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SUMMARY

Methane hydrate is formed by physical binding between water molecules
and gases such as methane, ethane, propane, or carbon dioxide, etc., which
are captured in the cavities of water molecules under the specific temperature
and pressure. More than 99% of naturally produced methane hydrate consists
of methane, and is widely dispersed in the continental slope and continental
Shelf of the Pacific and the Atlantic, the Antarctica, etc. The reserve of fossil
fuel is 500 billion carbon ton and the reserve of methane is 360 million
carbon ton. The reserve of gas hydrate is more than 1 trillion carbon ton,
which 1s twice the fossil fuel. Therefore, natural gas hydrate as a kind of
gas hydrate is expected to replace fossil fuel as new energy source of 21st

century.

Also 1 m® hydrate of pure methane can be decomposed to the maximum
of 216 m® methane at standard condition. If these characteristics of hydrate
are reversely utilized, the natural gas is fixed into water in the form of
hydrate solid. Therefore, the hydrate is considered to be a great way to
transport and store natural gas in large quantity. Especially the transportation

cost 1s known to be 18~25% less than that of the liquefied transportation.

However, when natural gas hydrate is artificially formed, its reaction time
may be too long and the gas consumption in water becomes relatively low,
because the reaction rate between water and gas is low. Therefore, for the
practical purpose in the application, the present investigation is focused on the
rapid production of hydrates and on the increases of gas consumption by

adding natural zeolite into pure water.
The results of the study show that the equilibrium pressure in natural

zeolite is more lower than that in distilled water, and methane hydrate could

be formed rapidly during pressurization, if the subcooling is maintained at 8K

Vi
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or above in distilled water and 6.5K or above in natural zeolite, respectively.
Also, the amount of consumed gas volume in natural zeolite is more higher
than in distilled water at the same experimental conditions. Also, when the
natural zeolite of 0.01 wt% was added to distilled water, the amount of
consumed gas was about four times higher than that in distilled water and
the hydrate formation time decreased at the low subcooling temperature.
Therefore, it i1s found that natural zeolite acts as a catalyst in hydrate

formation.

Vi
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(1) A AZolES ol M7kt AZEolE EdFAA  0.004
wt% ~ 0016 wt% Hl&= FHAst 43S Fa 23 001wt H&= A
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() AgetolE EdFANA HMErtELRYE 4 dde 3T 23 001
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2 A AT 60ml% CO.
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CoHs % CsHg sto]l=#lo]ES] 34 (H-Lw-V) B3 A ARdA 54
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Zang et al.& HEF dlo|=golE FA Ao A-taped]=TFo] E(Zeolite) S A}
st B B Hgste| = olE st A& stk Aol ES BY S
Uo] Ades 4 4= v} 3A-tapeA| 2] E(Zeolite) ¥ 5A-tapeA| 2ol E
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Fig. 1. Methane hydrate

Collection @ jeju



I N

stol=go]E Fx Ii= Mcmullen and Jeffrey[McMullen, R. K. and Jeffery
G. A, 1965]°l o]t odzl SAlol=29] X-ray 3|diEA AFZAY WA 3
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Fig. 2. Crystalline lattice of natural gas hydrate, structure I
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sfol =g o]E &% IIi= Mark and Mcmullen[Mark, T. C. F. and Mcmullen,
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At tololE= dH Y AXE 7HA= o] FERE 1.73lnm=E SAEH N oM, 16
el 129 A1(E7)ek 871 16WAGEYR T vk FAAF] Aol
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Fig. 3. Crystalline lattice of natural gas hydrate, structure I

TR
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Fig. 4. Crystalline lattice of natural gas hydrate, structure H
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1.2 7} Slol=dolE 54

W e B melth W] 2w o] Lxwste] vl WAste] soc
dolEV} bGstAl AT & v B9 A" oA Hojud 4
A By E EAS /X3 gon o9 Ze FlolmolES EAS J&7 H
23ste] Table 1] YERH QAT
Table. 1 Physical properties of hydrate and ice[Sloan, E. D., 1998]
Structure Structure
Property Ice
I II
Number of H>O molecules in the unit cell 4 46 136
a=0.452
Latice parameters at 273K(nm) 1.2 1.73
c=0.736
Dielectric constant at 273K 94 =58 =58
H>O molecule reorientation time at 273K
21 =10 =10
(usec)
H.O diffusion jump time at 273K(usec) 2.7 >200 >200
Isothermal Young's modulus at
9.5 =84 =82
268K (105Pa)
Speed long sound at 273K(km/sec) 3.8 3.3 36
Poisson’s ratio 0.33 =0.33 =(0.33
Bulk modulus at 272K 8.8 5.6 NA
Shear modulus at 272K 3.9 2.4 NA
Velocity ratio(comp/Shear) at 273K 1.88 1.95 NA
Bulk density(g/m”) 0.917 0.91 0.94
Adiabatic bulk compressibility at
12 =14 =14
273K(10-11Pa)
Thermal conductivity at 263K(W/m - K) 2.23 0.49+0.02 0.51+0.02
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Fig. 5. Zeolite
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Fig. 6. Structure of Zeolite
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1L 483
L1 Hg stol=dolE A3gA

2 ATE flste] ERl A= 28" 783 9~10914 YEA A} 72

Fig. 7. The measurement experimental apparatus of amount of consumed gas

Gas tank
Regulator

Air compressor
Gas booster
PUT

Needle valve

Connector

Pressure sensor

B A o

Temperature sensor
10. Cylinder
11. Relief valve

12. Analog pressure gauge

13. Solenoid valve
14. Indicator

15. Metering valve

16. Diaphragm valve
17. Chiller

18. Check valve

19. Rotary pump

20. Reactor

21. Magnetic stirrer
22. Datalogger

23. Computer

Fig. 8. Schematic diagram of the measurement experimental apparatus of
amount of consumed gas
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Fig. 9. The measurement experimental apparatus of hydrate phase equilibrium

and induction time
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1. Gas tank
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3. Air compressor
4. Gas booster

5. PUT
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9. Temperature sensor
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17.
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20.
21.
22.
23.

Cylinder

Relief valve
Analog pressure gauge
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Computer

Fig. 10. Schematic diagram of the experimental apparatus of hydrate phase

equilibrium and induction time
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=9 Aofet vloly 1 ®H A2 HolH =7 (23)9 LabviewZ =195 53}

SIRECER IS

1) == °] H (Regulator)
d=ZdolH(2)= CROWN Co.9] 1-stage &,11¢7F~8 =d FR-ILS-OP
S AEetSar, g Aol #] &= 26x3MPacl ™ #E 92 15x1.8MPac¢|t} Outlet?l]
= AR 2H@) e e AZAS 93Fte] 1/16 7 sus tube fittingS 3FA U

Fig. 11. Photograph of regulator

2) &7 &4=7](Air Compressor)
7] 4=71(3)&= YOUNG JIN Co.9] 11kw(15HP)= 9] ¢=715 A-83f
Som  RPM 1765, Volt 380, Hz 80°]t}. 7FAFE-2E(4)9] oo FUE, &£¥=
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ol=E(13)sF A4S flste] PUTG)ME I 6ps 7] FHE A&

Fig. 12. Photograph of air compressor.

3) 7k~ F-2E(Gas booster)
7k~ F2E(4)v=  HASKELAFS] Ed AG-155 AHAs %o, F
15Pa, & w7k~ #HA%e 35bar, w7k~ HA 4 155bar, EE7H H Y
155bar, H75%9 10.3bar, HHEZZF 480n/min®|t}. Inletell = 7F2~ B A(1)
9} 1/16 " sus tube fitting= 3} 3L, Outletol= HEWH(6)9F 1/8 7 sus tube
fitting& SF3ATE Air inletol = &7[Ao1 & flste] o] FUEE A5

Fig. 13. Photograph of gas booster

4) 7}~ 249 (Gas cylinder)

7k AAE(10)E Swagelok Co.o] B 304L-HDF4-290% A X8kl e
o, &%F& 290cc, Hdl 1ldbar7kA] AE F A ARAHAG Adele 2=, &
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HAAe yEWHE 2dS AYE(7)E 1/8 7 sus tube fittingS 3l 3L, St =
e =l (11)¢} ofF 22 g Ao A(12)E 1/8 " sus tube fitting 331 Th

Fig. 14. Photograph of gas cylinder

5 @ xol= WH et QYA o] H (Solenoid valve and Indicator)

Ed=o]l= WH(13)= Paker co.2] B2 PHS520S-8-24DLS A X3t &
u, 2579k DC24Velth QI 7l o] B (14)= InstechAle] TlAE &8 v A €]
Bl 29 SM-210& AdAstgler, "xzdo]l Wl £19999, A48 Hd 10,
24V (5726Vdc7t¥), 15V, Analog Output 0.175V, 10Vdc or 0, 4720mAc°]t}. <l
HAlelEl(14)¢] EHleo] AE= EF¥iol= WHA3)E Aofetr] fste] Eulxol
= WB(13)9F A4S stlon, Adu 0ot vE71(2008 o= AAMQ)S AF
sto] At w He g & JdrF AAHAT. E=3F A A el (14)9]
ofd® AT E ol =AQR2)E AErrol FFE(23)¢] LabviewZ =L o

AE A e AAeR B D AFE 5 =S AAdG

o
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Fig. 15. Photograph of Solenoid valve

Fig. 16. Photograph of Indicator

6) W B(Valve)

B AFE 98t AgPAAd HAAH WE= Swagelok Co.ol Adr A
“ol YE wWH(E) 29 SS-ORS2 1/87 Cv 0.09 Orifice 0.080in. Working
Pressure 206bar 1/8 ” sus tube fitting, ¥F3-7]1(20)0] AAZ4¥ F 7 yE wWH
(6) 22 SS-1RS4 1/4” Cv 0.37 Orifice 0.172in. Working Pressure 206bar 1/
4" sus tube fitting, S+ S fste] AAd] Ty 572000 A wH Lz
WH(11) 22 SS-4R3A 1/4 7 (Spring kit =9 177-R3A-K1-D) Set Pressure
Range 103bar~155bar 1/4 7 sus tube fitting, %< A&7 9ste] wr&7] A
o] A" F Y wEHY WHA5) 2P SS-SS2 1/87  Orifice 0.032in.
Working Pressure 137bar 1/8 ” sus tube fitting, ¥+3-7](20)2 E°j7t= 7k~ <
S Alofsty] 91k thelojx 3l win(16) Xd 6LVV-DPHFR4-P-C 1/4” Cv
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0.20 Orifice 0.16in. Working Pressure Operating Vacuum to 210bar Pneumatic
Actuator Actuation pressure 4.978.2bar 1/4” female VCR fitting, WF-&-71(20)
2 Solzt ke AREAE S8 HAXE A2 WE(18) 2™ SS-2C-1 187
Working Pressure 206bar Cracking pressure 0.0770.28bar 1/8 7 sus tube fitting,

FFx7) =9 dFEAE 98 AAE A2 WE7E ok

Fig. 17. Photograph of Diaphragm valve

7) FH A &%= A A (Pressure sensor and Temperature sensor)

2 AFAAE F 2709 AR 470 =AM (9), 17H9] ofF =
I 4EA2)7F AFEE AT EAIA(8)F Sensys Sensor System Technology
Co.®l Ed¥ PMCDO350KACAE AF&3t o™, Accuracy +0.8%FS &3 4Wire,
175V/DC 3+¢] DC24V Range 07350Kgi/cm® ¢J=EPORT PT3/8 1/8” sus tube
fittingolth. A H(10)9F W&71(20)0° 2Hzh AAstglon hes dAgtes &
& A=F 7] fste] AduAelE 14 AAsAH. =AM 9)=
KIMO COREA Co.9] Thermocouple T type 1.6TZ AF&3ow, A& (10)
Wiel 10 wh8-71(21) Wi A - el 270, & uiel 1E 4 A A
tf old = 4HA(2+= SEH KWANG Co.o] dEAE AH&39om
Pressure Range 07250Kgy/cm® 1/8 7 sus tube fittinge] 3 A&t (10)ol] A X3}
t}.

|

O

20
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8) 8k 5= (Chiller)
=55 Aostr] st AAxE F25x0A7)+= JEIO TECHY =2
RW-3025GE AF£3t 2™, Volume Capacity 29L731L Temperature Range -2
5C~150C Flow Rate 281/mine|th. %9 A4S 3191, 52 97
st A=z WMrE AX et

il

WA 8E7]

Fig. 18. Photograph of chiller

9) =¥ g HX(Rotary pump)

287 H3x(19)= Woosung vaccum Co.8] =49 TRP-12&5 A}&83 1,

fekich
o,

£5+ 2004 /min, Hil ¢ 5x10-4 Torrol® Y H&& 1.1 litero] o

a9

1HS-71(2009] bF7FEAE A A flske] wHE-71(20)0] A2d" Ys WHE6)

HFaow 4B eivh

g
4

Fig. 19. Photograph of rotary pump
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10) %8 7] (Reactor)
2 Ao Alg&d Wg7](200E &Fo] 350mlela, Z+E HFA3} aets

=2 ~fHdY s - (SUS3E) A E S AFE3Fe] A 200bar7hA 9]

a2+ p=
ol A = A A HAAT EJE RSV st A AE ete s ad st
of = 7hag S5 9FE BAE7] fls S r(20)0] dd" My

e A=A WEHA9E 1/8" sus tube fitting AR A TE §FE-7](20)00 = & 7lje

s

AHAA R F e 2EAAM(9E HASEAIL, HHES fldte] HeElx wH
(1D)Z 1/4 7 sus tube fittingd A 3tFom, SFFY FIdH AH7FAA AAS g
3 Acko] UE WMH(6) 1/47 sus tube fitting, A3 o] & FH Hk$-7](20) <t9

dHE AAS] fd st UE WH(6) 1/4 7 sus tube fitting A& 3}t

- =

Fig. 21. The measurement reactor of hydrate phase equilibrium and induction

time.
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11) 1L¥F7](Magnetic stirrer)
3E7](21)= DAIHAN Scientific Co.o] E® MS-20DE AF&3s% oM,
Stirring Capacity(H-O) Max 20L Speed Range(rpm) 8071500 Speed Control
Resolution(rpm) 5¢]t. ¥-3-71(20) -] &wj§H3 HAF7t=5 wnkAl7]7] 9
sko] RES-71(20) ofg ol A A8ttt

Fig. 22. Photograph of magnetic stirrer

12) diole 24 2 #A3FH (Datalogger and Computer)
= AFdA deolE xS fIg doly ZA(22)v 65 HAEHAAZ7I

DMM (Digital Multi Meter)S W &3t 3&% W=z gdoz o]Folx i, U

o

g GPIB9} RS-23220E o]~ e, 228 F4F 4 & 20709 Ady A
S SAY F Uxs 2708 stolof Ade] WHH o o Hu 25022
Md o]l 7}s3 Agilent Technologies®] 34970A Al&715 AL-&3Flt). dlo]H
27122)= 409 2=AA 9 YAl H(14) 9t A4S dto] 2= ShE ol
BE WS £ dEE don RE HolHES LabviewZE 1S o] 8319
AFE 23 HAAFe 2 HolHE FHAsta BYUHY 92 Ao JMEieE

A A sk

T
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A v 3

SEI 50kV  X5,000

1um WD 7.2mm

(a) Microphoto of Natural Zeolite (x5,000)

5.0kV  X10,000 1um WD 7.4mm

(b) Microphoto of Natural Zeolite (x10,000)
Fig. 23. SEM microphoto of Natural Zeolite

& Aol Al A ALEolEs veAd TEE ]

AAF A7) 7% <45 el
w3 4 A A7) YxAFNano pore)S 71A 1 glow, Aliml k=g X 9

AR

A FAeRa, AMTE ZHAE Table 391 e, 29 23= & A6 A}
$49 Agetoleg dadngow 50000, 100009 Seiste] I ALzlolrh
AAE wA P 5 ool %

%ol A AeEtolEs AP dH Eds 2t 3l

—
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Table 2. Property of natural zeolite

£ A zeolite
Particle size(um) < 45
Pore diameter(A) 4
Bulk density (Ib/cuft) 30
Moisture(%) < 2
Regeneration temp.(C) 200 ~ 315
Form powder

g F4E71Q1 VC-505¢1 ). 20kHzE Z&38 WAsta, A7 13mm  stainless

ProbeE #zslo] AME3AT 23 E Crystald 22 B2 48€S 1 A

o
=}
N

ohg wASE Arl0E W

piezoelectricity (4 4d) olg} 3}al, o] piezoelectricity(%H4d) 54 7HA+=

25
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Real time display . . .

0 10 20 30 40 50 60 70 80°90 100%

0 10 20 30 40 50060 70 80 90 100%

0 10 20 30 40 S0 &0 70 8O 90 100%

VC 505 = V€ 750

0 10 20 30 40 50 &0 70 8O 70 10(1“‘51!

Fig. 24. Photograph of ultrasonic dispersion apparatus

3 20,000 He AFS A =P o] AFS stainless probe & ©]835te] FTEA
719 7t A7) 20KHz %5 3H(ultrasonic)7F 22 sttt VC-5055 ©]&38fo] =&
g HA| £o8 WAbetH ZF 30 7} ghsol wdp §HU o] 3hgo] A=

d dbe]l mEo] A ooz b yrbeE HFEko 2= positive pressure’b A
713 1 vlE H¥H O T = negative pressure’} WA ST} negative pressure 7}
AL F9jol= bubble @ElE ¥ Rt 7o) WA E Hmicrocavity) o] =3F4
o7 A, o WAES &t ow Fste] AV|7F AAV|E G vlE
Flolo] wete = E UE x53 959 positive pressure © ol& A& I}
HEAA Ao wAEIre] AAH S HV|IA = FEYE (several milli
seconds) o] EISHARE o] mA|Fto] HfE W= =9 A TF, £EE0
59 dAel o&) 3 F 43 (shockwave) 7t @A STE o] 3k F A ur}

2he Fdol A unt Iz BAstH o] FA T 9% oyAE= HU

100,000atmoll ©]S AE== ojvwiojulstAl Hurh o] FAue] AUA S ©] &5
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C(Teq® 2+E 3} = (Subcooling, ar )2t g},
AEY A3 o] ¥ (2005 AdAn e} R 3 B2 A §H &=
N AARL, 7 FE1Q)Y LLTINE o] gate] o]BAL AAR F 2

27415 K2 253 g3 o]&F wk3-7](20)8 s WEB)S 99 =HE F=
o ZFIZIAE FWola At AolE(14)9}

=]
B
LabviewZ 21 38S 53] =S A3 & s WE(G)E 11, ZHE P=

A FRAHe 248 F UtAdA)e 2EE €, de
gdolg2)E e 2498 Ao s BE6)& €1, 7tAEF2H@E A
g3to] -G 10)el 7FEE FAFT A-G10)2 EHo]l FEE AYgow F
Zhetl e, vbg-71 2Dl 7FAE Fds] Aste]l /APACIH14)E FEAA &
o= H13)E €1, 37| ojoj g WMH(16)5 ZHE AT
HES-71(2000] 4ol HddHor Edetd VAR Fes TAA
713 Us MEE)F I F 7t2"ae dEdelgE g2 o o w37
ool Fdd mErtias SRl FalE ] el dHEAdsE doju=d
AGAlelEH(14)e] A te el me Heo] Az e Eemol= WH3)7}F 253}

g

wEeA stol=eolE do] AHdH 5 o] | w7t o AltE 7] =3

=
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(195 wrs} 23t
A A 1 E (14) el A
dolg2)E et A8y Ao s WEO)& 3, ZFAEF2H@GE A
&sto] -0 7hAE FATT A-EG00)9] HHol FRE Aygow F
Zhetl e, wbg-7](20)0 7FAE FA] Aste] JAYACIH4)E FEAA &
fimol= MHA3)E €L, ¥7|de= fgoloj=Zzd WH(16)E s
HEE71(20)0] dHeo] ddgHor =gt VAR AE () FAEss TAA
71 g "WEE)E A2 F 7t2das dEZddolHE it o
ool Fdd mertas SRl FaEH7] Wl dHAsE dojuy=d
A Al (14) 8] ¢ mE Heo] AR Eeol= WE(13)7}

R
rE
oo
N

of AYol FANES Ao WgAE FHHTh AYgYe] £UF ¥
A 2 2

31

Collection @ jeju



oz

ul
=

IvV. 4% 23

1. 399 43

i+
o

3

671<]
Fo] LhEL

°

=

o

il

O

= 1o

o

<

2
o] ANES 19 269 vl

=

2] 8

B

}ar, 274.15K7bA] W24 A

°

Table 3 ERH AT

]

=

2 3 ~ 8MPa7ZkA] 1MPat< =

o A
of FEAA Ao}

o]
WA tHsloan, ED., 1998]. 1 o A & &

150me 5<%

szt <

)

Al 71 A

<

o

el
;OO
ﬁo
)

223 1% 9

Ay

=

ol =
275.00
278.60
280.40
282.30
283.90
285.10

2%(K)

} 3

A
o

j

&l o]
3.10
4.30
5.25
6.30
7.45
8.65

32

¢+ 3 (MPa)
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(SMHYT)

3]
No

A

A==
=

=
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Table 3. The result of phase equilibrium in distilled water.
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Pressure (MPa)

10

CSMHYD
O O O Thakore & Holder, 1987
100 O [ Adisasmitiet al., 1991

H H M This study
8 -
6 -
4
2 T T T T T T T T T

272 276 280 284

Temperature (K)

Fig. 26. Phase equilibrium in distilled water
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12 A=l E

HAA Aol ESE FRT HIMst] Axg ASoE EFFAE 7HA L
Hek stolmdolE AdARS Al wf, SFn & wet FAY Aol £
4 4 gemw WA 2 %o ERulgcls Mg L G3s YEhleA Lo}
E dart o metA 2 Ao HA ASTolE E3H| o wE 43
AYS Faste] dA ASTolE HubFel| mE s vasta, 1 AHE 1F
27 YER ATt

0.1

Zeolite

1| —H&— 0.004 wt%
—A—— 0.007 Wt%
008_ ——&6—— 0.009 wt%
. —@— 0.01 wt%
—P—— 0.011 wt%
1|—©—0.013 wt%
—— 0.016 wt%

0.06 -

0.04

Amount of Consumed Gas(mol)
[=)
o
N

0 '- T T T T T
0 4 8 12
Time(hr)

Fig. 27. Comparison of the amount of consumed gas in natural zeolite fluid

ad 279 = g ko] AladtelE EgaAle] HAs Aol dd A=
wt

t% Titell A stol=elolE FA

of B HMErts ARl AL FUME & g don, Ad ASolEE
0.01 wt%e] &= FFFol H7He Aledole dwA7F M 237 $ 5+

& g AgT 2 0011 wteol A FE = 238 WErts AR HolHS

S8 5 g, ol Hbshe AA ALt =9 o Bold 5%, Al el
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o 22 ste| = olE Fo] AAHIL, o dlelEdolE Fo] Al
SqfAlet etz A AStAA F7HHRA stelmolE e A

¢ Aoz dddn. w2 ATolM = HAs 2FA
0

o] Hlgw H7ste] Az ALdolE EHAS 150m F)eL 3 ~ 8MPa
7hA 1IMPa @912 FREHJoH F 67019 HIFS SAHSURL 1 AHE
Table 59 YERSTE e SR 4HPH vaste] 1 AxE 19 289
ettt 2™l A B 4 Sl%o] AEHOlE EFHA AEE FA] TH
T 4ME FHETG L EF A7 WEd Y &% Ee TY et
A FelEH o E P44 8 Al SHTFET WE o= olE P F
S & F

A= =

Table 4. The result of phase equilibrium in natural zeolite fluid.

No %8 (MPa) 2%=(K)
1 3.07 276.3
2 413 278.95
3 5.22 281.15
4 6.36 283.05
5 7.52 284.35
6 8.61 285.7
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Distilled Water
0.01 wit% Zealite

|
O

10

(ed)ainssald

272 274 276 278 280 282 284 286 288

Temperature(K)

Fig. 28. Phase equilibrium in natural zeolite fluid
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Fig. 29. Photograph of Methane hydrate formation in distilled water

1200

1000 - y

800 A )

600 A >

400 ~ \

200 A \

Hydrate Formation Time (min)

0 2 4 6 8 10 12
Subcooling Temperature, AT, (K)

Fig. 30. Methane hydrate formation time in distilled water
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Fig. 31. Photograph of Methane hydrate formation in natural zeolite fluid

1200 T
¥ ® @® @ Distiled Water
|® O O [O0.01wt% Zeolite
— N\
E e
LS
‘q—)’ 900 \\ &
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Fig. 32. Methane hydrate formation time in natural zeolite fluid
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