTAZHEEL T2 AZ 2 92 %, =X 6%, 7' r/N
¥ 2% DIRE T ANKINAFAET D & E DRI ANA FL— F Ol Th 5,
M TIXENENOMOLE O, TR0 PR TR LZIRE, EALY b
IR, MERLETHANAL RL— MIEKRL, ZNODOFUENBIND & T A NA
RL— MINMLTKET AR D, 8B, KETHD 273 K 25T, EiRAITIx
IKR—TTA—nA R — FO, KR TIFK—FT A — A R — ~ O =f0 1 L 72
2o



18

10
o
2
> 1
: 7
M G+ | G+L
01 . Storage O—! |
180 200 220 240 260 280
Temperature (K)
H : Hydrate
G: Gas
I :lce
L

: Water (Liquid)
: Equilibriumline of MH
-- : Equilibriumline of NGH

Figure 1.10 Phase equilibrium for methane hydrate (MH) and natural gas hydrate
(NGH).

PDUTDRIKHT ANA RL— h_X Ly FORGERT » 7%, 1. 55 MPaX/ A Fx[H%
THRL, 2.253 KE TWAl, 3. RRJEE TRIE. 4. B, 5. 7 TH D, ZDO LI
LCHIE LT RARTANA RL— b XLy & 253 K | KKED F TS 2
& ZHMOMICRIRT AA R L— FEEIE 3.4%04 L7 (Fig. 1.11) [45], REKAT
ANA Rb— bR X —O5 LT 5 & FROITRSIE T 20%i < RIKHT A
NA RL— FREPFADLTED, RERTANA FL— by X —D~ Ly MEIZX
S THFMEREA RIRICH B LTz, —J5, KRBT ANAL RL— by F OB
0.7 g/ cm B £ v (Fig. 1.12) [45]. By RXHREIHTIC X 2 BEHRfE 0.927 g/ cm®(193 K)
[48lIZ KL 72 inole, ZDZ e, RIRHANA RL— IR X—% XLy ML
THEOFRERENMEIN T ERRBI N2, W OXRCT TR T 5 & KARY

ST A T — L RO KRFEXS-204 2R L7=7 /LF% X5 2ETHIE LT
[47],
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ZNA RL— XLy MNEBOZE[RER 1L 3 ElFi# TdH 7= (Fig. 1.13, Table 1.4)
[45, 46], RKIKRT ANA FL— by b OB TSRS O Z~ D Fe 5
IZHEFRET H72D[36, 38]. EFRDLNWKIRT ANA RL— hX Ly MIEEES
Do Elo. KBICKDHCRAERE (1. 2. 28R 2E58T5L, ZR1%
W, TRDODLEREENARENE RRTANA FL— MLy NOSEIMEET S
EEZHN[35]. BORFEEDOBLEAND b RRTANA RL— FX Ly FNEO
ZEBREIRITEE CH B,

S
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Figure 1.11 Stability of PDU-NGH pellets at 253 K under atmospheric pressure. [45]
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Figure 1.12 Density of natural gas hydrate pellet made from natural gas hydrate powder. [45]

Solid phase
(Hydrate or ice)

Void

Figure 1.13 Cross section image of gas hydrate pellet of PDU obtained by X-ray computed

tomography. [45, 46]
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Table 1.4 Measurement condition of X-ray computed tomography of gas hydrate pellet of

PDU.
Device SMX-225CTS-SV (Shimadzu)
Aperture 4 pm
X-ray generator Tube voltage = 70 kV, Tube current = 40 pA
Field of view 3.8 mm
Number of
o 1800 / 360 degree
projections
Temperature of
surroundings of the 163 K- 183 K

sample

1. 3. 2 EKRHANAFL—FrRLY FOBFESEESOEE

PDUTHIE LI RAT ANA RL— XLy B HLMNIR -T2, ~by PN
MOZEROEINE B E LT, F _HROKKRT A A RL— XLy b flid
7*Z > & (Bench Scale Unit, BSU) Tix, <L v MIBIX ST, T72b5,
KIREL EDIRENDEETIT Y K oER S (Fig. 1.14), P TRO KA T
F o Ty AR« BiK LTEREH 2 RL— b — 27 SE iR Ok 3 74 B IRIET
RIET 5 ZEMTEDR DT RoToTed, B ERIFFIZE HITHAKEZED H 2 &7
AfE L 7p oz, BWEETRET 1. 5.5 MPad A FPK CARKL. 2. ik, 3. i, 4. 253 K
£ THAL, 5. KKJEE THIE, 5. s 6 TR L 72 -7 (Fig. 1.15, Fig. 1.16) [49-
51].

6 2T ) —% HCHEMEIZ Lo THAKLIEZbD, ZZTOAT Y —4L1%, KIZTK
IRTTANA R U — MEmRNBRE L7t E 2,
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First generation process Second generation process
5.5 MPa 5.5 MPa
1st formation 1st formation
2nd formation Dehydration
Cooling " Molding
Decompression Cooling

Molding Decompression

Figure 1.14 Transition of the production process of natural gas hydrate pellet.

. 10 Formation
© Dewatering
% Molding
> 1
: 7
/ G+l | G+L
0.1 .StoqageO | ‘
180 200 220 240 260 280
Temperature (K)
H : Hydrate
G: Gas
I :lce
L

: Water (Liquid)
: Equilibrium line of MH
-- : Equilibriumline of NGH

Figure 1.15 Phase equilibrium for methane hydrate (MH) and natural gas hydrate (NGH).
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Dewatering 40-60% cake: Molding
machine machine

Water | Water
A
15% Slurry 70-90% Pellets
A 4

Feedgas . Cooling &
Reactor Water depressuriza- - Gas
Feed water tiondrum !
7y Yy |
— NGH g @‘ """"""""

Cooler Cooler

Figure 1.16 Process flow of BSU.

BSUTHLIE L 7= KR ANA FL— bbby FOBELZRET S L 099/ cm’TH
. PDUIZ AT 3FIREM A M L CREMRA[48] & RIS T o7z, Fiz, TUUH
DXHRCTIZ & DBEE TITZERFITRHIRALLT (1%AKR0) (2 TdZE L (Fig.
1.17, Table 1.5) [49], &5, 253 K, K&E FICHIT 5 2 HEOIERER CTlix, %
DM DRI ANA R b— hZBOWA L 1.4%E THIfl =47z (Fig. 1.18) [49],

INSORERNG, REIOBEMAEES -0 OFRBEENELS . BORFEOENEK
RHTANA Rl— b XLy FOBRIERETAICFRETH D Z LRIz, — 4,
HPIEBRAG RN O RIKH A4 R L— RO 13K E < (Fig. 1.18) . HyisikRE D m]
B2 72 S 67 28 H B NI o T2,
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Figure 1.17 Cross section image of gas hydrate pellet of BSU obtained by X-ray computed
tomography [49].

Table 1.5 Measurement condition of X-ray computed tomography of gas hydrate pellet of

BSU.
Device SMX-225CTS-SV (Shimadzu)
Aperture 4 um
X-ray generator Tube voltage = 40-50 kV, Tube current = 40 uA
Field of view 10.65 mm
Number of projections 1800 / 360 degree

Temperature of
surroundings of the 173 K-186 K
sample
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Figure 1.18 Stability of natural gas hydrate of BSU at 253 K under atmospheric pressure [49].

2B, BSU DT F a7 MInoar Ry MIKBELZEEE DY Fig.
119 [ZRT RS REE CTH D, HEE XKL & — i EfER O BRTE R 0> O iR
S (LR, —HlEMRREERE &9 5) . KIRH X &2 Wikt i BOSERIZIBIN L 72 23
DA, BAKKRIED 2 BEfETRIRTANA RL— " %2 FHIELH T ENARETH
%[35, 52], EMEZRHIEI SR EE T2 AN S /NS (REERIRAT AR, R ANA K
L— FROBRT) HERRABEHEOND O, BHERBRICHNTWDS, £, [
HEE TR L7 NGH L » b BRI X CT IS L D22 RITM R ALLF Th -
7z (Fig.1.20, Tablel.6), AT TH T - RIEIEBEORMELZ £ L D72 H DY Table 1.7
Th b,
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Figure 1.19 Schematic diagram of semi-batch hydrate formation device.

1 mm

Figure 1.20 Cross section image of gas hydrate pellet formed by semi-batch hydrate
formation device obtained by X-ray computed tomography
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Table 1.6 Measurement condition of X-ray computed tomography of gas hydrate pellet

formed by semi-batch hydrate formation device.

27

Device SMX-225CTS-SV (Shimadzu)

Aperture

X-ray generator

Field of view 22.7mm
Number of projections 1800 / 360 degree
Temperature of
surroundings of the 163 K

sample

4 um

Tube voltage = 40 kV, Tube current = 30 pA

Table 1.7 Summary of the NGH pellet formation devices.

Continuous production

Semi-batch

production

One-directional

Process . .
Development Unit Bench Scale Unit compressing
machine

Capacity 06t/d 0.24t/d 100¢g/d
Molding type Casting Briquette Piston
NGH. texture before Powder Slurry Slurry
molding
Surrounding temperature 253 K 274-281 K 274-281 K
Surrounding pressure 0.1 MPa 5.5 MPa 5.5 MPa
Pellet shape Ball Pillow Cylinder
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1. 4 FT1EDFEED

RIRTT A DF LA AR & U TR A A RL— b Ly F ORI AR HIRF S
NTWD, RERTANA RL— XLy MIBORET HZ & T, LNGIZHATIR
FICEDICTEFRREMTH D 253 K, RIAETIHKAETHY . ZOBL % &
RIRICFIHT 2 Z &3, R ANA RL— by MT K2 RET A DRTIBRIC s
BRARTHD, RRHALITAZ o 22 TaNEOBEORMRAKE
MORDIBETATHY , WERITHE RO T ANA RL—RFTHDHLAZ L NA R
L— MIBCREFET D0, =¥ VEOBERET A ZFZT AN, FL— O HCRF
TR STV o T, ITFE, ZEROD 72BN BT 2 KRR A A R
— FOBCRFHGENHRESND X IR ST b DD, ZOMMEITH G 2NT > T
WigW, — 7T, OIS R ANA FL— b Ly b ORGERf
ELTIE, RUFRT—NADOT Ty hTHET a2 ADOKRIZE > TRy
DZERRZHIE L, R ADRPEMERRO M FIZ I LT\ b, Ll ApsBiisE
BODORIKIT ANA R b= b XLy FOGRENE LRI~ TR E < B &
LTbEHasmENKROLNDIREEIZH D,

1. 5 ABHEOBH

RIRIT ANA KL= XLy MK DRI AR D FEBUZ AT, i@ i ) 1k
DYRBIZEDRRITANA RL— "Xy hOEm BB NHATH D, ZDORKT
ANnA Rb— XLy MOEmBEREIR 2L T 27202, RRTANA RL— |
Ly hOH RO R — D DOBREIZ 2 > T 2,

KIRTT ARPIED T D DRIRTTANA RL— b XLy MIRO LN TWDHEME L
Tz,

1) RSB DO RIKH AN, RL— R (PIIME) BED @ &

2) 253 K D KRKIED FTORIKH ANA FL— MROBDE (fRIERE) H3/)
AN
THY . b 2 /JlE, (=B DR ORTE &2 #8722 (R T RE 72 RN A Bl [ERE
T2, AWFETIER, Z OWHME & MR D 2 D DIEHE % RIXHT ANA R L— hoX
Ly FORTEMERE S L. RPEMERER =W, T b Bk 1), 2)z2dtidmzd b o
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EEmE THDLE LT, £L T, RARITANA RL— XLy NORBIR O %
FHRTDDOMAEFTGDL L, EIPBELNTAMREZITTITRKART ANA R —
FLy FOHCRIFET VEWHET L Z L2 AR RO AR E LT,

BARR 2R BARIL, LT D& B0 TH D,

KIRHTANA Rb— b_ by hORME O Z FZIRT 57 0DMAEHGS Z LI

*9 % AR

1. RAERIANA RL— XLy hoEmEk
NUF AT —=)VDRIRITANA RL— by NUELEE TS L7230 oty
JRMERE & NG 2 A L, RIRT A A FL— b XLy N ORI ED &
HmEIND, LVEMERRET ANA FL— 2L v b &GS 2 5k 2 5
EIRIZTZ 44— KNy 7 LT, RARTANA Fb— XLy bamEminEitT %
ze&,

2.  RERUANA FL— XLy FOY A ZfE)
RIKTANA R— h XLy hOY A RNZHS < B R EM & REIERE D BIfR &
AL, RRTARFRICHE T 2Ly A XERT 52 &,

RIRHTANA RL— XLy NOHCRFEET VEMHEET 5 2 &1 2 BiE

3.  HORGFHSA~OWMEORED Wikl
Zept (T AKE) OFEE L0 AT 2 AR E LT, ERELZEDAX
NA R L= MR DA POyt afia L, A ¥ g FL— bbb
v NOHCIREEDNIEB T D2 R+ 5 2 &,
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B2E RAHTANA FL—ERL vy bOREEERENT

2. 1 RARARNAFL—FrDA A =D TI2E T 53RRE

RIRATANA RL—F XLy NIRRT ANA RL— R EKTHERSINTEY,
HORIFIREEIZH 2 R A A FL— XLy FORNEMEEZ TG T 2 ETIEXR
IR ANA Rb— F EKDBNNBARAIRTHDH, ZNETIZH, HANAL RL— Lk
ARELONES & AT LT DR IE 2R E STV D, TERDBINRE D X # CT T
(T, HANA Rb— R OOIRNE D KD AT DAL MR S L2, k0 7
NIERFIZ VTR DX I RBEVITHED T ANA RL— ERRRTH - 72[53,
54, X EFIH LG ATH-TH, WD X# CT TEHTANA FL— K&
KOFRNXTEF[B5]. EEAEZRMTHZ L TT F7k Nr 77 (tetrahydrofuran:
THF)/ N KL — k& THF KR & OGBSI L7 [56], LorL7end b, Bk
PARIED KIXNIT ANA R L— P &R &3 258 1I3ERAIO B CIRFRIR~D
ERRSINIRoTWRWZ &b, 29 LEFEEFEELI R, £, EEA
SRR LTz THE KIS RS L7258 THE A FL— b SRR TE 2 03k
HTH D, BHKILEZFIH LA A— 2 (Magnetic Resonanse Imaging: MRI)
TR & BRI D AIRETH DT, KETANA FL—F, HDHWFTKEK
DOFBNIFTRETH D28, H A A FL— b EKITi#BITE 22 (Table 2.1) [57],
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Table 2.1 Imaging method for gas hydrates.

Density Discrimination between
Method Sample 3 ]
(9/m”) hydrate and ice
_ 0.927
Hexagonal ice -
(193 K)
Mixture of THF
Lab. 0.978 N/A
and water
Lab. THF hydrate 0.971 N/A
Absorptive NSLS, THF hydrate A A
X-ray CT 24-26 keV with BaCl,
Natural gas
SLS,
hydrate from N/A X
8-11 keV _
Gulf of Mexico
Lab. Xe hydrate 1.8 O
Methane
MRI 94T N/A X
hydrate
Methane
Thermography N/A X
hydrate
Methane
0.934 O
Phase-contrast PF, hydrate
X-ray CT 35 keV
CO; hydrate 1.136 O

ZOXTBEDA A=V VT FEOERM ETIE, RARTANA FL— b &K
ORI NEE e Takeya HITAIAH X ## CT v A7 AIKIRRE L=y M &E AT
D2 & THMOKHKOKF DT T /g RL— h° THFE N1 FL— MZB T 57—V HA
IR 2% B BE 43 A O Z IR ST BHBALIT s Eh L 72[58, 59], & BIZ, A X /A KL
— FXLy MW TIET#EE (X-ray Interferometric Imaging: XI1) % V727 4H X
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BCTICk o TREINEED T AL FL— b EKDyHiZ . ik (Diffraction
Enhanced Imaging: DEI) T & = TEEIRm T DK D434 4 Ak L 72 [48],

(AR X CT &3 X ekt 2 i 4 2B E C DY 7 e = BT X Mg
(BT DA A=V T HEHINTH D, BILRITBWTHMHY 7 F &b 2 5 WSl
HAS, REZ LD Z AT 1000 LA ERE WD Y 7 b~ 7 U 7 L OREICHE
AL[60]. RKIRHTANA RL— R EKD LT C, H. O ODHANBRDEEAZD/NI N
WEThH-> THBBINIETH D,

AIFGETIERIFEEZHWTRARTANA RL— XLy DA A= 7 % Fi
L7z, F7o. B O#E S EE O IS ITITR X #REHT 2 v iz,

2. 2 (IHEXBCTORE

Z 2T ACHR Xt CT OREREZHA T 5[60-67], X #raMBEIC AR 5 Lik
i L7z X#ROAAH LIRS 2T 5 (Fig. 2.1),

X-rays
ﬁ « Phase shift

X-rays __“.“_:5:._:-_:-_:%:: Amplitude difference
Sample T

Figure 2.1 Change of phase and amplitude of X-rays through sample.

ZDOBRDOESTRIT, AHE— LD 2 REERIZ, WINRHE O H L5 WE TIET
NOERBEIORTERZEIT R TREND,
n=1-6+ip (2.1)
SIIMARY 7 PORE S, BIEIBINORE SEZEKRL, £Thth

2

2, ,
‘S:Z;ZNi(Zi“Lfi) (2.2)
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A%r, .

ThHZBND, T2 T, MIXMOEE, r It B 7B TH D 2.818x10° m, N
TRFEE. ZITRFOBEFREIHL T D FES. ff&f 7 3R EERE o
HWOWHEDOERLEHTH D,

fiAH XHRA A= 0 7Tl Ap ZAiFHY 7 ROfEEE LTRHRIET 5, REIOES
rteToHLE

_ 216t (2.4)
Ap = 7
Thbh, X (22) AT HZ LT
ap = thre ) N(Z+ f) (2.5)
j

i3 %, —J7. NI XBRORERAD I

I
In (E) — _ut (2.6)
720 BRI RS X
4
Y e Tnﬁ 2.7)
THHOT, X (26) X
Iy  4rnpt
In (E) — T
_ zmrez N (2.8)
j

Ehed, X (25) & (28) Ok, LAY 7 b & &SR E R o E W T
Z+f & 2f'eln, —RIZZ> 7 THDHZENLAPITRITEIZKH L TH —ER
PLEDE R, fIERIHD SN D L BHTE 213 LIS VT, I3

TR LTI LD /NESWVMEE 2D, LN -> T, BIeETITEE S I1X

(2.9)
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1 > 1000
(1—)

L7 BILRITEBIT DA T N ORI X T 1000 f5EL B & e D

(Fig. 2.2),

10°
104 F X-ray energy
; — 18 keV
10° = — 35keV

102 F
10!
100

10-1

10-2 1 1 1 1 I L1

10 20 30 40 50 60 70 80
Atomic number

Figure 2.2 Detection sensitivity ratio of phase shift to intensity difference.

2. 3 (MY ITIFDBHAEERARTANA RFL—FRL Y bADE
F

Lk X # CTIZY 7 b~T U TS D MERREDE S N REREFHTH Y,
WAL 7 R ORI FIEIZ L > TREHZIE U2l E DO e 28I 95 2 &3

TE D, AR TITRABHILE XA I v 7 L P2 U T DEINEE XINEE

FALE,

DEI V51, JE4rf 0 MIARY 7 b p D22/ 72 1% 55 O %k

P (2.10)
zndx

ELTHEZ2LNDZ LIcESE, HBEHC L TALE X BOBEFTAZHRE L, £
EEMMICHES T E TNy 7 FZ2Ob0ERD D, 22T, ML X o
B X ZEMEITH D, BITAIET T 74 F—fdh EMREN D B0 77 v 7
&—X®X%Eﬁ%ﬂﬁtfﬁm¢éﬁwam[&k:@%Q\A%x%@ﬁ%
SR VXA ICAKTE L CE LT D720, IKARE O Z=MM 72040 (Er) 225
Pz RODHZ EMTE D,
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(a)
_ Cryo-cell
Monochromatic Analyzer crystal
X-rays Si (220)
ﬁ I 5
Asymmetric D
crystal X-ray detector
S1(220) Sample
(b)

- s ) ! -
Figure 2.3 Schematic diagram of DEI system (a) and photograph of arrangement of DEI

system (b).

XIGE, FESE B OXRR T TS 7 b B SREICA# L CRittid 5[64], 2
OOfEmT vy 7 ERIHAT HARY AT LTI, F—HEm TARXERE 2 D208 L
TREZ BB T DR ORI & BELOBREEZ SV, 26D E S fh
THW 5 (Fig. 24), FHEOBELZRET 5 2 LT, WIRE L SR OAH
DFNAPERA LV KDDZ LNTX B,

I; = Iy + L + 2\/ToI, |y |cos(Ap) (2.11)

B, ZITYyEFTYWE—LDHEFZ I L AETH D,
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(@
Monochromatic Separator Sample Mirror 2

X-rays
Mirror 1 : Analyzer
@ : | X-ray
Asymmetric L i Jo . D detector
crystal E

51(220) - 1 Cryo-cell
First crysta y Second crystal ~ Feedback system
block block
Si (220) Si (220)

(b)

Figure 2.4 Schematic diagram of XII system (a) and photograph of overview of XII system

(b).

ZDO XN ITEN R ZDENE EXINETIX, BIZITLVE AT I v s

LUK BESREEIZ~0.01 g / cm® (@35 keV), BHIZFX AT I v LY

INHITE XV BRDAS, 25 EAREEI M8 < ~0.001 g / cm® (@35 keV) TH 5, £7-.

ZEM D FRREIC DWW TIEM A & H 12K 40 pm TH DH[48], 2 9 LI FIEDFHEZTE D
L. AWFFEICIRNTIR, KOBEENPREWEBEIND KRART A NA RL— b
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Ly hOEHZEZHHRBHNCIIDENEZ, XLy FORNEICIIXINEZmHA L, 21

DA A= T, R RS B W TR B X 2 R L C i
U7z B YRR 22 % BL-14CIC 3R B S L T D 4 BERL AR XIS & 1, 5

RKOFWGERFD Z LB TE DI, RRTANA Rb— XLy M EFEYRITE
WY A X CTHIETDHZENARETH 5, BL-14CO FiH K % Fig. 2.5 12, L%
Table2.2 (27”7,
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3400 mm 3000 mm

T

DEI system Xllsystem

2767 mm
3700 mm

A
7

2340 mm

Slit E_ S%t ;
7

Downstream|

\ /|

Doublecrystal ~ shutter
monochromator

Monochromatic
X-rays

Figure 2.5 Top view of BL-14C.

Table 2.2 Specifications of BL-14C.

Source
Magnetic fields
Accelerator energy
Ring current
Energy range
Beam size
Photon density

Site area

Distance from the source
point

Vertical wiggler
5T
2.5 GeV
450 mA
8 keV-90 keV
6 mm (H) by 70 mm (V)

10° photons / mm?/ sec @ 33keV

6400 mm (H) by 3700 mm (V)
from top view

Over 35 m
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Flo. RERTANA RL— b2 EETHET 2720OIZFig. 26 IZR-"T 7 74 FF ¥
VNR—HHEHLZ[68], A TAFF v o AN—1 T FRITREH OB E N EIERH
DWET DYy bbb, BB VIZIIEEE A T (RIK) D A-TE
V. BATIEEREZRLRTIT Y, BREHIBE AL O LEASEA L, 0 LEITAFEIC
[ FTREZR I E E S h TV D,

(a)
Sample cell
(3.0 x 10* mm?3)

P1D-controlled
heater

Thermo couple ]
X-ray window

(Al, 25 mm (H) x 35 mm (V))

Sample setting pole

Cooling jacket

Figure 2.6 Schematic diagram of cryo-cell for gas hydrate measurement (a) and photograph

of overview of cryo-chamber (b) [68].

2. 4 F2EENDFELD

FIRH ZANA R L= b by MK DR AATIENL 253 K TIThh D72, |/
JEARRED RIRT ANA R L= b XLy MIRRT ANA RL— h EKPDBRER S
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TWD, RIRITANA Rb— b EKITEED N2 O, IR D X #j CT TIdh
SOtZFIA L THREBITE R,

(LA X R CTIZRIRAT A A R L— b EOKOFBBINFTRETH U | S SR 75t
Mgk TIXE AT v 7 Lo VDR D DENVERE L XINEEIC L - T, KRBT A A
FL— hXLy EEYRIZENY A XTHUET DT ENAETH D, KK AN
A4 RL— XLy hOFEEEGTeENT DEI, iz & 20V EEHI X1 ZFIH L
TAMIEZED D Z L& LT,
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BIE RKAHANSA FL—ERLY FOEERBTE & UEE
7%

3. 1 RERHANAFL—KRLvy FOEERE
3. 1. 1 RUFRT—ILOEHERES X

RIRHT ZNA R— FOAERRSIRITKR TH D 2713 K s L TREL ZD1Ty
DL, 273 KE D HIKIR TIZOK & H A, 273 KKV iR TR E T A X 5
BSWZ 7% (Fig. 1.5), —#RHIZK E H ADBUGNE, 7K & H AT~ T2l fE 3
INSWTZDIZENZ ERMOENT WD, £lo, HANA FL— hOAREERE) 7713,
WELENTHD, T7205, JFEVKAMKD & Z13 273 KL EOIREFHHATL Y
KIBICEL ., KVEETHDIEEH A A FL— bR ITHE, Fio, [EEDE
TPIZB T DIRETe &, FENIZEBIT DT ANA R b— N OFMHRETeq D 7 % 18
MAIEEAT (= Teq - Tex, 213 K < Tex < Teg) EFFN, ATHREWITIERART ANA K
L— N OERSRHEE O ERICERNCE L,

RIRITANA Fb— b Ly hOifiiE > o N Th% BSU (Fig. 1.16, Table
1.7) Tix, LV BRSO RRTANA Rb— MNUEEZHE KT 5720, K
R ANA FL— FOREZ O L TR (B, Bk, JELTE) ORE, Eh%x
274-281 K, 55 MPa & L. XV IEWE OB AEH A < BOS K & H A2 &
DRI AIREZR S & LTz [49],

KIRHTANA RL— hOJFERIA AZ AL & v Tasuinh e HRE KRR
HAETIILNGE AR TH AL LT b DL Lic, AR TETIE, ®ERKISERITH
BT A L AREBAN L CRRTANA RL— FR 15%D AT U =&ALz, fn
T, WATETIZIAT V —DWKICE D RETANA FL— b REED T 40%D 7
—7 &L, WIBETETIEMKTE TSNy —2 %, 7V v b~ [51, 69]%

THANA RL— hDAERKIE, HANA RL— MEROBARE, AL FL—
Mg OKRED TR TR Z 5, AFZETIXI NG OXBNIET, AR & i ih K
EOWM 2SR ANA RL— MNEmEREOBINZ R & FES,

8 AR Z AR -39 AR, = 2 Tl WIRIEAK, BEARL T IZ KR A AN
A4 RL— MESITHEYT 5,
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FWTHERERIE L TRIRT A NA RL— R 70~90%D v —R DO RIRT A NA N
L— b~y b (25x20x16 mm) %8 L7- (Fig. 3.1), Zed. sEHF 0%y @ 10
~30%{dE A FL— MEL TWeVvok CREUEK) ThH D, g LIZRERT ZNA
FL— k2L b3 55 MPad & [ERAES T 253 KE THAIL, D%, KKEET
JES % B CRLEEE G H L7z,

Figure 3.1 Pillow type pellet.

The pellet size is 25 mm (major axis) x 20 mm (minor axis) x 16 mm (thickness).

3. 1. 2 —HEMREKNEREICLIRELZE
RKARARNA FL—FRL Y b
BRARBRH ORI A A FL— hX Ly FlBtoRE I, BIESRMIF O N
575 Fig. 1.19, Table 1.7 127~ L 72 0143 oD — il 4 R s 2518 2 - e
FOSERIZAKZ AT, AX T ATALEMPaE TIE LT, A% 89.8%, =X
> 5.6%, S 31%, A VT X 06%, SITILTEL08%, A VK
<0.1% DI RIRA A TE SITIE L THEDEMIESTH S 55MPall Lz, RE
X281K &L, sIORAHZ g RL— MBAER LARWEETRART A NA RL— K
ATV —%ER LT, Ftngs CEMRLTZAT U —L, O FEIC ETHER R
JEMERL D RIEHRIT IR Y | — 87 BRI EAE 21T 9 2 & T ¢33x100 mm A2 D H
ROy MIRIE LTz, £ 0%, EERKREZ 2583 KITHAIL 2%, RREET
WE L CTHEMRD RRH AA RL— XLy F&ERY L7 (Fig. 3.2),

9 ARk, WK, RRIE TREOIRETH S 274-281 K25 253 K ICHH Lo, 1BE
EAGIZRENT D EE T 2L 72, EEEOBIERTOEI11E 5 MPa K5 & 72 5,
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Figure 3.2 Cylindrical hydrate pellet.

AR FL—FRLvy k (NaClEF)

HANA R b— ~ QARSI NaCl ORI L » CTX VKR, mIESRMtIcy
7 b5, TOEAEWVITEIBEOE VI EEE TH Y, NaClKIEKE A X HA
MOAERRT DAL A Rb— FOP#RIT Fig. 33D X 51275, 3. 1. 11T
TRLal L7z K902, MR ZFEEIKE T DA X g R b— NI KRPHEED BB
~EREBZ T D 273 K A BRI AT AR Nl 9- 2, — 5. NaCl /KR I E [
TIZE > TEVIKIEE CRIETHEET D720, Him LIXZ2 7o NaClREIZI U
TR S E TR OKIEIR) —H A—s~A R L— OISR FIRETH 5, Bl
IX. 3 wt% NaCl /KIEHR L% DEERE S CTd 55 272 K [70]. 10 wt% NaCl /KIS D54
1359 267 K [70] 237k OKWEIK) —H ZA— A KL — kO i d TR O B2
L%,
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Temperature (K)

) Equilibrium conditions of methane hydrate formed from
10 wt% NaCl aqueous solution [71, 72]

Equilibrium conditions of methane hydrate formed from
3 wt% NaCl aqueous solution [71, 72]

Equilibrium line of methane hydrate [17]

------------- Isobaric line of 5.5 MPa

_____ Freezing point of 3 wt% NaCl aqueous solution [70]
——————— Freezing point of 10 wt% NaCl aqueous solution [70]

Figure 3.3 Phase equilibrium conditions of methane hydrate with or without NaCl.

AZ A RL— FOJFEEDKE LT, ERUK (M. Hi s Tt
B) 12 NaCl (Fefk, Foemis TR SAR) 230 L T3 wt% & 10 wt%? NaCl
KR ZFE LTee REIRITANA RL— XLy b ERERIC, — il s dL

(Fig. 1.19, Table 1.7) DOFUSERIZIFEEI K AZ AfL, A X TT A% 55MPax THAL
T, 3 Wt% NaCl /K¥EE Tid 277 K, 10 wt% NaCl /KA TIL 273K TA X A KL
— M2V —%AR LI, ROS#TEMRLIEAZ A RL—F AT U —[F~XL vy
M LTcfe, KRR ANA RL— R E[AERIZ 263 K £ THAEIL . KXUEZ T
JE L THROEEEE B L TRUBHIfE L7z,
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3. 2 RAHRNAFL—EtRLyY FHHORESIUVMIAE

3. 2. 1 REARE

REETHRATANA FL— XLy FBXOAZ A L —FXbL v |
(X, BOEER IS T 25 A RE . RERGME T, T LOBEOE
ATE T 123 KL R, RREDOHKIKESR (Bha 77 K) ZAKEHSUCRE Lz, E£72.
fRFT D72 DICE 2 BB 2 BRIT 123 KLL F ORREHB A RREICRE 2R T
XD RIBEEABCEA W, 2B, KRB0 TE, KBRH A A FL— k3
Ly hBEIOAZ A FL— XLy b, ZOREBEZMHERTLZ &2 HICE
IZ 123 K LU FOMRIRBRBEICHE T 5 2 L 2RE & L. IRETO D IRH A BORIE %
DX DT 253 KIREDFENKE Z D 5 HIRIRERE T CHE T 5 2 L 2P L Lz,

3. 2. 2 HEEZOAHMOMIAE (253K, ZSEER)

3. 1. 22T, —HlEMYERNERERE TG LI RARTANA FL—FXby b
FLFAZ N RL— IRy ME2B3KIZHAIL7=%, RRUEE THE LT
BENDIY L, ZOEZICFEZMED T CTREOEE 21772, RINTARE T
©33x:9 100 mm T o 723 B 2 il L T, Bl L > T 10-20mm, 4.0-6.7mm, 1.0
-4.0mm Iz LTe (Fig. 34), 7o, RIRITANA RL— Ly MIOWTIT,
©33x30 mm (2] Y 1 L7230k #E (i L 7= (Fig. 3.4).

Figure 3.4 Samples for the storage test.

10 5 2 U —REOWNANZ B 2 IR EE BRI T D WRIN S W72 iR IR EE R0 R & 127%
KT HI LT, BN E N7 A 70RE EKFAR) T123 KLU TFIZRFT R
BHRE RS, FIA 2 o= — = v R—= L EN 5, Ecaic e 2 4
LTWARGOESEARNIZIZTZNERILCTH S,
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3. 2. 3 HREZOHEHOMIAE (123KLUT. BEEFEHR)

RIREZBIRLFEHRIHRE L T RART AN, RL— XLy hBIOA X
A RL— ME, SN TR X OBEROERNIC, RERFE FREIC 123 K L
TOBEETMI L7 (Fig.3.5),

Vapor from liquefied nitrogen

below 123 K Sample

Liquefied nitrogen
at77K

Box formed from polystyrene foam

Figure 3.5 Treating environment of natural gas hydrate pellets.

RERDRIKT ANA RL— XLy hBLOAX A FL— FXL v MT
123 K LA T DIRIRIZ 72 > TV D T2 D IR ITH9V, 2 D72, ik X#E CT O
ABHZX L TlE, LI X 2B L ZeWElf - e a il Z S FIcnEne k& o
Btaf3 072012, ABtoOIM T 7Ex K L7z (Table 3.1), IR OFELDARAED
O, BT HLICITEN 2 aX ) & ZOMOMRINTITIE D vy #—F A7
FINE T T A o F =Y Th D LI LT,
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Table 3.1 Shaping tools for natural gas hydrate pellet.

Appearance . .
Process Tool of pellet after Required time for
. shaping
shaping
Cut Thin blade saw O Around 10 min.
Cut Scroll saw X Several min.
Shave Cutter knife O Over 10 min.
Shave Small grinder O Over 10 min.
Bore Drilling machine X Several min.

O : Keeping the size over 5 mm, x: Crashing

F7-. DEI HOEHE, N/ 2 XY 2 H L T Fig. 3.6a DX 5z v b ki
ZEETMLZR L. X1t HOREHE, Ay 2 —TFT A T7HLWVNINET T4 5 —%
AT, REHZ MR BHEZ AN WE SR E 2T N bREAHI D BT
(Fig. 3.6b), ZHHDOHMTIE4A T, Fig. 35 IR TIRIAERRLH TIT-o 72,

(@) (b)
z— ForXIll
/i!bzmma
For PXRD Shaved iceand
hydrate aroundthe
pellet

Figure 3.6 The way of shaping of the samples for DEI (a) and XII (b).

3. 3 KAHRNAFL—KRLyY FOEEHEH

3. 3. 1 BAREDAIE

RKIKHZANA RL—F XLy hBIORAZ A RL— XL v s D4 EE
X, BT OS5I EWN B SN AT AEEICE VAL (BIRE, Bl & i
5. BPEWIIL. RN A DOFEHHN D B AR E TOEEIZH D L ARE S 5 FEE
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BRYEL Lz, RIS, REHT AL RL— bl v MREMOME %2 15 knot'! (19
28km/hr)& L, A > FRI TS HAETO 2600 NM*Y (K 4815 km) o FEHE % 77 %
kT 5 & LeSa, Wk HBUXHMEHE C 1 AFRETH D7), WfEA, mEA
LSO b Z I AN TGS B2 ATEI I3 2 M & 2208, fifg s Lk
OEMETE AR ICAND 8 AL ORI E THRFT 22 E3EHTHD, £
7o AW B TRUBE o Tt 1) 2 i 5 BRI 9~ 2 S & I 3T E 2 5 B [H
& L7= (Table3.2),

Table 3.2 Storage term for the situations.

Storage

Term Situation
5 days Minimum period to evaluate the storage property.
1 week Time for transportation from Indonesia to Japan.
Time for transportation from Indonesia to Japan
2 weeks . . .
including spare time.
3 moths Longer storage in Japan.

BSUTHIE LI RIRT ANA RL— b X_Uby NOGMET A BOREIZ, <~ v k
0% 7T AF v 7 BRI ANT, KEE, 253 KR TR ATV, R I &
ZEHIT 2 Z &Ik ITolc, RARHANA RL— XLy NI TLET AL
KBEC DD, BReasWNOES EAZHBTT 7 AF v 7 ZRELHRIZIT KU E
C %ol mmLL NO/NREZF T Tz, O LT T AIRRNOHRIT D20, EEOWHD
ERIRT ANA R b— s Do fR%Z BRS 5, IrE R T ILpE ORI SR 4 % &
CICHEZFAIL, GHRBLUVEARICT L Y REH A A R L— FFEH & il
AHZ B U CRPRMEREREAM O FEE & L7z,

11 1 knot (ks 1 VEHE OB, 1 ¥R 1852 m,

12 Nautical Mile, 72 b HigE,

1B RGE, 263 K OBREIX, 7L AATIREE (ZHFEEMGEASHE) . ENGEL M
e (MT45F, EEEEHRst) . 74 —7 7 U —%— (SC-DF25, VA
— FTLEMRKESHR) oz Vil L,
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Wy —wy) + (Wy —w,,) + My Xn X M,

H (%) = —
0

x 100 (3.1)

H, —H
MM%/H):t;%: (3.2)

(3.1 DOW TP E DI 2306t L7z & & OBt OB/, wy I TATEGGRER & T2 12
iR T2 BRI R S BT RICE IR S TR OE R, wolZHTIERBH A RF D70k}
DEEZT L, (We—wy) [ TEETAERIZH YT 5, Mgldal#Elhl 2 05+
B NI ARG HRRITANA RL— h& LTaET DO RKRS T8 OK
¥, ZZCiE6.07 & L7Z[73]) . Mwld/kD 8180 TH Y, RIRT AL KL
— M ORIEIZE EIRVIKITREUGK & 270 LT, F(3.2) T OH, 1T, D & =D
KIRITANA Rb— R H 3R, D & T DORRT A A KL— RET, H >H,
Thd, 0B, WEHNAPRRLRLLGEICEH, XBLEY HANA FL— MR
AIEETH Y, NaClZEZHTHAZ A RL— kXL MIOWTIE, WETAD
W5y BMg % 16.04, KFi¥in% 6.05 [74]& LTRALTEAZ A RL— hE%E
Az, 51T, IPBERERIE T IR E 0 L TR DAL 2 KRN & . 3B RIS
FRRE L 7-NaClREE 28 /5T (ES-51. MASHIELHEITR) OfEMREE— R
(20 B LTz,

3. 3. 2 MERX#HEEF

RIRH ANA R L— FX Ly MIRIE BRI ZE R RKIRFAS (123 K 2LT)
THRIZTVIE L, BB LRWVRE 123 K IZT, 6°<20<60°, A7 v 7l
0.02° CH|E L7= (Table 3.3), NaCl #ZH T2 A% 1A RL— XLy DA
X, HIEIEE % 93 K 25 253 K O#GPH TEPEAIC A 2 CTHIE LT,
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Table 3.3 Measurement conditions of powder X-ray diffraction.

Device Ultima I, Rigaku, Japan
X-ray generator Tube voltage = 40 kV, Tube current = 40 mA
Target material Cu (CuKa radiation = 1.5406 A)
Temperature of 123 K (NGH)
surroundings of the 93 K — 253 K (MH with NaCl)
sample

3. 4 RRHANAFL—IRLy FOBEERE

3. 4. 1 (A X#RCTAIE

A4 X R CT & A7 A TIEATEGUR & F%EOREME TH 5 5 - 10 mm F2EE DO KIKAT
ANA RL— XLy PBIOAZ N, RL— Vb NEBIETHZENTE
B2, ERITEWFHEA RIEETH 5,

3. 2. 3o TKRAML LaBHE, RimZERT L7 —F 7727 b (&
Lig) LR X DB ERET D2, Fig. 26 IR L7 944 F v /38— T
188 — 193 KIZIRJE % 5% U /- HFfE A /L (0.928 g/ cm® @ 298 K, #E[E 4 175 K)
(23R L CHIE 22 920 U 72, 51 O E 2 % Table 3.4~Table3.6 {277,
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Table 3.4 Measurement conditions of XII.

Gas hydrate Natural gas hydrate pellet
Device BSU before improvement BSU after improvement
Storage period 98 days 0 day 14 days
X-ray energy 35 keV

CCD camera VHR (Photonic science)
Detector Field of view 53.0 mm (H)x 35.0 mm (V)
Pixel size 25 um
Exposure time 1s 15s
Number of scans 3
Number of projections 255 / 360 degrees 500 /360 degrees
Temperature of surroundings 193 K

of the sample




Table 3.5 Measurement conditions of DEI for natural gas hydrate pellets.

52

Gas hydrate Natural gas hydrate pellet
Device BSU after improvement Semi-batch system
Storage period 0 day 14 days 93 days 0 day
X-ray energy 35 keV
VHR
CCD camera (Photonic science)
50.1 mm (H) 16.6 mm (H) 53.0 mm (H)
Detector Field of view X X X
33.0 mm(V) 14.0 mm (V) 33.0 mm(V)
Pixel size 25 um 6.5 um 12.5 um
Exposure time 1s 05s 1s
Number of scans 11 points 15 points 11 points 11 points
Number of projections 510/ 360 degrees 500 / 360 degrees
Temperature of surroundings 193 K

of the sample




Table 3.6 Measurement conditions of DEI for methane hydrate pellets.

Gas hydrate

Methane hydrate pellet

Device

Semi-batch system

NaCl concentration

in the feed water 3 wi%h 10 wie
Storage period 0 day 1 day 1 week 0 day 1 week
X-ray energy 35 keV
CCD VHR
camera (Photonic science)
. 50.1 mm (H) 53.0 mm (H) 50.1 mm (H) 53.0 mm (H)
Detector | Field of x x x x
VIew 33.0 mm(V) 35.0 mm(V) 33.0 mm(V) 35.0 mm(V)
Pixel size 25 pm
Exposure time 1s
Number of scans 15 points 17 points 15 points 17 points
Number of
projections 500 / 360 degrees
Temperature of
surroundings of the 188 K

sample
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3. 4. 2 EBVEFEMBEEH=E

A TE IS (Scanning Electron Microscope, SEM) (2T, 3. 2(Ift-> THRE
LIeRRITANA RL— XLy RBROAZ A RL— b1y 2 BT
ETUMLTRLy PR ZHBEHIE, ZOREEBIE LT, WEPOSRER<
7ol IREIX 130 K LA R, HEZEE~0.1 Pa OfRIR, REZEEMAL L, EFHRICE
%5l 2 % 7o O AEFEEIL 3kV & L7z (JSM-6301F, HAR®E kX)),

3. 5 EIEDFELY

BSU I L OV EHE R g @ o CHRLE L7 KRR AN RL— XLy hET2
IZA X g RL— XLy FOFMliGEE LT, 0 AEORIE., MR X HRiA
o H2AH X ¢ CT. EBBEFIAMEBEDO TEZ /R LT, UBROETIH, Zhb
DEBFRER L ZBLRIZONTRIR L, ERFMIIAEZZRT LI L35,
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BAE RKARHARNAFL—FRLY FOHE

Reproduced in part with permission from Energy & Fuels. Copyright 2015 American
Chemical Society.

4. 1 KERHANAKL—KFXRLvy FOEFEEEE

ARETIE, BEHMMOMBEE2EZR]RT2-00MAEEDZEEHMELEZ1I2AD
HEECTh D, RIAANA FL— bbby hOEREILD T2 D ORFE1T 72,
Fig. 41 1X3. 1. 1IC{E>TBSUTHIE LI RARTANA RL—F XLy FD
253 K, KRJEIZEIT 5 5 B OITRB O R TH 5, Bt O@EE T AL A ¥
> 91.9%, =X 54%, TrsNy 2.0%, TN EDORBEDORIKSE (VT H
Y INRNVTE AR ZDEFR) BRI THY . RIRTANA FL— |
ROFHIE T 20T A DOVE ST BEM LT L0 17.6 & Uiz, BB shmE
DRI ANA RL— FRIL 710% TH Y | ATEBRIGE R 8L DA & - 7
HLOD, EDOHRDGIRIZENTHY | 5 HEOIPEEZIZIL 61% & eoT-, T7hb
B, BSUTHE L7 RRT A NA FL— b~ Ly hME 253 K, RXED F THENIC
IS s Zepmaivic, Las L, BEEDOHIIE[49] & [RIARIZ T ek BA 4G 1E.1% oD 55 1
MRENWZ EDEIRE L TETH D Z &R ST,

1.0
09 |
08 |
0.7 ¢
0.6 -
05 |
04 |
03 |
02
01 I
0.0 T —
0o 1 2 3 4 5 6

Storage time (day)

&
&

Hydrate ratio

Figure 4.1 Variation of mass fraction of hydrate.
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4. 2 HIH X CTHE IR X REHICK 5mBEETERDRE

Fig. 4212 XN XV ESG LT 2 2D 872 2JKDOKIRIT ANA RL— XL v k
OWiEhZ RY, I TIIEEENARICKMRINTEY . F a0 BAaNFEE A F
Vi, TRIBDIREINRKIKT ZA RL— b, AENKER L, BENNIWVEE
HLHSERSINTNWD, £lo, RARTANA Rb— "B fRTDHEKRETAZAET
DD, ABIERIZEB W TIIOKD DM BN ROFEREIT 72 % BB NENICIT#RIR 1208
IR T KBFIE L, TNUSOES I BEEICRIN T 2 8:E TR S o
Too BBIREICETKDBELND, XII TEHUEERICREEZHIVEE L TVD
7o, Zhidotx OFREEREICER T 2Kk TIER < BB L& SRIERMM E T
DORIARAREL T D TH D, 728, DEI IZTRATANA FL— FXL v hDOFE
% & LB O PIE 2 3 2 A3, AEURECILfEI 7o W4 & ik T & Ze o 72, BRER
FHOMNIT o TW WA, REOKICERK TS LB 2 b oEENRED X A F
STV VERRBA, T—F T 77 FBRRELIELDEEZX D,

Figure 4.2 Cross-section images of a part of natural gas hydrate pellets after 98 days’ storage
at 253 K under atmospheric pressure. Scale bar shows 2 mm in length. Gray scale reflects
relative CT value. Each picture is obtained from different pellets that were formed at same

conditions.
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RIZ, R XBRETIC L 0BG L2E#T e —2 % Fig. 4.3 12779, Rietveld T~

1~ A RIETAN-FP [75]

XD E—T T 4T 4 ThD,

AR

THANA RL— 1 (i)

ERJTEEDAK (Ih) 23sll/ Th = 64 / 36 TiE

RS 1 o
ALTWAZ L

BT 2Tz,
. 2000 ; sl/s11/ 1h = 0/0.64/0.36
3 H
< 1500 ’
2 N
'@ 1000 r:i~ | , i
8 . H .3 i % i_.
= 500 __-J!L,,__"_._quw'\ml s..-*u’ Uwqhuvw*w»u v‘..ux..“\..._
(] S R — A --—-—-J':«"'w---~‘--~-n‘I»-m,-.n-,-*’“n"’»m“'".rﬂf"wm—"»rfx.-m--...ﬁ-—w-‘;'--—-“-v-ﬂ"*rw;-.,\.wrxw,_.
| I 11 | | 111 Irr rnnr i (O I N S
| | 11 1 1 11 | | A I I O A I | O O [ I N N | sl
11 | | | 11 Ih
1 | | | | | | |
10 15 20 25 30 35 40 45 50
2 0 (degrees)

Figure 4.3 X-ray diffraction patterns of powdered natural gas hydrate. Lower line shows the

deviation between observed and calculated intensities. Dashes represent peak positions of

methane hydrate of structure | (top), natural gas hydrate of structure Il (middle), and

hexagonal ice (bottom). Bottom line shows deviation between observed and calculated

I T, RIRTAD K 5 72888 D T ADIRE

HENRKE WG

R 5[76], Bz X, FEIE T 1 7T A CSMHYD [17]
IZBT DAL A Rb— N OYHRE

MPa {

intensities.

WMz ~NA FL— MET 51T
RS D I ADRMN RIR DGO T ANA FL— b3
Xk VEFE L=, ES 55
IK28LK, A= Tasy

(/—\

=92/6/2 DRI ANA R L— FOFMEAREITRI 288 K TH D | EHE DA
JETIFRTE L sl DA Z A FL— b, BEIL sll OFRIRT ANA FL— F xRk
T5, LML, RESIDOTTRERATALKE, RETAHRO AL 55E (5.1 MPa)
BT AX A RL— FOVHHRETH S 280 KLLTFOIRE (Fig. 4.4 D5 AL
YT D5 ICT6E, I TEAZANA FLU—F B RARTANA FL—L b
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HICAERTL2RETHDI=H, sl & sll DIRTET D H A A Rb— MRAEKT 5
(Table 4.1), ZEFRIZ, AREIZHEH LI RATANA RL— XLy MERE L
EEXOAERTEOBEIZ 27T KTHY, sIOA XA RL— K sll OKIRT AN
A FL—FbAERL S DE&METH o7, Biw LIE sl & sll OFEEEENRIET 513
FTORETHDIZE D OT, AR XBREHT ORIER R H1F sl iEHH S 720
S, TNEY ., ARTRUBOBIETERT sl OFANA FL— IR GEL TN
AIREMEDS R S T,

(I
o

[EEN

Pressure (MPa)

0.1 | | |
250 260 270 280 290

Temperature (K)

Figure 4.4 Formation condition of mixture of methane hydrate of sl and natural gas hydrate
of sll at 5.5 MPa of natural gas (point A). Methane hydrate of sl do not formed at point B
under natural gas circumstances.



Table 4.1 Assumption of hydrate formation from phase equilibrium conditions.

THANA Rb— s DO—E RS 5 &
L= b= by MIERET L LEEZALND, RIZ

" Pressure T T Supposed
Gas composition (MPa) (123 (Ke))( hydrate
CHy, 55 281 281 sl methane
hydrate
CHy, 5.1 280 280 sl methane
hydrate
55
CH4/ CoHe / C3Hg . 288 288 sl natural
=92/6/2 (Parg?-: fie?,sf)re o gas hydrate
sl methane
55 hydrate
CH“:/ 5:2278 ; g 3Hs (Partial pressure of 288 <280 and
CHs=5.1) sIl natural
gas hydrate
RO X5z, AR TRRLED KR A A FL— MEfE (K, BE) i

ISRTCHE U H AD SN KIS ANA R
. BIEERTASL Y NS

(ZHANERE LTGAIIE, ZOH AIKREEICERY H L7z & ZIENRTICHE-
THRENH L, XLy MCHTICBREZE L LR’ H 5, £z, itk X #R CT
TlE, Fig. 42 DX I IZRART ANA RL— b XL MNEICHRIRIZE 72 - 7K 37
HETDHZENRPALNI/2oT, TNHDOZ ENLRFEMIICRANEAE LT, iz
RBEHNAEL D Z L TRILFFEDORIRT ANA RL— DS L., Ko7z L H#HE
ESNd (Fig. 45), b2, ARBHHLEICBIT DMK, BB LEO—HTIZ, X
R ANA R L— FDOARBERARIZ L HAZEZPIIET 22 & 2 BHRITIRE % 282 K
(A XA Rl— FOERMREEIRE LV & &R, Fig. 4.4 O BIZH YT 5 5:04)
IZLTWAHZ xR LT, RIRTANA RL— MBREEETER - RET 5 &%
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DI NEAZE L, TN, RIZRARTANA FL— XLy hOfELET 5 2 &
WTERWED, ZOXHICRELERICT S 2 L3l EEEOBL S S 13
HAThHd, LrL, AX A F— FOER S (Fig. 44) (23 &, [H
RE T sl DAZ A Rb— MIGHET D720, R THE LT AT X > T Fig.
4.5 R LT CRPRIERE MR T LTV D EHERR SN D, LTeh- T, RRAT AR
A B E T HRARTANA RL— bbby bOGE Bid, BiAK, P TEZ 282
KIZFIRT 2 Z LT TRrneEx 6N D,



Under equilibrium

Outside equilibrium

Just after
pressure release

2

After the elapse
of a certain period of time

Entrapped
natural gases

5

Bare gas hydrate
entrapped natural gases.

with

,Gas

.

¢
N
\
s,
’

H,0
~ACD

Surface of gas hydrate
dissociates to natural gas and
H,0. Entrapped gases are
expanded.

Ice film

Gas™

H,O becomes ice on the gas
hydrate surface because of
endothermic dissociation.
Entrapped gases are released
by making cracks that
connected to atmosphere.

Ice covers the gas hydrate
surface and cracks.

Figure 4.5 Storage mechanism of NGH pellet with gas pore inside it.

61
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4. 3 BTEIERER L DIREE

RIRHANA RL— hX Ly hOBREETRRO 5 5, AR O TR O—H ClRE
PENZ EBFIR L 72T, BUEEEN Tl KRR A A R L— M35 fiE
L. TORER, ApBAMRFIC BRI ) BB AEL TWD Z EDNRE I, £ 2
THR TR L ZNLEO TROREE L2 FSICRET 2 2 L ©, fEEENICE
F D RIKATANA R L— b OEGREBE . B O 53 % OV O E K & &
2 ONDBHORBENIHI S D LG Z LT,

AR, Bk, BRIE TROEE % 258 K+ 1 KE L TRA/HT ANA RL— FXL vy b
FRE L, 5 AMORTERBR AT > 72 (Fig. 4.6) . #ELO@HEEH AMEIT A ¥ >
90.2%, =X 75%, 71/ 23%ThH Y, RKHTANA FL— FEROFHIZHEH
T HWEN ADNY 5y BMglE 175 & L7 (Table 4.2), BJeBHAARRF O KIKHT A~
A R L— NRIXRMHEERTO 70%I2 T 10%F2E M E LT 83% L 7eolz, Fiz,
PRARIE 4 DFE LW RRIT R H403, 5 HIR ORI ORI 1%REEICIEE Y |

Hr i
HPIEMERE Al L LT o 2 & i LTz,

1.0
09 |
08 P°
0.7 ¢

06 s
05 |
04 |

83 | -O-After improvement

0.1 —-©-Beforeimprovement

0.0 | | | | |
0 1 2 3 4 5 6

Storage time (day)

C
&
O

DI
S

Hydrate ratio

Figure 4.6 Variation of mass fraction of natural gas hydrate pellets formed at improved

conditions. The error bars of the sample after improvement are included in the marks.
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Table 4.2 Gas composition and molecular weight of natural gas hydrate pellets.

Gas composition of natural gas hydrate (%)

Average
CZL%??fSn i-C4Hy, ~ molecular
CH, C2Hs CsHs n-C4H1o, weight
iI-CsH1»
Before
improvement 91.9 5.4 2.0 <1.0 17.6
After
improvement 90.2 7.5 2.3 - 17.5

WREDRKIRHT ANA FL— XLy FO 55, BUEES KO, 253 K, KRET
DORPEIIFE A 2 W, K 3 » H OO X # CT & DEIl 5 X - THASF L2
(Fig. 4.7), PIHICREITR LERITRBI ORI THE, 77205, MEEEZ O AT
JERBEICIRE SN RR T ANA FL— MLy MRETH Y | TR OBKITHIE
ERNCM T L7ZETH D, WEEZOWEHIREO MR L —Th Y, WNEHIZZEHK
BEETERLy hTHDHZ Enbhhoiz (Fig. 4.7a), 2 BENEET 2 &R
Tl > 7K HBL L (Fig. 47b) . RBREDO D FEZHERTE D X 91T o7z,
RUITEE (21X DEl {EDZER D RAELL T T d o 7o A NN T 00 K IS Bk Rf ] O %t &

BIZRELIZbDLEEX D, K3 7 HRIZITRERE OKDJE X% 100 um 2L F
THML, BIREODMN S HICEITLTWD Z & a2t L= (Fig. 4.7¢), &
BIREBIZ W TIE, WIEEZO DO EFERETAONT, KRE L TEIZRARY
ANA Rb— EDBMFEEL Tz,
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Figure 4.7 Cross-section images of a part of NGH pellets by means of DEI: a) just after

formation, b) after 2 weeks storage at 253 K under atmospheric pressure, c) after

approximately 3 months storage at 253 K under atmospheric pressure. Scale bar shows 2 mm

in length. Gray scale reflects relative CT value.

Flo, ENENDRTIEHB O RIRT ANA RL— XLy hOZXT A AF 1.25
mm DOWrfE# 2 1 ~<7- % D) Fig. 4.8 - Fig. 410 TH 5, WTNORE S WIEHEIZ X
S TUEIHNEIC O T INTRIROKPBFET 208, TR REDBEE THEL TWVZH
Dh, &2 WITHFIEH O3 CR BN TICER 35 £ O Th 5 NI 60 TR,
Ll K0 RV L7230 TR DK S S HIKkD 5, T72b 5
SHRDSIEIN DERT-0. ZALLIAN OB ZOK OB &3, B E % OREHZ R
DAIVTZARIR DOKIZRIRHT A4 R L— XLy FEBIORTERMEREIC K & 7 8 % K
ETH DT,
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Figure 4.8 Cross-section images of a part of natural gas hydrate pellets just after formation by
means of DEI. Images (a), (b), (c), (d) and (e) are different cross-section shown in (f). Width

between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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Figure 4.9 Cross-section images of a part of natural gas hydrate pellets after 14 days storage
by means of DEI. Images (a), (b), (c), (d) and (e) are different cross-section shown in (f).

Width between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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Figure 4.10 Cross-section images of a part of natural gas hydrate pellets after 93 days storage
by means of DEI. Images (a), (b), (c), (d) and (e) are different cross-section shown in (f).

Width between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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L VHEESMRED R XN T, ROEE% & A7k 2 B & it L7z KT A A
FL— XLy hoWEgz2EE L2 (Fig. 4.11), 7238, Fig. 4.2 @ XII 4 & FEE,
ARREHIMEERNCE@mZHI D %L LTWD 2, REREICA LN D E T OKIT
AEPDINT &2, G AER M £ CTORINC, FHHOREZLICL > THELZLDTH
2o

Figure 4.11 Cross-section image of a part of NGH pellets by means of XII: a) just after

formation, b) after 2 weeks storage at 253 K under atmospheric pressure. Scale bar shows 2

mm in length. Gray scale reflects relative CT value.

Fig. 412, Fig. 4.13121X. ZNENDRTEMF O KK ZANA RL— XLy D
AT A Alg 1.25 mm OWiEHREZ R Lz, 3BTRS ER & 2 % TRER
< RERHFANA RL— hOBERBEER L Tz, T7bb, BWEESED
HEIZIB N T H AT RIR T AA RL— XLy hONEBIZIAMEZR R IT RS
T, RREOBEESAIZONTIX DEI & X SRS OBREH/LND Z &b

277,



69

Figure 4.12 Cross-section image of a part of natural gas hydrate pellet just after formation by
means of XII. Images (a), (b), (c) and (d) are different cross-section shown in (e). Width

between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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Figure 4.13 Cross-section image of a part of natural gas hydrate pellet after 14 days storage
by means of XII. Images (a), (b), (c) and (d) are different cross-section shown in (e). Width

between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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UEXY ., ik X #R CT IZE > THRBEDORRT ANA RL— FXLy MIED
NEICZER 2 3 £ RN E Do Tedy, S BITFEMIZ KRR T ANA FL— F XL
v NN DZEMI M A BIEE T D72 BUEEG K OMTEA 3 o AR DO RIKT A A
FL—hRXL oy MIHOWTIX, SEM #8217 -7 (Fig. 4.14), SEM BEEH DI H
PNIRER G K, NS ZRMPEEE L TWDHERD D RRT AN, Fb— KM Th D[77,
78], BLEE L DO RIKHT A A RL— F_XL v FOWNEICIE, $ot pm OFRKHT AN
A RL— M MEEPBEEL, THLOORMEZHED D LS IOKBGFELTWD, Thb
H. A X CT THWHEIZRZ TWERERTANAL RL— XLy FOWNERIL, K
IR ZANA Rl— h RPN <IRIEL, ZOFE L LTHEIZA A TWD Z &7
Ficichbnol, ek, ZOMEITITEN 3 » HEOREHZ DWW THLREETH Y |
2 ufEEOBLEN D BZERMB RN &b ATERT OE LW RN IR T & iR
L7z,
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Figure 4.14 Internal microstructure images of natural gas hydrate (NGH) pellets by means of

cryogenic SEM: (a) NGH pellet flesh out of BSU, (b) enlarged image of the box outlined in
image a, (c) NGH pellet after 93 days of storage at 253 K under atmospheric pressure, and (d)

enlarged image of the box outlined in image c.

Fio, R XBEPHASIE, 2o oREHIONT R sl sl Th DIRAEWTH S
ZENREN, METEROBEFHEIZL > THRSINTERKART AN, RL— kXL
v MOIIEELDO E B0 sl WRET D Z &R Sz (Fig. 4.15), KRB ANA K
L— FRIIROEE R, 2 HE%Z, £ 3 » ABROIHEIC, 70%. 70%., 73% & Wb [FE
SEDEIC o T2, T2 TROIZRRT A A FL— hRITATEABR (XL > k10
DIFEIHE) L 1ZRRY | FxRRD 1L EKOSL Y hOETHD, TOle, Bk
B D RIKH AnA R L— DEBEFEERBRIZIESTERWE, § 3 7 ABRORERAT A
NA FL— FENILYIFEMENENHO LY A FEWVARIZONTIEL, by b
OEAEZEICER T2 B2 5, 22Tk, 253 K, KR&UETHB L 72 RRT A NA R
L—h~l oy ME, (1) A7 X B CT 2 5 BUS U7 Mk 2 Rtk A S B % &40 3
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r A% ETIRERNEHIALILZ & (2) MRRRIZRRHE & KRR ANA R L— b=
ZBEMAT O L (3) K37 HRRICHRART ANA K b— R 70% % HEFRrd
L ENBENIARETH D LARSNTE I ENHETH D,

sI/sIl/Th=035/034/031

I I e e e N N RN E RO PR AR TR A T Y |
I I 8 T O T O 1 [ I O I O O N 1 R IS |

P [ [ o Ice
10 15 20 25 30 35 40 45 30
2 0 (degrees)

Figure 4.15 Powder X-ray diffraction patterns of improved natural gas hydrate. Lower line
shows the deviation between observed and calculated intensities. Dashes represent peak
positions of methane hydrate of structure I (top), natural gas hydrate of structure Il (middle),
and hexagonal ice (bottom). Bottom line shows deviation between observed and calculated

intensities.

4. 4 BTEHEREOEVKAHANA FL—MRLy FORESEH BT
AR

UbED X512, RIRTANA RL— by FORTEGAER, DEI L, X EZFH]
L7ofiAE X # CT. ¥R XAREHT, SEMBIZEZEm L, Zh b ORRERE L,
RIRITANA Rb— XLy NGEIZBWTAR TRERORE, EHEEEZ D%
fE < ik, BB TRICOEHT 5 2 LI X VISR D S WRIRT A A FL— |k
Ny hOBEGENRARE L 72 o7 (Table 4.3), F7-. BFEMEREDOEWKIRT A A N
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L— b Ly MINTBIZZERZ ST, ZONETHEEITN 3 » HoRMRish, K
R ANA Rl— FFR L LT 7T0%LL EEHEFF L7 2 &R S NTo, R ANA
RL— XLy FORETIX, BPEREH ORIV R 2 IOKIEEZ R TED LD
(2720 BRBHRE D B N ET T AR ABIE ST, BBERE S O S iRICk
LCAEUDKBIIATERN 3 » A% TH 100 m BETH Y, £/2, TONETIEE
LW Z > TWZRWZ E A X #R CT IZL > TH LM >, ZRHD
FERNOEBEZ BINDRRTANA RL— XLy N ORFEERIIEETE O B O IR A
xR T 50D e o7 (Fig. 4.16),

Table 4.3 Summary of the relationship between temperature conditions of the process and

self-preservation of the natural gas hydrate pellet.

Formation a)
temperature (T¢) Tr < Tequn

Temperature after

formation process Ta <Tequn Tequn< Ta < TeguoH”
(Ta)
Self-preservation .
effect Higher Lower
Internal structure Almost uniformly Some ices and cracks
Crystal structure of .
hydrates Mixture of sl and slI sll

a): Equilibrium temperature of methane hydrate at given pressure.

b): Equilibrium temperature of natural gas hydrate at given pressure.
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Self-preservation

Under equilibrium

Outside equilibrium

Just after

After the elapse

effect — L .
pressure release of a certain period of time
Natural gas hydrate
Gas Gas
2 y
H Q\ - :) ,l_|2o Ice '\)
Higher H, 6’
lce —
Bare gas hydrate pellet | Surface of gas hydrate pellet | H,O becomes ice on the gas | Finally, ice covers the gas hydrate pellet surface.
with entrapped natural | dissociates to natural gas and | hydrate pellet surface because | The pellet inside consists of natural gas hydrate
gases. H,0. of endothermic dissociation. and ice.
Gas phase
Entrapped ) Natural gas hydrate
natural gases .Gas Ice film .
Lower 4 “

H,O

Gas™

Ice —

Figure 4.16 Storage mechanisms of NGH pellet.

The detailed explanation of the bottom column is obtained from Fig. 4.5.
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4. 5 FEA4EDELD

EWIMOITERZ FEB T 2720 0MRAEZ5E5 2 L2 BRI, RARHTANA FL— |
ALy b ORPEER, AR XBREHT, A2 X#E CT KOV SEM BIZ 21TV, RIRAT A
A RL— XLy hOESERD T D ORE 21T 272,

IR 253 K, KRXUE TORTBAME S DRI ANA RL— b XLy hD g%
T D720, A X B CT &R X #REHT 2 FIH U CIRIK &2 fet L7orE R, i
LD S BiAK, B LRO—HMAAERIEEIZH L TEIRTH DL Z &R aMHRD5| &
B2 TWD LR E LTz, IBENE W & T, LT O TR O3 i h3 e
I EEZIONT,

Ll OFRKT ANA RL— R EHAFL T T sl DA X oA R L— b AVERRCEAfr
SAED B AN TZ T2 DI 53 iR

2.8l DA B NA RL— NDGFETHEUTEAZ VT ANRIRT ANA RL— "7

(ZFRHE

B AAL L BIZRIRITANA RL— Nr—27 %Ly MR,

4. XLy FaERKEICHET B8, T AEOEEEED 2 WIERKR L OFEZEC
R DT AIEOYPEIT K> TRANFAEL, Fric2mi i,

5. 7= 72 1 23 53 ik

Z ORI EESE | MK, BUE TRROIREEE & ARk TR O 2 [ ISR T 5 X
SRUEHFEH LR LTc, ZORE. RIHTANA RL— b kOB bR HE
DRI S, RIKH ANA FL— FEOYIMIMEIL 10%M =L, KREOHET
DRI ANA FL— XLy FOEELEER LT,

S BT, ZERDIRRED IR D 2 SDOBIETFIEL LT X#t CT & SEM Z I T
RIRTANA R— b <Ly FNEORPET OZb 2B LTz, TORR. KR
ANA Rb— bbby MEREPDDH3R L K3 7 H ORYEH O fiRIZ &~ T
N by MRENAFET 2K 100 pm F2E DR X272 553, WEBICIZARE 72 /3 fE )
RN EEH LN LTI, TR0 b, TANA RL— MR Z x5 & LT2BEAF
DA CRIEET ML, BRIV Yy MERESRL & B2 & T 20 FE EiE
AT tamrli, —FH, BRI, RATANAL FL— XLy FOWNE
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35 um ORIRT ANA RL— MEEDEE L, 2RO DR A 5 L 512K
AFAELTWD ZEDRHI BN oTc, RIRHTANA FL— b Ly FORPERIZE
WL, ZOKPBEFED B OARAFET MBI 2K L RIEOEF 2 R+ LT
SFRBINHEI SN TIEY . ZIUTRART A NA RL— hX Ly M O B CARFHE
(BT DR L o T,

LEXY, RERTANA R — b_ Ly FORGE TROBEREICL > Ty
FAREORR AR T 5 2 LT, WEEEODEEZIHI TEDZ L. S HIT, ATk
ORI ANA Rb— b Ly hOSRIT, <Ly FRENAPETIER S iz
Ko KON Ly NNEBORIRHT ANA R L— MR ORICBICFET 5, XL
v MRIERRICIERR ST KT K o TRIRH Ao B L— MESERL 723 & BT S
NHZ TS D Z ENbhrol,
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5. 1 HAHBROELGLIRATANA FL—ERL vy FOEFEIEEE

ARETIE, BYMOEEZEBT5200MRAE2E5 L2 ML LIZ20HD
HIETH D, RIRTANA FL— XLy bV A ZIRE AT 27,

AEHE 3. 1. 2129V, sHDBNGRDH KRR ANA RL— XLy hE2ET
VB L UCHLE L, BPRMEREIC T T AR O B A AT L L L HICHE4ET
O NIRRT RIRIT ANA Rb— b XLy MIBIT 2R D O3 ST 2 MG
L7z, RIRHANA RL— b_Uy bOREET AT A X 845%, =X
10.4%, 7'm/N42%, A4 Y T H L 04%, SIVRNTH L 04%, A Y RUH
0.1%THY ., B L-THIESND D FEMWIT19.1 &7 o7z,

BN, BLEESEDORIKT ANA RL— by FOKKR X BREHTOFEREZ RS
(Fig.5.1), f&duAEi&EIL sl /1h=81/19 720 | FAEEY XLy MIslEEENZ
W2 EEER Lz, £7-. FFEEO DEIWE® % Fig. 5.2 1R Lz, sEHIZE
TERBRIC, WEERNCRERERFHEK T2 MTLTEY, KPICKEITRT
FM T O IEBEE O R [35] & RIEICREREICIh> OKBNGFEET 52 L, &b
2, RELONTITZEREZZETHETHLHZ & R LT,
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Figure 5.1 X-ray diffraction patterns of powdered natural gas hydrate. Lower line shows the
deviation between observed and calculated intensities. Dashes represent peak positions of
natural gas hydrate of structure Il (top), and hexagonal ice (bottom). Bottom line shows

deviation between observed and calculated intensities.

Figure 5.2 Cross section image of the natural gas hydrate (NGH) (a) and 3D image of NGH
by DEI method (b).

Table 5.1 IZRIRHT ANA RL— h XLy FOREMFES | Fig. 5.3 ICHTEGRER OFE
RErmT, AFEBAIGRE O RIRT A A R L— FRHIIEEER R E W, Thbblt
RIEFED/ NS WIZE@WMERNCH D | 3R B EKIEE L TR S 2 R )
188 m?t (GAEMEZe33x30 mm) O & X% 75%. 300-600 mt (GAEME 10-20mm) D&
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X3 72%. 896-1500 m™* (FAKIE 4.0-6.7mm) D & X% 59%, 1500 — 6000 m™* (G
BHE1.0-4.0mm) D& X3 34%ITR o7z, 2 EBORPEEIZIT. RIEKT A NA R
— M ERH TR EREAS/ N S WIEIC 74%, 67%., 57%. 32%I272 0 . W oiE b
ORI S%LLINICIN £ o 72, BIRDOMERA & L CTIRERERE O/ S WX 9 D3 ET)EE O
TR ANA RL— b ENEL, L ESETH DA, 188 mt GlEMEe33%x30

mm) & 300-600mt (GREME 10-20 mm) DOKRAT A NA K L— MR TIIAHEEN
Nz Enn, BT A X 10 mmEL ETHIUE, REH A DT EIZ KA T 20
FERIZ o T2,

Table 5.1 Sample properties.

Sample [mm] Specific surface [m™] Ho [%] Hy [%]
Cylindrical ¢ 33%X30 188 75 =44 74 += 4.4
Screening 10-20 300 - 600 72 = 3.6 67 = 3.6

40-6.7 896 -1500 590 = 4.3 57 £4.3
1.0-4.0 1500 - 6000 34 6.2 32 +6.2
1.0
0.9
0.8 _ _ _ _
(@] = = =1
g 2 Hd & A = 183 m?
et 0.6 J I Ny ¥ 1
Q 05 & g B & —- 300- 600 m
S 04 - 896-1500 m'!
©
> 03 ¢ @ ® -®-1500-6000 m!
0.2
0.1
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300

Storage time (h)

Figure 5.3 Variations of hydrate ratio with storage time.

5. 2 HAANARFL—FRIZEDCKEESOHER

Iyl BR (2 L 72 RBHER — O IR~ vy R 2RI L2 b D TH D23, alkt
BOORH SN D REEIZIS U THHIEN R 2~ 7o, Zhid, ISR TH 5
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253 K, RERJED FCTREZ I T L7ZBICHBL L7272 e R MmOk N A Ule 2 & R
KThd, 2T, RIMLZOMHRSL Y hORKTANA RL— M EHoZ |, K
XHREPTIZ Z 0BG L7zsNDEHETH D 81% & L, Z OfE & %K 4 OFREMROYIHEH

(<Ho) DFESM, XL v FOSE « ML X > THERRENTED Z LIS
RIKHTANA R — RO ETHDLETDHET NV EER D, FICL DA TTZK
IFoKk & U CRUBER D O NENZ 2> TH—IZR L, ZDEEO T ANA RL— |
MOIK~OERELETER T D EET D L. KOESXITKA (5.1) TRIND
(CEH IR 2 2R,

X=T, (1 — ai) (5.1)
728, rolTRERERR, ald KRR A NA RL— FOEFHETHY
H
= — 5.2
a=q (5.2)

Th D, 933x30 mmOFREL A FRE | roDEITxG & U 7R AR I D H S flf 2 AR AE
ELTEET D L, KOESXIFEREH A X2 X 59 150 pmA> 5 450 pmfe FE D #iPH
(272> 72 (Fig.5.4),
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Figure 5.4 Calculated thickness of ice film on natural gas hydrate particle by the experimental
data.

RIKITANA R L— b Ly PRIENZFEAE LTOKOEREIL, BIEER L5 E1C
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KA AN R L= NRICRIT BN L0 K& < A%, 253K, KEE FCHRAED
FRELM L TKIE L5720, IR AR Th 51 ERKH AL R
L NRIES Aot L B2 HID (Fig.53), —F. % OBITHRE /L -
. RERICIR DRI S LRSS,

5. 3 It X#RCTIZ&L BHKIEE S DIREE

5. 2TRIRHTANA RL— FRPDHEI UTOKKE S D244 2 (A0 X #j CT
(&0 EUS LW S HIREE L=, Fig. 5.5, Fig.5.6 (21, X _ECTHNAYIC M &
FANZAFAET D 2 RATOKIEICR LT, a2 mELIAEY) 581 (Figs. 5.5a, 5.5b,
5.5c, 5.6a, 5.6b, 5.6c) (Zino7-AHXI CTEZ 25mm (100 2 7 A A) ZTELITRLTC

(Figs. 5.5d, 5.5e, 5.5f, 5.6d, 5.6e. 5.6f), T b —D2>DOL—7NFEL, ZD
ME2SABIR I OKDESNZFYE T 5, T4 T v 7 7 A MIBNT, B —7 %R
. XU EWHEX CTIEZ R TE DB RIRTANA RL—FTHY | L ORWES
Wy 7 7T ROFFBATF NV TH D, I TiH, RIRTANA R b— Ot
CTEDFEME LV & 015 mVMEZIK E R L T, Zhaitilcd v vz R
oo TORE, ZN0 2EFOKESITHLET L7 BAEIT 9005 B3R, 2
AL % 12.5 um / pixel THRE T 5 LOKOJE S OFFHIL 100 pm i 2> & 700 pm 3z <
(2K T2 (Table5.2),



83

0 20 40 60 80 100 120 140
Pixel

(e)

0 20 40 60 30 100 120 140
Pixel

()

o 25
=

=20 |
-

—
=15
1.0
0.5
0.0

1ve

Relat

0 20 40 60 30 100 120 140
Pixel

Figure 5.5 Line profile across the ice film on the left side.
Cross-section images are obtained at slice 0 (a), slice 100 (b) and slice 200 (c). Width
between each slice is 2.5 mm along z axis. Line profiles across the ice film are described in
(d) for (a), (e) for (b) and (f) for (c), respectively. Dashed lines in (d), (e) and (f) indicate a

lower threshold of ice. The positions of line profiles are shown in (a), (b) and (c) as a red line.
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Figure 5.6 Line profile across the ice film on the right side.

Cross-section images are obtained at slice 0 (a), slice 100 (b) and slice 200 (c). Width
between each slice is 2.5 mm along z-axis. Line profiles across the ice film are described in
(d) for (a), (e) for (b) and (f) for (c), respectively. Dashed lines in (d), (e) and (f) indicate a

lower threshold of ice. The positions of line profiles are shown in (a), (b) and (c) as a red line.



85

Table 5.2 Ice thicknesses of each slice number of right and left sides.

Left side Right side
Slice No. pixel pum pixel pum
0 15 1875 £ 125 15 187.5 £ 125
100 17 2125 £ 125 53 662.5 = 12.5
200 23 2875 £ 125 9 1125 = 125

S BT, [ARRDIKIEIE & OEHT 2 30BN H L7z, Fig. 5.7al35 0k 0 3 oo
Toh v, Rightsiden 5 Left sidelZih > 72K DIE ST 3 5 7 & /L% % Upper side
/> BIIELZ Lower sidelZ [f] 1} Tk 7=, Fig. 5.7a% A /LA M AVKERD L 5 IR L=
X725Fig. 5.70CTH D, T I TIEEZ BB REWIIE, 720 BKBEWE EH

DN —=2TERRLTWND,

14 WER 2 AR I ¥ U TR L7 X 52k, AV hovds 1569 42t o
R E L TCREELIZZENDZO LI BREAHTHEIN D, AATEIZLL

6% R D ik,
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(a)
Upper Side
Right side
Left side
Lower Side
(b)
Right side > Left side
Upper side ..
Lower side

Figure 5.7 Map of ice thickness on the natural gas hydrate pellet.

A 3D image of the natural gas hydrate pellet (a). Expansion plan of ice on the natural gas

hydrate pellet like Mercator’s projection (b).
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I EITCIOKD N THDEE 0 - 50 um ZERA LT X N7 7 A&EERR L
(Fig. 5.8) . AEEBANAL L CHEEEEZRD L & 340 £ 22 um L 7podz, F
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¥, BEEOHRE TIEIRIRT ANA RL— XL v Rk (sll) OKOEZ1E 300 pm -
500 um [35] TH 0, FHIME, FERIE & HICBEEOME SRRSO A —F —I27 -5
77

50,000
45,000 Mean 340 um
40,000 ¢ Standard deviation 22 um
35,000 f
30,000 F
25,000 F
20,000 F
15,000 F
10,000 F

5,000

Frequency

50 150 250 350 450 550 650 750 850 950
Ice thickness (um)

Figure 5.8 Histogram of ice thickness of the whole NGH pellet.
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Figure 5.9 Ice thickness measured by DEI.

5. 4 E5ENDELH

KIRITANA RL— XL~ (sll) X253 K, RKJEDHTH TIE, HEREHED
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BHEDY 10 mm 2 ELL ECIIITRIERROm SICHE BT ko Tz, Thbh, ETR
IZBWT, RARTANA RL— by MNGERITHEIES K Z o 7285810, 508
P2 10 mmFREELL B CHAIVIMBIEIC KT 2 REFED LR/ NS W2, Filciana R
L— M fRIZ K 2 REKH A DIF R~ ORI Z LB bhhotz, Fiz, FREPHR
FIFZBWTIEA Ly hOFMEIZ 300 um 731 OKIENFIET 5 Z & A DElI 2
ZRANZE VA SN Ro72, SHIT, BHEOH CRFET VTSV TR L » b
DRED O DH—FRIZ RN EITT D EMRET DT & T, RIRITANA FL— h§
ZHWIZEIR D b RIEOKFEE S 2G5, FET AR OZY N R I NI,
FEHREZ O, FTEDOREBHE R O RIRT ANA R L— NREORIRT ANA R
L— b XLy MOKERER SN & & EORERRT ANA FL— FROEKT
MEZDNEMH DT EBFEETHY | RIRHTANA FL— FXL v b DORTERMERE
DOFERFHIICA A TS 5,
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KTHY, TORpEMERRIZ. <Ly NAEOT A (F457) LOEmE GB5
) ORBIC R0 m LT D ENTER, RETIE, RETANA RL— XLy
FOHCRFEET VIS 7202, Ny FHOMOREE L L 551
BEBRE LT, HORFBRR SO ORE L M L,

RIRTANA FL— bR HEORFET DREIIRKIETOKE T TH LD, 8
BT IFE L2, —J5, EEDIR, BRIRA X g RL— MKk (R
b U A o NaCl, ¥fbh ) 7 A KCl, ¥ifb~7 %> 7L : MgCly, L7 &
=75 NH,CD 2l & L7eEMER SRS (B2 1XNaCHEEE TR 0.2 wt%) &
EFNHLE, BHRELAKEDORERIBEIY ®ETIE, ZEZKRTTH-THE
FREKISIE DA K > TH RN T E D L E L T\ H[79,80], £7=. T4
IZHARRANOLERI L7 A ¥ g R L— N ORI HEKR D ERK S Td HNaClh s34
T O DBILEINTHV[78], ERE L H IREEDOBERITER S L THFEET D
AL NA RL— ML THEERAMALE 2D,

ZITIEHR RRTANA RL— XLy ROETVWELE L TAZ A RL—
Uy M, KA T2 7 S8 2 EME OREME & LT NaCl Zxt512,
Ly MNEICIERMEPEET 256 O B OO 2 RE Lz,

AR TTA L NaCl AKIER D & A B g RL— M &EART 5856, NaCl i3
Wy Tih DTt AKX A B l— MERICITR YA ENT, NaCl KIEHE & L Chisash
CHEH S LD, —EEMFELEEEIC T A Z g FL— Ly FERIET 5 TR
TIE, AR THER LA Z g RL— AT U —H10 NaCl /KK 2 I Hk
HITDZLTAZ A, FL— Ml ZRM L TAZ A FL— FREED T
Do ZDID, ALZ A Fb— XLy O NaCHRE TFEDKIC TR T

TBE
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Do AENE3wWt% & 10 wit% D NaCl Kk Z 7Kk & L TAZ g FL— b XL
v MR Lz, TORE, AX g RL— b1y MO NaCl BRI 1T
0.5Wt%IZ, #%#E1E 2.7 Wt%iZ7p o7 (BAREIE, 245 OFUEHIFEIK D NaCl )% T
372, AZ A Rb— XLy b NaClRETHANT ), 72, oo
AHEFORLEEZ D A Z g R L— FERITIAIC 84%, 82% & a7, thigxtge s L
THWZ NaCl ZIRIML TWRWA Z g RL— h XLy b (LIF, #liAKA &
A RL—=hFXLy R) ODAZ A RL— FEREAEDYE Table 6.1 1277,

Table 6.1 Quantitative properties of methane hydrate samples.

wa I:)ex Tex Te a C mh HD
Wwi%)  (MPa) (K) § Wi%)  (wi%)

0 5.5 277 281 N/A 86

3 5.5 277 279 0.5 84

10 5.5 273 276 27 82

Crw: NaCl concentration of feed water, P¢y: formation pressure, Tex: formation temperature,
Teq: equilibrium temperature, Cyn: NaCl concentration in the methane hydrate pellet, H:
mass fraction of methane hydrate, as-formed.

a: Calculated by the phase equilibrium program CSMGem [81].

b: The sample sizes are 10 - 20 mm.

Fig. 6.1al, B 10 - 20 mm (M wAE 300 - 600 m™) DA X > ng RL— |k
ORI Z RS, IR 253 K, REET 1LEMATET 5 &, 0.5 wt%dDNaClx &
e A A RL— hXL vy ME80%, 2.7 Wt%DNaClZ & ge A & g KL— kX
Ly ME 9%, fiKkAZ A RL— XLy MIBABIZAF /A RL— FE[T
KN L7z, 0.5Wt%®dNaClz Eie A # g RL— b Ly SO EEEIX 0.7% /H
72D MiKAZ A RL— XLy D 03%/HIZIZLTRVWE DD, Z O
HTHIUL 80%LL EDEWAZ A RL— FREMERFLTEBY |, 0.5 wt%DNaCld
EEDH - THEM LITEG R OFIC L VRS DATHEIEETH -
T2 —H. 2TWt%DNaClZ&ETe A Z L nA RL— by MITHR L B ZIZIZA Z
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VoA RL— FRIZYHEO MR T L, — %I SRmcE R T LA
7o, 253 K, RAUEDHTEIZIINEYI TH L Z LR BN Ro72, £72, 05
W% DNaClZ ZTe X & A RL— b Ly MZOWTIE, 4.0-6.7mm (LR
896 - 1500 m™). 1.0-4.0 mm ([ 1500 - 6000 m™?) @ K 0 /& KT b BT
R AITV, HRIAEO B CIRF~ORE LR LTc, TOME, HEmEOH K
2RV, 0.5 W% DNaClzE & te A % g RL— b L NOGRRIIHMAK A 2 A
RL— MZETHEM L, NaCIOEEN L B2/ - 7= (Fig. 6.1b, Fig. 6.1c),
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A Non additive MH
m 0.5 wt% NaCl MH
® 2.7 wt% NaCl MH

ANon additive MH
m 0.5 wt% NaCl MH

ANon additive MH
m 0.5 wt% NaCl MH

Figure 6.1 Dependence of particle sizes on methane hydrate dissociation. Solid circles
indicate methane hydrate with 2.7 wt% NacCl, solid squares indicate methane hydrate with 0.5
wt% NaCl, and open triangles indicate pure methane hydrate. The variations in the specific

areas are 300 - 600 m™ (10 - 20 mm) in (a), 896 — 1500 m™ (4 - 6.7 mm) in (b), and 1500 -

6000 m™ (1 - 4 mm) in (c). The error bars of the sample with NaCl fall within the plotted

symbols.
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6. 2 BIEFTRIDLEEAZUNA FL—MRL Y FDREEITIE
BROBE

NaCl Z B H T DAL A RL— by NOGENETT D8 2 LA X #j
CT TBIZE LT, AIEETIZ, $TICRARTANA FL— XLy MT 253K, KK
JEDO T TCREMM DT HZ LN BMNITR>TNDH T, A ENTEREINE Db %
B39 52 LICEREZBVCREIZM T Lz, HEE LT, DENZTINETE
[FERD 193 K THIEZ Fhi L7223, NaCl 2 & HT DA% /A RL— kXL y T
(%, BB E EE A F VIR OB ST RICERT 2 LB X B KIaDFEDNIHE T
HO ., AENLZE LICIKETHET 22 ENTE RN, 2070, AalkHT
WCITHIEIREZ XV IKIED 188K & L=, F7-. AMIEIC L - THIEH OZIEH
ARSI NI, KES DEl Z Vs Z Lic Lz,

0.5wWt%® NaCl & e A # A RL— b XLy M, BEEZITITEENENIC
BAEE 720K R0ZERE 72 < (Fig. 6.28), H CARMFEIRDEWRIRT A A RL— F XLy
FTRONTZZH D EFBRONEEE TH -7, LU, Ik 1 B23#aE3 5 & JHH
DAZ A Rl— b XD BAREE DAL FARIZHT ~ HEBEL L (Fig. 6.2b), 7 H 23#%
T2 & FUROIRE AL S SIS L T, BB RIZIL DS - 72 (Fig. 6.2¢),

27 Wt%®D NaCl Z Zie A Z A RL— b XLy M, BIEERZ IS TISREIN
B TR OIRE B A BN TR Y (Fig. 6.2d), 7 BREIZIZFL VW a R T A LD
RV SUIR ORISR B AN 2RI IS 2 - 72 (Fig. 6.2e), F7=. Zh b 550k %
X?%X@L%mm@%@@fﬁNk%@ﬁF@&S$@ﬁ]?%50Hg&LFm
6.7 XV REEI D NEBOMIEE CHE TE 2 2 &b, NaCl Z&ie A 2
A4 RL— XLy MIEBRERICE > TOMPEITL TWD Z LRI,
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Figure 6.2 Cross-section images of methane hydrate samples: a) just after formation

containing 0.5 wt% NaCl, b) after 1 day storage containing 0.5 wt% NaCl, c) after 7 day
storage containing 0.5 wt%, d) just after formation containing 2.7 wt% NaCl, e) after 7 days
storage containing 2.7 wt% NaCl. Scale bar shows 2 mm in length. Gray scale reflects
relative CT value.
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Figure 6.3 Cross-section images of methane hydrate samples just after formation containing
0.5 wt% NaCl. Images (a), (b), (c) and (d) are different cross-section shown in (e). Width

between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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Figure 6.4 Cross-section images of the methane hydrate samples containing 0.5 wt% NaCl
after 1 day storage. Images (a), (b), (c) and (d) are different cross-section shown in (e). Width

between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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Figure 6.5 Cross-section images of the methane hydrate samples containing 0.5 wt% NaCl
after 7 day storage. Images (a), (b), (c) and (d) are different cross-section shown in (e). Width

between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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Figure 6.6 Cross-section images of the methane hydrate samples just after formation
containing 2.7 wt% NaCl. Images (a) and (b) are different cross-section shown in (c). Width
between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.
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Figure 6.7 Cross-section images of the methane hydrate samples containing 2.7 wt% NaCl
after 7 day storage. Images (a), (b), (c) and (d) are different cross-section shown in (e). Width
between each slice is 1.25 mm along z axis. Scale bar shows 2 mm in length.



100

IHIZ, 0.5wWt%dD NaCl & e 2 # g RL— b Ly FOWHIMEEZ SEM IC
LV ES L7 (Fig.6.8), Fig.4.14 L RIERICY 7 2 7 o A XDUREIRITIED -
TBY, AZUANA RL—FRBELTVD I EWREINT[77,78], 72, Hum
~EA pm OEOPROREY (LLT. PelkiE) N8R 6z, FEROHIR
WEEMIT A > KD Krishna-Gdavari 22 SEEI L 7= KIRD T ANA RL— Eb
MR ENT VNS, RIKDOH ANA N L— MR B P B 1E SEM B2 & [k
(CFEM L7z, TR B X B AL EIZ Lo T NaCl Th 2D & [RIEI TV
5[78] .

> Hhey : £ b \ { i g W 4

Fig. 6.8 Micro structure of methane hydrate containing 0.5 wt% NaCl. The bar located at the

lower left is a 2 um scale. SEM image of methane hydrate after 1 day at 253 K (a). Enlarged

SEM image of another site in the same sample (b).

ZIZT, AZNnA Fb— by MIEENDNaCIOREHH TOREIEZ I 5 )
(D720, BRXHRET A £ L7z, NaClZ&Ha T D A X A KL— Lingyfi
LZ2WRETHD BKTHIELTZEZA, AF A FL—haRTsiOE—7 &
EbiZihpmi 7z (Fig. 6.9a), NaClis A Z g KL— h_XLwy halElOH T
HERK T 2W'E & L TNaClftidh & NaCl - 2 KFn# (NaCl-2H,0) fidh & 48 L7223,
[FHEFE TSI B — 27 MRFRN - O ICNaCHC SR T A i iE 2 [FE 45 Z &N T
Rinole, £IZ T, MEEZ2BKETLERLZLEZA, AF A FL—FO—#
D353 L. FHXFIIZNACI « 2H,OfEsRIC R 35 B — 7 TR & < 7257z (Fig. 6.9b),
—7J7. NaClitdb A S 25 B — 7 (IR T Th o7z, & HIZ 253 KE Tl
% FH9% ENaCl-2H,0D v — 7 (24 L7= (Figs. 6.9¢, 6.9d), Dk, —H 269 K
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FCREL EH L, BO2BKITIREZ NFTHELIZEZA, AZ A FL—
MITEEIZHRE L TslIo B — 27 1 3H K L, HFUONaCl-2H,00 v — 7 23 HH L7z (Fig.
6.9),
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Figure 6.9 Powder X-ray diffraction patterns of methane hydrate containing 2.7 wt% of NaCl.
(a) Observed pattern at 93 K, (b) 233 K, (c¢) 243 K, (d) 253 K, (e) 233 K after elevating
temperature to 269 K, (f) and (g) calculated intensities (line) and peak positions (dashes) for
NaCl-2H,0 and NaCl, respectively. Asterisks indicate typical hexagonal ice peaks and closed

circle indicates typical methane hydrate peak. The peaks in the dashed-dotted line box result
from mainly NaCl-2H,0.
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Z DK 9 IRIREZEARIZ xS 5 NaCl-2H,0f 5 0 B & 125 1ENaCl & K DR FEXIZ
X< —#L7 (Fig.6.10) [70], O ETiX, A ¥ /A FL— XL v MIEA
THLE, KRBT, RCTIRIRHAIE 21T 9, Hedl R T & 2D NaCl 23.3% A O i
PHCIE, b RIRE TH 2 252 KLL EodiH, 3 7eb bATEIRE Th % 253 KTNaCl
IR E LCHAAET D (RB), & LT, frEXHERCT, ByRX#REr, SEMBlIE %
FEHE U7z, TR 23 He A R AR O FEH Tk, ARSI H O NaCliENaCl-2H, O dib &
2% (JC), 728, KT TIENaCIA 62%LL 1 D o L & (ZNaClE S 34T
T o720, AWFGERE R D S IENaCIG fl DFAEDFIE SR o Te, 2D LB
A R L— FOJER T S 7zNaClZ, AAEXHRCT, ByARX#REr, SEMBIE 4 5
i U7z & 9 70l B & Tl L72BRICNaClE i & 1372 53, NaCl - 2H,0f55 & LT
Frh3 2 & HEl &z,

2
90 1 '+ S

280
—~ L :Aqueous solution
< 270 I :lce
et S :NaCl
g L+ S2 S+S2 e.p. : Eutectic point
£ 250 I+S2
2

240 A

eC
90 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90100
NaCl Concentration (wt%o)

Figure 6.10 Phase diagram of water and NaCl system. The methane hydrate procedure is

indicated as A (formation), B (dissociation), and C (measurements).

T b HLEEEOH LN HNaCIHE TH 5 & v TV DHFig. 6.9 TEIZE S v7- ik
HEEMIL, BARXERETIC X > TNaCl-2H,0THh 5 L FE Shiz,
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6. 3 BILF FUDLEKDHEREIZTEDISAZUNL FL—FRL Y
~ DETEE

Fig. 6.3-Fig. 6.5 L V., 0.5Wt%®DNaClZ i A # /A RL— h XL v hDONES
(VRS FEERAL S TFAE L. Z OFIG TR & & HITEMm Lz, S5z, HRE
DSEMBIZENGIZ, AZ A FL— XLy FAED A Z A R L— hifdhH
(CHEREED RIFAE L TS Z ERH LT/ Y (Fig. 6.8) . BARXHRETIZ L - T
ZIUENACI-2H, 0D CTh 2 L [FE S iz, —F . APRIRE Th 5 253 Kid b A
BETHDH22KED @B THLT-O, A XA FL— M ?ONaCl-2H,0D
fiemlZ, NaCl& Kk dRRER (Fig. 6.10) JL U NaCUKIEKIIREZ LT 5, T7hb b,
NaClKiFiE Z ek E LTHEREE LA X g RL— XL v & 253 KTRPE T
DEE. Ny FREID A Z g R L— B ifdb IR OSK DEGHEIZ &> TREB L
TR TRRUEIZ /e > T D O TIE7Ze < NaCUKIRIRDS IAFT 5 Z L1272 b, KTid7e
SNaCUKIEIE DI A & oA R L— hX Ly FORECHEORE L HICAFET 5 2 &
IZ& Y, BORIEIREBIZR BT, X Z g RL— XLy FOSENIH S /e
W, o T, BIREONaCIZEie A X A RL— hX Ly N TEY SiENRMEES
nr-EEZ6Nn5 (Fig 6.11),

Flo. RAEDV/NSWVIE E NaCHZ K D 0 EERN IR 3R W RIS DWW TR, RiRgdE
INTPEN LR EEITE KT 5700, REOKEET BN L REI KM
RSN D,

ZHET, KRETF, RRJIETORAFZ U HANA RL— XLy~ RIRT AN
A4 Rb—FrXLby NOSfiEx, BHZEOKMEICET 2R BREOANOHETT D
EBZDLNTWER, KEOMFHIE > T, AZ A FL— Mg () &
NaCl K¥sik (HRAIK) O X5 RERD ST, £ 20 b ofnEIT 22 8z
MRTHENTET,



Storagete_lr_nperature/ Pellet structure during storage
S
Dissociationbothsurfaceand inside.
MH Dissociating MH area
g /
252 KV< T, < 273K , .
. ) - ,
Incompleteicefilm ™ o o
NaClaqueoussolution . :Gasdiffusion
Self-preservation
_ MH
lce film - -
T,<252KY | N
NaCl-2H,0 (solid)

1) Eutectic temperature of H,O and NaCl.

Figure 6.11 Storage mechanisms of methane hydrate pellets with NaCl.
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Z T, LFE X CT & 93 L 72akehd, BhER 1T 10 - 20 mm BTN T, Aje L
B ZREEAMCS DI T LD TH D, ZOREMRIZIB W TIE, 0.5 wt%d
NaCl Z&de A % >ng RKL— b L v hD4fi#lX Fig. 6.1a X V. NaCl i1 L C
W2 W EREF D TR RE & RFER < LM ORPEREZ D A Z A B L— FROHED
IX5% Tholo, ZOLIICHBIVDEDSRETHHIZHED LT, Fig. 6.5 TIER
BN SR O S R TSRS 2 T DR 2SR S, 8 Sl & BT & ©
FIRD BRI HFERIZ I 0T, DR THEUTEAZ L TAPB AL A R — MEaEhL
HD NaCl AKISHRICE £V, BEICESSIEETH D A X A FL— FRTIIMMH
SN oT- EHRIND, ZORIZHOWTIEE 51T SEM 20 & 22 [ 43 fift5e O E
EHRDETERBGEERLETH D,

6. 4 FEOEDTELY

RIRHANA B = b Ly FHICEENREET 2E7 VWE L LT NaCl 23
AT DAL A FL— Ly FORFEEREZ I~ ALFH X#t CT. SEM, K
XAREHTZFIH LT NaCl & e A # nA RL— by b ORTEERE & 5T L7,
253 K, RAEDHATE SR PA Tl NaCl iR EE D @V E 9 2MTERPERE IR T L. 24
KRTFTHAZ AL Rb— bbby FIHEET 2 NaCl KIEE NIRRT 5 Z &
PR S 7o, BTG ME T Tl NaCl AKIIRIZS L RRERD A &2 Vg R L— bk
g DRLFUIAFAET D7D, XUy b DORED O DFFRTET Tl < NED D & )3
AT L. BRI NaCHRE RS WIZ LR F L B2 6D, TRAEEET KRR
THANA Rlb— XLy FORPEMEEER TOEFI S BEST L L, TANA FL—F
ALy NNEBICH O 7 5 R DSFIET 5 &R EIT L. B ORI L2 &N
Hiclbhnoiz,
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AWFFETIL, RN A DRFEMEAR L LT RETANA RL— b E2RHAT L2 L%
HENZRIAHT ZANA FL— XLy P 28E L, E&aHh s L TEEZ(LANEIC X
% 253 K, RRJEDITEEER, ¥R X#REHT 21T, £, BB ofHikr 2L osl
BUTIINLF X FRA A= 7 SEM Z T, LIFZBH LMLz,

1. RARTANA Fb— by bEgRliE 77 > MW T, B IEREOBLA
b, XVERERRERTANA FL— XLy hOBGEZLT 5121, AR LR
THEUITANA RL— MR EDRIERNWZ EDREETHY , ZDIDHIT
(TAERL. Bk, BB TIEZ, A X g RL— b OARCEANREELL FICHERF§
HWENHDHZ L,

2. 1L TRATANA FL— XLy hORESEEZ2UBET 52 LT, B
B DRIRIT ANA RL— P 3EIM ET5Z &,

3. 2ORRHTANA RL— F_XLwy NI, BEEEt um OB T A A K L—
N & ORI N FET HBERIREHETH D Z &,

4. KRIRTANA Rb— XLy MITANA B L— Miidh & & & O RN B4
fE o2 &,

5. BUERIBAMNOIRDRINTANA Rb— b XLy MNIFERm» oL, 308
PEIZIR 597 300 pm Btk O —E OFEFH O KEN TSN R I NS Z & 372
DH/NSVH A RO Ly FRBHILLFETREN K E W, KA 21 KL
— FRMES D T L,

6. BFEBMEREDBLE N DIT KRR A A RL— XLy MIEEL0mm UL EoH A4 X
NEFE LW L,
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7. NaCl 20 72< &6 0.5 Wt ~2.7 W% de A X A RL— kXL v F DT T
T, A XA Rb— NS ORIFUZIEEE L7= NaCl 28 NaCl Kigii & 720 . &
NERRIZN Ly FNESCTHOMENREITT 5 2 L,

8. NaCl # 0.5 Wt%feE e 10mm L EORRDO A X g RL— kXL v NI,
NaCl |[ZHE KT B RTsERE DR F 2 1 I X 2% THH Z &,

UEDZ 06, KIFFETHNZRART ANA RL— XLy ~OHCOIRIEMERE
D ST 7R T ZAA R L— Milidh & 220 (ICH) PHT KB DIRGHE) &
WOREIEICERT 2 Z L dbinole, AR THEM LI RIRT ANA RL— b b
v MEFHELE YT o b RO R RS T, AR S VISR T A NA R
L— MESEDBKERE LT — 27 REH 5 WIEI AT U —IREED BIRIR DK % [ FR
EFL TRy MET 52 & THEZERZ < L, BB E/NROKE RIRT ANA R
L— MEROE 0 ICFETHEEIC > TV D, ZD07HXLy MNEHICRIER E S 7o
D KLFT NaCHREEFRIDN R -T2 0 32 & B HIC % 2 A RIS I 22 R A AL
S, RIRHTANA Rb— XLy OB CARFEREME T 5, 76> T, Fig. 1.6
ZRT [H AL R — F OB CRFBRGITEE KR T A NA R L — N %
BOZETHRBTD] LV) INETRESN TV DML, TANA FL— X
Ly MZBWTHEBHRA D= ALTHD Z L ab Lz,

F 7R XA CT I X D IEMBEmIEE b, RIRT AN RL— b1 v hDONHE
(TP ED XD 2Bl ORI S D28, XLy N OREEITITER IS D REE
SRS D Edbinols, TOEEERMICHM b o722 A, 2L TH
Ny FORESIZEOTEREDOOHE pm BBE UL EnEE 22 & 2R L
7o TORERNG . THEMRBBLCORKRIT ANA RL— XLy N OS2 HE

ET Dby hOGRET V2 BER LI,

LI, INODOEBRFEENS, TAHSLEME %G1 RIRT A NA KL— FR
Ly b O RES % AT D B CARTFHERE 2 R ICHET L, KA AL RL— b XL
v MO B RS LTHzIciRE L (Fig. 7.1),



Self- Temperature
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preservation | . tion Pellet structure during storage After formation process
effect P inthe device/ T,9 Storage/T,
lcefilm—_
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1) : Process temperature after hydrate slurry formation. 2) : Equilibrium temperature of methane hydrate. 3) : Experiments have not been

conducted. 4) : Gas inclusion that occurred in the depressurization process. 5) : Equilibrium temperature of natural gas hydrate.

Figure 7.1 Summary of storage mechanisms of NGH pellet.
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£lo. AUETHRIFERN A%, EEMIBOTUTOL S RERPHIFSFTE
Do

1. ARWFZETH LM LI RKIRHT AN, RL— XLy MlifgiE 7 o MBI
2 AR S 1k, EA LI T & R 5SROI K 2 a4 5 BRI,
KA 77 o NOIARERDO—> L7 5,

2. RIRTANA Fb— XLy MDD RARTAOBAE A EA UL, KIRH
ZOMHETE E LT SRR TIIRBAZE O /T 2 ORI A AR I A2 pE R oD B
FETT R 70 EBRIRBLDMEDNRDN D

3. AR TIRZE L= NaCl Z & T KR A A RL— XL v h O H CARTEHERE
X, FIUL BIREAZE LTS, WPEICHEET DA Z A RL— OGP
IV - FIHAE O EHER 72 R D—o & LT, Ik TERAEIN D 5,

4. RIRTANA Fb— bbby O XA A=  713, NaCl 25T 7 A
A RL— FOBIEIZHEHATE D Z DB bhololo®d, WEIAET HEIR &
LTDOHTANA Fb—= DX DT, BWEEZLHANA FL— M THIEF
%36 ] U 7 NEBRIE RT3 /I RE T b 2.

ZZCRE4ICEL, BRE LTOH ANA R— MIZORIEREN S, BE
R ERIRUIRE L S ND, BIEIEROMZ D 2 X HICH AL FL—h
IEAEL ., BHEIIRIEHERBE TIZH D08, TANA FL— FBBRTHET D &
WIS T 582, BEMOHTANA RL— R ERICSLRO T A A FL— |
T D RIRHANA KL— XL v M TIEXIL, DEI ZFH L7850 o4 H 72l
WEF LN, BEBOHT ANA RL— b~O@EMA b HIFEESND, £, WE
MThoTh, MAERETFECYA T v 7 L POJEW DELEZFI AT IUZHE
ARETHDHEERZDND,



111
WX ERUAOEREKDY X +

JRZ X

1. H. Mimachi, S. Takeya, A. Yoneyama, K. Hyodo, T. Takeda, Y. Gotoh, T. Murayama,
Natural Gas Storage and Transportation within Gas Hydrate of Smaller Particle: Size
Dependence of Self-Preservation Phenomenon of Natural Gas Hydrate, Chemical
Engineering Science 118 (2014) 208-213.

2. H. Mimachi, S. Takeya, Y. Gotoh, A. Yoneyama, K. Hyodo, T. Takeda, T. Murayama,
Effect of Long-Term Storage and Thermal History on the Gas Content of Natural Gas
Hydrate Pellets under Ambient Pressure, Energy & Fuels 29 (2015) 4827-4834.

3. H. Mimachi, M. Takahashi, S. Takeya, Y. Gotoh, A. Yoneyama, K. Hyodo, T. Takeda, T.
Murayama, Dissociation behaviors of methane hydrate formed from NaCl

solutions,Fluid Phase Equilibria, In Press

—_—

HEHX

o

4. H. Sato, T. Tsuji, T. Nakamura, K. Uesugi, T. Kinoshita, M. Takahashi, H. Mimachi, T.
Iwasaki, K. Ohgaki, Preservation of Methane Hydrates prepared from Dilute Electrolyte

Solutions, International Journal of Chemical Engineering (2009) 843274.

5. S. Takeya, A. Yoneyama, K. Ueda, K. Hyodo, T. Takeda, H. Mimachi, M. Takahashi, T.
Iwasaki, K. Sano, H. Yamawaki, Y. Gotoh, Non-destructive Imaging of Anomalously
Preserved Methane Clathrate Hydrate by Phase Contrast X-ray Imaging, Journal of
Physical Chemistry C 115 (32) (2011) 16193-16199.

6. S.Takeya, A. Yoneyama, K. Ueda, H. Mimachi, M. Takahashi, K. Sano, K. Hyodo, T.
Takeda, Y. Gotoh, Anomalously Preserved Clathrate Hydrate of Natural Gas in Pellet
Form at 253 K, Journal of Physical Chemistry C 116(26) (2012) 13842-13848.

7. H. Sato, H. Sakamoto, S. Ogino, H. Mimachi, T. Kinoshita, T. lwasaki, K. Sano, K.
Ohgaki, Self-preservation of Methane Hydrate Revealed Immediately below the
Eutectic Temperature of the Mother Electrolyte Solution. Chemical Engineering Science
91 (2013) 86-89.

8. C.T.Moryama, T. Sugahara, D. Y. Y. Franco, H. Mimachi, In situ Raman Spectroscopic

Studies on Small-Cage Occupancy of Methane in the Simple Methane and



112

Methane+Deuterated Tetrahydrofuran Mixed Hydrates, Journal of Chemical &

Engineering Data, In Press.

Proceedings

9.  H. Mimachi, M. Takahashi, T. lwsaki, T. Kinoshita, T. Sugahara, H. Sato, K. Ohgaki,
Effect of Preparation Temperature on Self-preservation of Mixed Gas Hydrates via
Raman Spectroscopic Analysis, In Physics and Chemistry of Ice, Hokkaido University
Press, 2011.

fREREESE

10. H. Mimachi, S. Takeya, A. Yoneyama, K. Hyodo, T. Takeda, Y. Gotoh, T. Murayama,
Storage Performance and Structural Characteristics of Natural Gas Hydrate, Photon
Factory Activity Report 2014 Highlights 58-59.

11, =W e ORI 1T, ML DENEIZ KL D KRR ANA
R L — MRIEMONARZE XA A —2 0 7, K 28 (5) (2015) 1-6.

12. ZHTRE P KIS SR —AT, sCE. A X CT 2RI L7z~
Ly MRKRIRT AnA K L— b ONREERENT, PF NEWS 33 (3) (2015) 11-14.

5%

13. =T, PHERE A, ®EER. SRR e IRETANA Fb— b
Ly NOT~ 3t XD RpmEdEatr. —JFdEmntis#, 203 (2011-7), 26-30.

14, =HT1E SRR AN, SfEERE. 9, AEEESITIcL 51 FL— |
Ny hOHCREMEA 1 =X LOMGEE, —FHidfatk, 205 (2012-3), 20-24.

mEEE S

15. H. Mimachi, M. Takahashi, T. lwasaki, T. Kinoshita, T. Sugahara, H. Sato, K. Ohgaki,
Effect of Preparation Temperature on Self-Preservation of Mixed Gas Hydrates via
Raman Spectroscopic Analysis, 12th International Conference on the Physics and



113

Chemistry of Ice (2010).

16. H. Mimachi, M. Takahashi, K. Sano, Size Effect on Self-preservation Phenomena of
Natural Gas Hydrates, The 8th International Workshop on Methane Hydrate Research &
Development (2012).

17. SHTHET, R, VRO, ERBIERE, RIS, PEBRE . KA AL
RL— Ly F ORBIE~ORIGEO RS, H530EEilfe (20124F) .
18. H. Mimachi, M. Takahashi, T. Sugahara, Low Dissociation Rate of Molded Natural Gas

Hydrate with Electrolyte at 253 K and 1 atm, The 9th International Workshop on
Methane Hydrate Research & Development (2014).

ikiEEE

19. BFEELTORAZ A RL— b EEEBRE U CTONGH, 21t B ER 25
W7 +—7 2 45T I — (20134) .

20. LEMICHE L= ANA RL— bXLy h~OHEGRIE DA, PRIFES
(20144F) .

21, BRI KD T ANA RL— XLy NOBREFIER, HARAT R LF—F5 KR
HAEE GRS GHIFE S S546[RIGHIFE S (20154F) .



114
B EE

K COBMEICHT-V, EE L L TCORAKRHREZ HA2 TR EWETF L
12, ZLDTERIBLEFIE LA W2 X F L2 E = 1L X —NH S 7ok o e —
ITRICIEL B0 EX R LET,

fiFE X #t CT OEMZ2 ZHEIZ L B A A, RISV BIFEZ DD 03 <
BADT Yy A% G2 TS > AR R FEOR AFHRICEH T L LT £

TANA R L— FOHRIE, SRRk L, FHOBLE ) b BIHIZ 2B S Wic e
X F LT EEHANR AW O %R AN RICEGH R U B E 9, (0 X CT 128
I ADARIEFHSOM R X MRl EOT ANA RL— FER L L2gtlll~0 2
T, FTEMREOED FITHBBRICZ K O TS 2 W72 X F LIz EERIR AL
AT OVT ARG L BT £,

T ANA Rb— Ly b ONEHIEAMLIL, PEERIMREHIIEHT O KB R
K, N K, RHEARICIHOWEZEE L, 2 IR L BT,

(BK)  RSZEUERTOKIIIA S I, A X B CT SO TIEDOBEHT ZH v
2 L bl MMRERLDERAZRETWELEEE L, ERRILOREIC
B Z D EBRZDEoMITEWTZTEEE Lc, T ZITESEGHH L RiF £,

KL DORE~D T, TXEAVIZEE E LI =0 (B REERK,
ARSI R W2 LES, W AANA FL— FOARKT v 2 DOFGmIZ L
TE L TR E £ L= SR () s R R L ETTET

BB 0 E LM, A A=V TR 0K RS ILHEAK, It
HLURS: Thet Thet Lwin o, (BK)  H SLEUERT SBHEER) (JIZRSHOREZZIT AN
TWeZE, MEOBRECHmOm Ao TWielZE £ L, £, 2ok o
Px I T O S £ L ORZITRERBH T, FEE L LT, BEDARE LT
2L BFOE Lz, 22 L B ET,



115

5 Xk

[1]
[2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]

Exxon Mobil Corporation, The Outlook for Energy: A View to 2040, 2015.
BIRT RV X I, PR 25 FE TRV F =TT 2EREE (¥ —aF
2014)

BRIV —IT, PR 26 HEE T R LF—ICBT 2 ERME (2R ¥ —m#
2015)

Kidnay, A. J., Parrish, W. R., McCartney, D. G., Fundamentals of natural gas processing,
2nd Ed., CRC Press, 2011, 133.

Cedigaz, 2014 - RIR T Az 46T — X il fE

Thomas, S., Dawe, R. A., Review of Ways to Transport Natural Gas Energy from
Countries Which Do Not Need the Gas for Domestic Use. Energy 2003, 28, 1461-1477.

Nogami, T., Oya, N., Ishida, H., Matsumoto, H., Development of Natural Gas Ocean
Transportation Chain by Means of Natural Gas Hydrate (NGH), Proceedings of 6th
International Conference on Natural Gas Hydrates, Vancouver, 5547, 2008.

Gudmundsson, J. S. Method for Production of Gas Hydrates for Tansportation and
Storage. US Patent 5,536,893A, Jul. 16, 1996.

Gudmundsson, J. S., Barrehaug, A., Frozen hydrate for Transport of Natural Gas,

Proceedings of 2nd International Conference on Natural Gas Hydrates, Toulouse, 1996.

[10] Gudmundsson, J. S., Andersson, V., Levik, O. I., Gas Storage and Transport Using

Hydrates, Proceedings of Offshore Mediterranean Conference, Ravenna, 19-21, 1997.

[11] Kanda, H., Uchida, K., Nakamura, K., Suzuki, T., Economics and Energy Requirements

on Natural Gas Ocean Transport in Form of Natural Gas Hydrate (NGH) Pellets,
Proceedings of 5th International Conference on Natural Gas Hydrates, Trondheim, 2005,
4023.

[12] WEFE, =X —L@E1 /), 2 0 0 84HFZF5 . No0.270, 88-96.



116

[13] 8aARMET. Br LW AHBIREINIL. &2 F TRAYT AHDOBAZ alREME & JA T
% 7n? —CNG Hffi & i ic—, Al « KR AL B = — 2006.11, Vol.40,
No.6 . 37-49.

[14] Powell, H. M., The Structure of Molecular Compounds. Part IV. Clathrate Compounds,
Journal of the Chemical Society 1948, 61-73.

[15] Jeffrey, G. A., Hydrate Inclusion Compounds, Journal of Inclusion Phenomena 1984, 1,
211-222.

[16] Sloan, E. D., Koh, C. A., Clathrate Hydrates of Natural Gases, 3rd Ed., CRC Press,
2008, 86.

[17] Sloan, E. D., Jr. Clathrate Hydrates of Natural Gases, 2nd Ed., Marcel Dekker, Inc.,
1998, 602-629.

[18] Yakushev, V.S., Istomin, V.A. Gas-Hydrates Self-Preservation Effect. In Physics and
Chemistry of Ice, Hokkaido University Press, 1992, 136-140.

[19] Davidson, D. W., Garg, S. K., Gouugh, S. R., Handa, Y. P., Ratcliffe, C. I., Ripmeester,
J. A., Tse, J. S., Geochimica et Cosmochimica Acta 1986, 50, 619-623.

[20] Takeya, S., Shimada, W., Kamata, Y., Ebinuma, T., Uchida, T., Nagao, J., Narita, H., In
Situ X-ray Diffraction Measurements of the Self-Preservation Effect of CH, Hydrate,
The Journal of Physical Chemistry A 2001, 105, 9756-9759.

[21] Takeya, S., Ebinuma, T., Uchida, T., Nagao, J., Natrita, H., Self-preservation effect and
dissociation rates of CH4 hydrate, Journal of Crystal Growth 2002, 237-239 (Part 1),
379-382.

[22] Kuhs, W.F., Genov, G., Satykova, D.K., Hansen, T., Ice Perfection and Onset of
Anomalous Preservation of Gas Hydrates. Physical Chemistry Chemical Physics, 2004,
6, 4917-4920.

[23] Handa, Y. P., Calorimetric determinations of the compositions, enthalpies of
dissociation, and heat capacities in the range 85 to 270 K for clathrate hydrates of xenon
and krypton, The Journal of Chemical Thermodynamics 1986, 18, 891-902.

[24] V.S. Yakushev, A review of research on self-preservation of gas hydrates, 77 A /~A

N L— MNEFACBANJCENTTEBI S 7 4+ — 7 LR E R, Pk 124



117

[25] Stern, L. A., Circone, S., Kirby, S. H., Durham, W. B. Anomalous Preservation of Pure
Methane Hydrate at 1 atm. The Journal of Physical Chemistry B 2001, 105(9), 1756—
1762.

[26] Takeya, S., Ripmeester, J.A. Dissociation Behavior of Clathrate Hydrates to Ice and
Dependence on Guest Molecules. Angewandte Chemie International Edition 2008,
47(7), 1276-1279.

[27] Sun, D., Shimono, Y., Takeya, S., Ohmura, R., Preservation of Carbon Dioxide Clathrate
Hydrate at Temperatures below the Water Freezing Point under Atmospheric Pressure,
Industrial & Engineering Chemistry Research 2011, 50, 13854-13858.

[28] Stoporev, A.S., Manakov, A.Y., Altunina, L.K., Bogoslovsky, A.V., Strelets, L.A.,
Aladko, E.Y., Unusual self-preservation of methane hydrate in oil suspensions, Energy
& Fuels 2014, 28, 794-802.

[29] Stern, L. A., Circone, S., Kirby, S. H., Durham, W. B. Temperature, Pressure, and
Compositional Effects on Anomalous or “Self” Preservation of Gas Hydrates. Canadian
Journal of Physics 2003, 81(1-2), 271-283.

[30] Uchida, T., Kida, M., Nagao, J. Dissociation Termination of Methane-Ethane Hydrates
in Temperature-Ramping Tests at Atmospheric Pressure below the Melting Point of Ice.
Chem Phys Chem 2011, 12(9), 1652-1656.

[31] H A LS. &ET 3 UL R S AL m 1. JLERrk (st 1984 45, 159.

[32] Shimomura, N., Nagao, J., Jin, Y., Shimada, W., Ebinuma, T., Narita, H., Observation of
the Self- preservation Effect of Methane and Ethene Hydrate, Proceedings of The
Seventh ISOPE Ocean Mining Symposium, Lisbon, 2007, 113-118.

[33] Nagao, J., Shimomura, N., Ebinuma, T., Narita, H., Observation of Ice Sheet formation
on Methane Hydrates Using a Scanning Confocal Microscopy, Proceedings of 6th

International Conference on Natural Gas Hydrates, Vancouver, 2008, 5453.

[34] Zhang, G., Rogers, R.E. Ultra-Stability of Gas Hydrates at 1 atm and 268.2 K. Chemical
Engineering Science 2008, 63(8), 2066—2074.

[35] Takeya, S., Yoneyama, A., Ueda, K., Mimachi, H., Takahashi, M., Sano, K., Hyodo, K.,
Takeda, T., Gotoh, Y. Anomalously Preserved Clathrate Hydrate of Natural Gas in Pellet
Form at 253 K. Journal of Physical Chemistry C 2012, 116(26), 13842-13848.



118

[36] Nakata, T., Hirai, K., Takaoki, T., Study of natural Gas Hydrate (NGH) Carriers,
Proceedings of 6th International Conference on Natural Gas Hydrates, Vancouver, 2008,
5539.

[37] Katoh, H., Fukazawa, K. Development of the Silo for Natural Gas Hydrate (NGH)
Pellet. Proceedings of 7th International Conference on Natural Gas Hydrates,
Edinburgh, 2011, 571.

[38] Takaoki, T., lwasaki, T., Katoh, Y., Arali, T., Horiguchi, K., Use of Hydrate Pellets for
Transportation of Natural Gas-1 -Advantage of Pellet Form of Natural Gas Hydrate in
Sea Transportation, Proceedings of 4th International Conference on Natural Gas
Hydrates, Yokohama, 2002, 982.

[39] Takaoki, T., Hirai, K., Ishiyama, T., Tanaka, S. Gas Hydrate Carrier. WO03006308A1,
Jan. 23, 2003.

[40] Mori, Y. H., Recent Advances in Hydrate-based Technologies for Natural Gas Storage-A
Review, Journal of Chemical Industry and Engineering (China) 2003, 54, 1-17.

[41] Takahashi, M., Iwasaki, T., Katoh, Y., Uchida, K., Experimental Research on Mixed Gas
Hydrate Pellet Production and Dissociation, Proceedings of 5th International Conference
on Natural Gas Hydrates, Trondheim, 2005, 4027.

[42] E)IZE =, UTHElE—. KHFEZ, AT, A R — hofbEGER LU
TELEE . FFBE 2000-256224.

[43] Fujita, S., Watanabe, K., Mori, Y. H., Clathrate-Hydrate Formation by Water Spraying
onto a Porous Metal Plate Exuding a Hydrophobic Liquid Coolant, AIChE Journal 2009,
55, 1056-1064.

[44] Wu, Q., Wang, Y., Zhan, J., Effect of rapidly depressurizing and rising temperature on
methane hydrate dissociation, Journal of Natural Gas Chemistry 2012, 21, 91-97.

[45] Iwasaki, T., Katoh, Y., Nagamori, S., Takahashi, S., Oya, N., Continuous Natural Gas
Hydrate Pellet Production (NGHP) by Process Development Unit (PDU) , Proceedings
of 5th International Conference on Natural Gas Hydrates, Trondheim, 2005, 4003.

[46] Kanda, H., Economic Study on Natural Gas Transportation with Natural Gas Hydrate
(NGH) Pellets, Proceedings of 23rd World Gas Conference, Amsterdam 2006.



119

[47] Mettler Toledo International Inc., Operating Instructions: Density Kit For Solids and
Liquids Determination,
http://us.mt.com/us/en/home/supportive_content/product_documentation/operating_instr
uctions/NC_density_Ol/jcr:content/download/file/file.res/Operating_Instructions_Densit
y%20Kit_(OP-EN).pdf

[48] Takeya, S., Yoneyama, A., Ueda, K., Hyodo, K., Takeda, T., Mimachi, H., Takahashi,
M., Iwasaki, T., Sano, K., Yamawaki, H., Gotoh, Y. Nondestructive Imaging of
Anomalously Preserved Methane Clathrate Hydrate by Phase Contrast X-ray Imaging.
Journal of Physical Chemistry C 2011, 115(32), 16193-16199.

[49] Takahashi, M., Moriya, H., Katoh, Y., lwasaki, T., Development of Natural Gas Hydrate
(NGH) Pellet Production System by Bench Scale Unit for Transportation and Storage of
NGH pellet, Proceedings of 6th International Conference on Natural Gas Hydrates,
Vancouver, 2008, 5566.

[50] Takahashi, M., Kanda, N., Sano, K., Iwasaki, T. Method for Operating Plant for
Producing Mixed-Gas Hydrate. U.S. Patent 8,921,626 B2, Dec. 30, 2014

[51] Watanabe, K., Suganoya, K., Yoshida, T., Ogawa, K, Nanbara, S., Imai, S. Gas Hydrate
Compression Molding Machine. U.S. Patent 8,096,798 B2, Jan. 17, 2012,

[52] H. Mimachi, M. Takahashi, T. Iwsaki, T. Kinoshita, T. Sugahara, H. Sato, K. Ohgaki,
Effect of Preparation Temperature on Self-preservation of Mixed Gas Hydrates via
Raman Spectroscopic Analysis, In Physics and Chemistry of Ice, Hokkaido University
Press, 2011, 243-247.

[53] Jin, S., Takeya, S., Hayashi, J., Nagao, J., Kamata, Y., Ebinuma, T., Narita, H., Structure
Analyses of Artificial Methane Hydrate Sediments, Japanese Journal of Applied Physics
2004, 43 (8A), 5673-5675.

[54] Ohno, H., Narita, H., Nagao, J., Different Modes of Gas Hydrate Dissociation to Ice
Observed by Microfocus X- ray Computed Tomography, Journal of Physical Chemistry
Letters 2011, 2, 201-205.

[55] Murshed, M. M., Klapp, S. A., Enzmann, F., Szeder, T., Huthwelker, T., Stampanoni, M.,
Marone, F., Hintermller, C., Bohrmann, G., Kuhs, W. F., Kersten, M., Natural gas



120

hydrate investigations by synchrotron radiation X-ray cryo-tomographic microscopy
(SRXCTM), Geophysical Research Letters 2008, 35 (23), L23612.

[56] Kerkar, P., Jones, K. W., Kleinberg , R., Lindquist, W. B., Tomov, S., Feng, H., Mahajan,
D., Direct observations of three dimensional growth of hydrates hosted in porous media,
Applied Physics Letters 2009, 95, 024102.

[57] Moudrakovski, I. L., Ratcliffe, C. I., McLaurin, G. E., Simard, B., Ripmeester, J. A.,
Hydrate Layers on Ice Particles and Superheated Ice: a *H NMR Microimaging Study,
Journal of Physical Chemistry A 1999, 103 (26), 4969-4972.

[58] Takeya, S., Honda, K., Yoneyama, A., Hirai, Y., Okuyama, J., Hondoh, T., Hyodo, K.,
Takeda, T., Observation of low-temperature object by phase-contrast x-ray imaging:
Nondestructive imaging of air clathrate hydrates at 233 K, Review of Scientific
Instruments 2006, 77, 053705.

[59] Takeya, S., Honda, K., Kawamura, T., Yamamoto, Y., Yoneyama, A., Hirai, Y., Hyodo,
K., Takeda, T., Imaging and density mapping of tetrahydrofuran clathrate hydrates by
phase-contrast x-ray computed tomography, Applied Physics Letters 2007, 90, 081920.

[60] Momose, A., Fukuda, J., Phase-contrast radiographs of nonstained rat cerebellar
specimen, Medical Physics 1995, 22, 375-380.

[61] Dilmanian, F. A., Zhong, Z., Ren, B., Wu, X. Y., Chapman, L. D., Orion, I., Thomlinson,
W. C., Computed tomography of x-ray index of refraction using the diffraction enhanced
imaging method, Physics in Medicine and Biology 2000, 45, 933-946.

[62] Yoneyama, A., Takeda, T., Tsuchiya, Y., Wu, J., Lwin, T. T., Hyodo, K., Hirai, Y., high-
energy phase-contrast X-ray imaging using a two-crystal X-ray interferometer, Journal
of Synchrotron Radiation 2005, 12, 534-536.

[63] Yoneyama, A., Wu, J., Hyodo, K., Takeda, T., Quantitative comparison of imaging
performance of x-ray interferometric imaging and diffraction enhanced imaging,
Medical Physics 2008, 35 (10), 4724-4734.

[64] A —, HHR|AR. B2 —F =D OBHEET A R—JRER LV J7,
RS FaE AL 2011,



121

[65] KAGIGEZ. Wil iR, MR BEDEE—L57 A LS AR 1ZCH T
JEE 248 5 R O 7= 01, BABI G2 2013,

[66] HAE, b —L U R XMA A=V ARBIEFES 6 1 H A
R BACEMERE SR THILAE DT ORI AMGRIEE]

[67] KILBAS, %A, e, FefE—17. SNHEM. XBTEEtE2 VW72 Zeg A A
— I ZIEOBGE, BARMEE 2015, 50 (1), 67-70.

[68] Takeya, S., Gotoh, Y., Yoneyama, A., Hyodo, K., Takeda, T., Observation of the growth
process of icy materials in interparticle spaces: phase-contrast X-ray imaging of
clathrate hydrate, Canadian Journal of Chemistry 2015, 93 (9), 983-987.

[69] #EH i —. L RIEREOE, B AWK 43551985, #1394, #1755, 48-54.

[70] Timmermans, J., The Physico-Chemical Constants of Binary Systems in Concentrated
Solutions VOL..3, Interscience Publishers, Inc., New York 1960, 308-311.

[71] Dholabhai, P. D., Englezos, P., Kalogerakis, N., Bishnoi, P. R., Equilibrium conditions
for methane hydrate formation in aqueous mixed electrolyte solutions, The Canadian
Journal of Chemical Engineering 1991, 69, 800-805.

[72] Sloan, E. D. Jr., Clathrate Hydrates of Natural Gases, 2nd Ed., Marcel Dekker, Inc.
1998, 406-408.

[73] Kumar, R., Linga, P., Moudrakovski, I., Ripmeester, J. A., Englezos, P., Structure and
kinetics of gas hydrates from methane/ethane/propane mixtures relevant to the design of
natural gas hydrate storage and transport facilities AIChE Journal 2008, 54, 2132-2144.

[74] J. A. Ripmeester, C. I. Ratcliffe, Low-temperature cross-polarization/magic angle
spinning carbon-13 NMR of solid methane hydrates: structure, cage occupancy, and
hydration number, The Journal of Physical Chemistry 1988, 92 , 337-339.

[75] 1zumi, F., Momma, K., Three-Dimensional Visualization in Powder Diffraction. Solid
State Phenomena 2007, 130, 15-20.

[76] Murshed, M. M., Kuhs, W. F., Kinetic Studies of Methane-Ethane Mixed Gas Hydrates
by Neutron Diffraction and Raman Spectroscopy, The Journal of Physical Chemistry B
2009, 113, 5172-5180.



122

[77] Kuhs, W. F., Genov, G., Goreshnik, E., Zeller, A., Techmer, K. S., Bohrmann, G., The
Impact of Porous Microstructures of Gas Hydrates on Their Macroscopic Properties.
International Journal of Offshore and Polar Engineering 2004, 14 (4), 305-309.

[78] Stern, L., A., Lorenson, T. D., Grain-Scale Imaging and Compositional Characterization
of Cryo-Preserved India NGHP 01 Gas-Hydrate-Bearing Cores, Marine and Petroleum
Geology 2014, 58, 206-222.

[79] H. Sato, T. Tsuji, T. Nakamura, K. Uesugi, T. Kinoshita, M. Takahashi, H. Mimachi, T.
Iwasaki, K. Ohgaki, Preservation of Methane Hydrates prepared from Dilute Electrolyte

Solutions, International Journal of Chemical Engineering (2009) 843274.

[80] H. Sato, H. Sakamoto, S. Ogino, H. Mimachi, T. Kinoshita, T. Iwasaki, K. Sano, K.
Ohgaki, Self-preservation of Methane Hydrate Revealed Immediately below the
Eutectic Temperature of the Mother Electrolyte Solution. Chemical Engineering Science
91 (2013) 86-89.

[81] Sloan, E. D., Koh, C. A., Clathrate Hydrates of Natural Gases, 3rd Ed., CRC Press,
2008, 685-692.

[82] IAARRIZAH 284, HAMEHK, HEUERO®mA X 7T v 7 ZIRITBITH A X
oA Rb— hORE & RatE, His24EsE 2009, 118(1), 43-71.



123
%

1. DEIQBIEZAO—

BIERRBED/INVIT SOV RDBIE

A DR &

THIAY—ER%EY
HAEICHE

- ¢ TFIAF—HEREM
f%"‘élﬂ']/‘& lhﬁg@iﬁ

FFSAF—E5 No
Ezi o) L=
D EERFL1=H

*1
(BB DAEN)

Figure 1. 1 Measurement scheme of DEI (1/3).



AHDRIE

*1
]

AMELIIHA

THI1F—RERED

124

HAEICEE

THIAF—HREM

BRERE

THo49—HE&
(XFTE DA ER
DEERZE L=,

AMEREER

EX$11%360° [@EL
Lf=h

*2
GAIERTED/N\YITSIUEDBRIFEAN)

N E R ER

No

No

Figure 1. 2 Measurement scheme of DEI (2/3).



125

AERTED/NYIT IO RDRIE

*2

ERR EIOPIEY

THIAY—HER%EY
HAEICRE

- FFSA R
1%%0&“7& ‘_ /J\ﬁgﬁlii

7T54*f—-‘§%
[EFTED A EE
D EERE L =H

No

AEET

Figure 1. 3 Measurement scheme of DEI (3/3).



126

2. HANAFL—FEDMALDKEESOELFIE

PO RIEA ANA KL= b Ly MERVoE | S9f L OKBIR S 25X 72 o 7 &
XDRKH ANA Fl— b~ v hOEREVIZ
Vo=4/3 1o’ )
V=437 1= 4137 (rp-x)° @
fo : IIADKIRA Z A Fl— b (=L v b)) 4%
r KR X X127 n T b XD RRY A RL— LR
DAL @ADL EE D &

VI Vo=((ro-x)/ 1o) ® 3)
LD
PIADOTIRH ANA R L— AU L+ 5 0E 713

4= (Ho-H)/Ho (@)

Ho = FIHID RIRH AnA K L— R 3R
H={EEDORFRIAT L7214 D RKIRXHT A NA RL— FFR
DT, FRAFR ol

a=1- £=1-(Ho- H)/ Ho= H/ Ho (5)
L%,
X
Natural gas hydrate (NGH) pellet Ice layer
(=NGH and Ice mixture)
Hydrateratio : H, Hydrate ratio ' H
NGH and Ice Shrunk core volume of
mixture volume : V,, NGH and Ice mixture : V
Ice layer volume -V,
Pellet volume Vo=V +YV,

Figure 2.1 Surface dissociation model of natural gas hydrate pellet.



127

SIT RAH AN FL—bSLy b (0 FL— R 2KORAY) OFE%
0pe REHOUIIE Rawo, SHOREIFO A K L— R R AW (Wo & BfFHE D
AT R O, 7D HYIIO A AR B FH) | KRG ORET O/ A K L—
MR W, (o & T ORBHI R, D, T b MCHT LT A Tk &

HiH) &95&. RARTANA Rl — FEHq. HIZ

Ho = Wno / Wo
H=wh/wq
DEIITERSIND,
6). (M&Y
H/Ho=wph /W
=Vl NVowyp)
=V/Vy
5). B LY
V= aV
L2 D72, (3). (9)&Y
a = ((ro-x)/ ro)*
a™? = 1- x/rg

x=ro (1- )

(6)
(7)

(8)

(9)

(10)

L7 KIEE IO KK AN, RL— M ¥Bro & KIKT AN, RL— |k

DIAFR aMBRDODOND,



	第１章　序論
	１．１　天然ガスハイドレートによるガス貯蔵
	１．２　ガスハイドレートとは
	１．２．１　ガスハイドレートの結晶構造と平衡条件
	１．２．２　ガスハイドレートの自己保存現象

	１．３　天然ガス貯蔵を目的とした天然ガスハイドレートペレットの製造方法とその性能
	１．３．１　天然ガスハイドレートペレットの連続製造
	１．３．２　天然ガスハイドレートペレットの成形雰囲気の影響

	１．４　第１章のまとめ
	１．５　 本研究の目的

	第２章　天然ガスハイドレートペレットの内部構造解析
	２．１　天然ガスハイドレートのイメージングにおける課題
	２．２　位相X線CTの原理
	２．３　位相シフトの検出方法と天然ガスハイドレートペレットへの適用
	２．４　第２章のまとめ

	第３章　天然ガスハイドレートペレットの定量解析および観察方法
	３．１　天然ガスハイドレートペレットの製造方法
	３．１．１　ベンチスケールの連続製造方法
	３．１．２　一軸圧縮型製造装置による製造方法

	３．２　天然ガスハイドレートペレット試料の保管および加工方法
	３．２．１　保管方法
	３．２．２　製造直後の試料の加工方法（253 K、空気雰囲気）
	３．２．３　保管後の試料の加工方法（123 K以下、窒素雰囲気）

	３．３　天然ガスハイドレートペレットの定量解析
	３．３．１　分解ガス量の測定
	３．３．２　粉末X線回折

	３．４　天然ガスハイドレートペレットの観察方法
	３．４．１　位相X線CT測定
	３．４．２　走査型電子顕微鏡観察

	３．５　第３章のまとめ

	第４章　天然ガスハイドレートペレットの改良
	４．１　天然ガスハイドレートペレットの貯蔵性能
	４．２　位相X線CTおよび粉末X線回折による品質低下要因の検討
	４．３　貯蔵性能向上の検証
	４．４　貯蔵性能の高い天然ガスハイドレートペレットの製造条件と貯蔵機構
	４．５　第４章のまとめ

	第５章　天然ガスハイドレートペレットの貯蔵機構への比表面積の影響
	５．１　試料径の異なる天然ガスハイドレートペレットの貯蔵性能
	５．２　ガスハイドレート率に基づく氷膜厚さの推算
	５．３　位相X線CTによる氷膜厚さの検証
	５．４　第５章のまとめ

	第６章　不純物共存下におけるガスハイドレートペレットの貯蔵機構
	６．１　塩化ナトリウム濃度および試料径のメタンハイドレートペレットの貯蔵性能への影響
	６．２　塩化ナトリウム含有メタンハイドレートペレットの分解進行過程の観察
	６．３　塩化ナトリウムと水の相図に基づくメタンハイドレートペレットの貯蔵機構
	６．４　第６章のまとめ

	第７章　結論
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