266 AulFsh=i3 A 20A A 4 E(2008)/pp. 266-273

Phase Equilibrium Conditions of Gas Hydrates for Natural Gas Solid
Transportation and Storage

Yong-Han Jeon, Jong-Yoon Kim, Chong-Bo Kim, Nam-Jin Kim**
Department of Mechanical Engineering, Inha University, Inchon 402-751, Korea
"Department of Nuclear and Energy Engineering, Cheju National University, Jeju 690-756, Korea

(Received January 8, 2008, revision received March 10, 2008)

ABSTRACT: Natural gas hydrates are ice-like solid substances, which are composed of
water and natural gas, mainly methane. They have three kinds of crystal structures of five
polyhedra formed by hydrogen-bonded water molecules, and are stable at high pressures and
low temperatures. They contain large amounts of organic carbon and widely occur in deep
oceans and permafrost regions. Therefore, they are expected as a potential energy resource in
the future. Especially, 1 m natural gas hydrate contains up to 172 Nm’ of methane gas, de—
pending on the pressure and temperature of production. Such large volumes make natural gas
hydrates can be used to store and transport natural gas. In this study, three-phase equi-
librium conditions for forming natural gas hydrate were numerically obtained in pure water
and single electrolyte solution containing 3 wt% NaCl. The results show that the predictions
match the previous experimental values very well, and it was found that NaCl acts as an
inhibitor. Also, help gases such that ethane, propane, i-butane, and n-butane reduce the hy-
drate formation pressure at the same temperature.
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Table 1 Kihara potential parameter
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Table 2 Parameters of sI and sII

Component  ¢/k(K) a(A) a(A)
CHa 154.54 3.1650 0.3834
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n-CsHio 209.00 29125 0.9379
i~CsHuz 307.09 3.2955 0.9868

N2 125.15 3.0124 0.3526
COz 168.77 2.9818 0.6805
AMMT— 1A Aﬂ?u ) / T( Aht[T- L jd ,
RT  \Rgr° r\  RT?
AMT- L )
Tw | (12)
( BT Ina,

2, Parrish and Prausnitz®] ¥} w=2d &
qoz verd 4 g

ARMTE = AR

T
+/ [38.12—0.141(7- 273.15)]dT (13)
TU

Apne 27315K, AUk 021 Aelol A nl ghol
EdolE Axel ¢4 FAEAY etxad
Zolol i, 70 27315Kolth ApMT L' = pMT_
hiE W SelEdole At g5 A4 B 2
Abole] ZdEy] ztolg Wb, ApMT- 2= =M
—v, = Hl Slo]=HolE AR £
Aol o] BEEFY Aol ouigt)
2315K, Adigte 020 AEielA ®wl &}
AR 58 FALAY g Fo
™, Table 29 2 3& FA 3T

T q,F B9 SFEE ey, 54 %,
Yoot AHAE THGA FL A B9 21
&, z, 018 Fog EAHI, NaCle] H7tg
9 &5%t Englezos and Bishnoi7} #|¢bék
g Ag e

b

~

AT
&

1%
d

h
1

0
w

meLE‘b
g;]mrlr

°]
=13
=

Parameters s s
A, (J/mol) 1263 883.8
4r2 (J/mol) 1389 1025
20MT (L /mol) 0.0030 0.0034
Ina, = 1000 | 14
o 7] A
A, 1%
6, =— 4’70_ (15)
1+1.27%%
8, = By + By expl—27°%) 16)

3. AaED Y nF

Fig. 4% Fig. 5% £ AFol4 Aud 434
Asst 7)Ee] A¥ARTE vnE T Zon)
THAN SRl @ AR AWAY A
o APAHst A} AL
A B Aol ASF ZE wf LR
A olge AL} =8 & F o)}, w3t

o= = 1

mg
30
£
&

Fig. 62 €523 NaCl 3wt% F=&HqA e
gtol=dolEe A4HEH S vlwd TPZE NaCl
o] Wg gol=HolE AN ¥ 2 g€ o
B3e 2EE g AAAEA FHen JS
S & F 9o

Fig. 7(a)¢} Fig. 7b)e 8% NaCl 3 wt%
FEAgAN wgTtze eIt AE O, 1, 3, 5, 10%

14

Roberts st al.. 1940
Deaton & Frost, 1946
Jhaveri & Robinson, 1965
Gallowat et al., 1970
Verma, 1374

de Roo et al., 1983 ’5%/
Thakore & Hoider, 1987 X/
Adisasmito et al.. 1991
Ryu, 1998

-1 (S Prediction

P
“ o
wo g
0 L L T T T T T
2 0 2 4 6 8 10 12 14 16
Temperature (°C)

12 A

)
R

EXXAPOOO+

Pressure (MPa

Fig. 4 Comparison of measured and cal-
culated data in pure water.



270 e AES - AFR - A9R

8 12
O Englezos et al., 1991 -~ ©-- NaCl 3wi%
[a] Dhoiabhai et al., 1991 ——@— Pure Water
————— Prediction 104
6 _-
‘© B w84
[ay - o
= T 2
= - =
P -8
8 a4 P o] L 64
2 -7 2
2 -
8 a 8
o a 4+
2 ]
>4
o T T T 0 T T T T T T T
0 2 4 6 8 s} 2 4 6 8 10 12 14 16

. Temperature (°C) Temperature (°C) .
Fig. 5 Comparison of measured and calculated Fig. 6 Comparison of equilibrium conditions in

data with NaCl 3wt%. pure water and NaCl 3wt%.

——e— CHA4(100%)+C2H6(0%) 2
— = ©- - CH4(99%)+C2H6(1%)
— = A— - CHA(97%)+C2HB(3%)

e CHA(100%)+C2H6(0%)
- - ©- - CHA(89%)+C2HE(1%)
—— A= - CHA(97%)+C2HE(3%)

10 { - -B- - CH4(95%)+C2H6(5%) AR © 10 {- - 8- - CH4(95%)+C2HE(5%) AR ©
- - &~ - CH4(90%)}+C2H6(10%) AV — - -~ CH4(90%)+C2H6(10%) v
— Ad o —_ Ad ¢
© N © [ ’
a AV a s,
= 8- AP /¢ = 8- AR &
~ S s s
g Kef o g Kl g
@ S 2 . ’,
& 61 2 61
< s
o a
4 4
2 T T T T T 2 T T T T T T T
o 3 6 9 12 15 18 0 2 4 6 8 10 12 14 16
Temperature (°C) Temperature (°C)
(a) Pure water (b) NaCl 3wt%
Fig. 7 Equilibrium conditions of methane + ethane hydrate.
14 14 > v
e CH4{100% ) +C3HE(0%) —&—— CH4(100%)+C3H8(0%)
1--©- - CH4(99%)+C3HB(1%) — = ©=~ CH4(99%)+C3H3(1%)
12 { - - A- - CH4(97%+C3HB(3%) 12 4~ ~ A=~ CH4(95%)+C3H8(3%)
- ~B- - CH4(95%}+C3H8(5%) = - B=— CH4(80%)+C3H8(5%)
1--¢- - cHaony+caHa(10%) — - ©- - CH4{90%)+C3H8(10%)
= 107 = 101
[a o
= =3
14 ® o 81
2 2
§ [ g & -
a o
4 4 4
2 4 24
T T T T T T T T T T T T T T
0 3 6 9 12 15 18 21 24

o} 3 6 9 12 15 18 21 24
Temperature (°C)

(a) Pure water (b) NaCl 3wt%
Fig. 8 Equilibrium conditions of methane + propane hydrate.

Temperature (°C)



2

B2 25 L AFE A ks Holmdols 49Y 249 9 AF 271

ARE e stel=doE FEy 2

otk tgstse] A@rtng S@ae A4

-{> r{r

A=

AR
Fig. 8(a)%} Fig. 8(b)% —fE-’F

ol=dolEx T2 I 8L,
of dlgg
doll gds fEde ¢

aHAAM B

A7E B stol=golE A

o]

t}.

A
= T

=3 NaCl 3wt%
FedoA WEslxe Zagslas 0 1, 3, 5,
10% 233 4% *MH“ stol=golE A4
@ Aol A B & g% Zeug
aFT Hrhstdr slelneolE AAEHES A
T3] Y 5 AL & & gk o= 29
ZEPoRE Jo|mFYolE T 17} EAHYY
R R=

Fig. 9a)¢} Fig. 9b)= &+ NaCl 3wt%
FE& A A Higo n-F& 0

Pressure (MPa)

14

12 1

Pressure (MPa)

e 4 4
ok g ¢
g Egae 44
Il %8k 2,

2 W3E Rolx &y

Fig. 10(2)%} Fig. 10(b)x= £5E3 Nacl 3wt%
Sl A WEstsd -REIAE O, 1, 3 5,
10%% T84S 45 AAdHE 6}0153110115 2
HE Aoty IdAA i-RENAE J 5
4 A ﬂﬂo}ch sho] = alOlE *M%H,E

ﬂ

o

14
——@—— CH4(100%)+n-C4H10(0%)
-~ ©- - CH4(99%)+n-C4H10(1%)
12 - - A- = CH4(95%)+n-C4H10(3%)
~ — €~ — CH4(90%)+n-C4H10(5%)
— - ©—— CH4(90%)+n-C4H10(10%)
— 10
(]
o
=3
o °7
<4
>
2
o 6
o
a
4
P
T 1 T T T
¢} 3 6 9 12 15 18

Temperature (°C)

(b) NaCl 3wt%

Fig. 9 Equilibrium conditions of methane + n-butane hydrate.

, 1, 3,5 10%8 &
——&~— CHA4(100%)+n-C4H10(0%)
1--©- - CH4(39%)+n-CaH10(1%)
— = A- - CH4(97%)+n-C4H10(3%)
| = - 8- - CH&4(95%)+n-C4H10(5%)
- = o~ CH4(95% )}+N-C4H10(10%)
T T r T
0 3 6 o 12 15 18
Temperature (¢C)
(a) Pure water
14
—@—— CH4(100%)+-C4H10(0%)
—— ©- = CHA4(99%)+-C4H10(1%)
12 4 = = A~ - CHA(97%)+-C4H10(3%)
| —— B~ - CH4(95%)+-C4H10(5%)
—— ¢~ ~ CHA4(95%)+-C4H10(10%)
10 ® A0
1
¢ Am ¢
/ ’
87 L s 0
¢ /A Iﬂ ¢
7 7/
6 o /‘ilFﬂ b
& A #
4 g AH %
e
<) &3 @
24
T T T T T T T T
0 3 6 9 12 15 18 21 24 27

Temperature (°C)

(a) Pure water

14
——o—— CH4(100%)+i-C4H10(0%)
- — ©—— CH4(99%)+i-C4H10(1%)
12 4 —— Aa— - CHA4(97%)+i-C4H10(3%)
— — E-— CH4(95%)+-C4H10(5%)
— = &=~ CH4(95%)+i-C4H10(10%)
~ 10
L
=
8 .
o
E 6 |
4 -
2 -
T T . T T T T
0 3 6 9 12 15 18 21 24

Temperature (°C)

(b) NaCl 3wt

Fig. 10 Equilibrium conditions of methane + i-butane hydrates.



272 A8 - ATE - HEFR - AEA
Fig. 11(a)¢} Fig. 11(b)= gl g 10%, = 3 AL 7x O &394 ALgEe oA
2% 1%, i-¥% 1%, -2 10%2 44 &% o ¥= Homz lF Jo|=HolESE THE A
#7459 43y vebd Aot} ofe 10%S T+ AEE FuelM fE & ¢ A
=FE A 7= I &3, FE 09 gL 2 Fig. 12(a)¢ Fig. 2WE FUE FYHE A
}E 4 & UG B v i-RE 1% B A7tEE ool HolsHolEE AZT A
14 14
—®— CH4(100%) —e—— CH4(100%)
-~ ©- — CH4(90%)+C2H8(10%) - - ©—— CH4(90%)+C2H6(10%)
12 { ——A- - CH4(99%)+C3H8(1%) 12 4 =~~~ CH4(99%)+C3H8(1%)
| ——2-- cra@I%)+ircan1o(1%) - ——E-— CH4(99%)+i-C4H10(1%)
— - &~ ~ CH4(99%)+n-CAH10(10%) - -~ - CH4(99%)+n-C4H10(10%)
§ 10 4
=
o °7
@
£ o
a
4
2 —
0 :Ii é €I> 1I2 1I5 18 o] ?I, ('3 sl3 1'2 1I5 18
Temperature (°C) Temperature (°C)
(a) Pure water (b) NaCl 3wt%
Fig. 11 Comparison of mixed gas hydrates.
12 12
——e— Australia ——e—— Australia
—— Brunei —&—— Brunei
10 4 ——+— Malaysis ﬁ 10 4 —+—— Malaysis |z§
—a&—— Oman ) Iﬁ —&—— Oman |j
- — 8- - Indonesia ), 1 - - 8- - Indonesia §
S 84 ——A—-— Qatar H - 8 ——=-- Qatar ﬂ
o
g g
g 64 E 67
2
8
a4 4
2 2
¢} T T T T T T T o] T T T T T T T
8 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22
Temperature (°C) Temperature (°C)
(a) Pure water (b) NaCl 3wt%
Fig. 12 Natural gas hydrates.
Table 3 Compositions of natural gas imported in Korea
CHa4 C2Hs C3Hs i-CaHww n-CaHio i-CsHiz n-CsHiz N2 COz
Indonesia 90.97 5.58 2.50 047 0.45 0.01 0.00 0.02 0.00
Malaysia 90.29 5.23 3.11 0.66 052 0.00 0.00 0.19 0.00
Brunei 90.21 514 3.02 0.67 0.88 0.03 0.01 0.04 0.00
Qatar 890.75 6.56 2.35 043 0.64 0.01 0.00 0.26 0.00
Oman 86.88 8.06 3.26 0.80 0.80 0.04 0.01 0.15 0.00
UAE 8547 12.84 1.40 0.05 0.05 0.00 0.00 0.20 0.00
Australia 86.83 8.58 3.62 041 0.49 0.01 0.00 0.06 0.00
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