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Abstract

An experimental apparatus was established in this study to investigate the
thermodynamic properties of gas hydrate. The Lw-H-V three-phase equilibrium
conditions were measured using the isochoric method. The experimental systems
consist of methane + water + additives where the effect of hydrate formation due to
various amounts of additives was discussed. The thermodynamic phase equilibrium
measurements for methane with pure water had been firstly conducted in this study.
Satisfactory agreement with literature data confirmed the validity of our experimental

equipments and procedures.

Two surfactants (SDS, CTAB) and tert-butanol, were used as the additives in this
study. It was observed that both surfactants had no ‘significant influence on the
thermodynamics of methane. hydrate }:(;)‘?‘rnation. Adding SDS showed a strong
promotion on the kinetics of methaﬁe hydr-:ate farmation while CTAB had a relatively
lower effect. It is demonstrated tﬁat the addition. of tert-butanol had a significant
promotion effect on the phase: eguilibrium of .methane hydrate formation. The
equilibrium temperature increased 6K at a given pressure with the concentration of
20wt% tert-butanol. Finally, the methane hydrate phase equilibrium data for brine
system with the addition of tert-butanol were measured in this study. Tert-butanol again
showed promotion effect on the thermodynamics of methane hydrate in seawater
environments. The promotion effect in the presence of salt was, however, less than that

in pure water.

Keywords: Gas hydrate, phase equilibrium, additive, isochoric method, surfactants,

tert-butanol, brine
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¥ 1245 Gibbs’ Phase Rule %35 4it? 2 g d B > ag ek 5¥ 2 ¥ - Gibbs’
Phase Rule e77 42 ;8 4o #7157 @

F=C-P+2
F=j%d 2 pd g ksd ¥ jha vl%m’r 21+ % (intensive property ) #c#
C=lf = sz LB AL ﬁt(component) S
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(Lw-H-V-Lyc) » Q#8482 9 x40k K sidple » @ QR EF 5 4 A A2 F Luctp
Gty 2w 4pgh Q12 Q2 Y 5 Lw-H-V = 4p T 74> @ Q2 + Lw-H-Lyc
AT AT E 2B AR P Aot kA AR R Ak B R 5 Q2 8k
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ok R ERT KA A S 0E 12 2 18 gt 03] 4% Ng and Robinson (1976) 12 2 Holder
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Tablel-1 ~ Geometry of cages in three hydrate crystal structures
(Sloan et al., 1998)

b i Bl gl i H
Cavity ot Y ot N ot o Y
Description 512 51262 512 56t 5120 43506° 51268
Number of cavities/unit cell 2 6 16 8 3 2 1
Average cavity radius(A) 395 433 391 473 391 4.06 5.71
Variation in radius (%) 34 144 55 173 — — —
Coordination number 20 24 20 28 20 20 36
Number of waters molecules/unit cell 46 136 34

Table 1-2 -~ Calculated maximum methane storage potential in the small cavities of
all three hydrate structures’ by stabilizing the large cavity with large molecule
(Kohokhar et al., 1998)

Small cages for methane Vil of methane(m’) Energy density(kcal/m”)
sl'in 5" 56.02 5.32x10°
sIT in 5" 154.08 1.46x10°
sH in 5'% and 4°5%’ 200.93 1.90x10°
LNG @ -160°C 600.0 6x10°
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Table 2-1 ~ Hydrate promoters for slI structure formers in literature

sII structure formers

System

Application

Reference

1,4-dioxane

Tetrahydropyran (THP) ~ cyclobutanone (CB) -
fluoroform (CHF3) ~ tetrafluoromethane (CF4)

Tetrahydrofuran (THF) -~ propylene oxide -
1,4-dioxane ~

Tetrahydropyran (THP) ~ cyclobutanone (CB) -

acetone

cyclohexane (CH)

2-propanol

Cyclopentane ~ tetra-n-butylammonium bromide

Fluorocyclopentane

Cyclopentane - fluorocyclopentane ~ cyclopentene ~

tetrahydropyran

Tetrahydrofuran (THF) -~ propylene oxide -

1,4-dioxane

1-propanol ~ 2-propanol

Methane

Methane

Methane
Nitrogen

Propane

—
e

Metﬁéll-lé
Diﬂuor(_)methar;re (HEC-32)
Difluoromethane (HFC-32)

Krypton

Methylfluoride

Carbon dioxide

Methane

Storage/transportation

Storage/transportation

Storage/transportation

Storage/transportation

Storage/transportation

Refrigeration

Refrigeration

Refrigeration

CO; capture

Storage/transportation

Jager et al. (1999)

Mooijer-van den Heuvel et
al. (2000)

Seo et al. (2001)

Mooijer-van den Heuvel et
al. (2002)

Ohmura et al. (2004)

Imai et al. (2005)

Imai et al. (2006)

Takeya et al. (2008)

Seo et al. (2008)

Maekawa (2008)
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Table 2-2 ~ Hydrate promoters for sH structure formers in literature

sH structure formers System Application Reference
1,3-dimethylcyclohexane Methane Storage/transportation Khohbhar et al. (1998)
Methylcyclohexane (MCH) Methane Storage/transportation Mooijer-van den Heuvel et al.
(2000)
Isopentane ~ methylcyclopentane ~ methylcyclohexane Natural gas Thermodynamic modeling Ostergaard et al. (2001)
Methylcyclohexane (MCH) Propane, Storage/fransportation Mooijer-van den Heuvel et al.
”“ , (2002)
3,3-dimethyl-2-butanone ~ 3,3-dimethyl-2-butanol Mqthane Storage/transportation Ohmura et al. (2003)
1,1-dimethylcyclohexane Methane Storage/transportation Hara et al. (2005)
3-methyltetrahydropyran ~ 2-methyltetrahydrofuran Methane Storage/transportation Ohmura et al. (2005)
2,2-dimethylbutane Krypton Refrigeration Ohmura et al. (2006)
2,2-dimethylpentane Methane Storage/transportation Kozaki et al. (2008)
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Table 3-1 ~ Chemicals used in this study

i it s E L B R
2N CH4 16.01 Air Product =>99.99%
(Methane) (- Af T
Lo AR C12H2sNaO4S 288.38 SIGMA =99%
(Sodium dodecyl sulfate)
Loz o v a4y CH3(CHy)1sN(Br)(CH3);  364.45 SIGMA =99%
(Cetyltrimethylammonium bromide)
=% (CH3);COH 74.12 SIGMA =99%
(Tert-butanol)
F Y4 NaCl 58.44 SIGMA =99.5%
(Sodium chloride)
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Table 3-2 ~ List of experimental apparatus

2z P A e 35
Eo R TR ERM /& 15000psi  1/8”  Autoclave 10V2071
Two way needle valve
B 44 FoalE B /& 15000psi > 1/8” Hip 15-11AF2
Two way needle valve
R EHERSREAR @it /& 2500psi > 1/8”  Swagelok SS-41XS2
Three way needle valve
B B AR & SRR Swagelok ~ ---m-me-memeee-
Tube fittings “v :
b3 B Vi SR A 3A% 812 mesh ARCOS 197255000
Molecular sieve _
AR %1 s R 1500psi Tiber CGA-350

Regular valve
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Table 3-2 ~ List of experimental apparatus (cont.)

LA S A RO 3
BRI e R E R 10-7500 psi ISCO D-series 260D
High pressure pump
® BT QEEh §--EN 7 /& 6000 psi Thar R100W
High pressure equilibrium cell
R IT Rk Podl T R R ~ -25°C~+150C NESLAB RTE-10
Temperature control circulator +0.01°C
BEREE U ST R 0~1200"rpm IKA RCT-basic
Magnetic agitation -
LAk, SRS D Fak ) ARECE 32#82%27 cm’ I —
Acrylic water bath o A }iﬁ:—;ﬁn] '-
B4 BT R Fopl s SRS Bt geat gl R B3 0.01bar Heise PM
Pressure transducer and indicator
B R Rk LR A Bl ®ARAT 1 0.01C FLUKE 1529
Thermometer
Tk ThR BB AR e 30 42 GeoVision GV-600

CCD camera
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Table 4-1 ~ Experimental parameters for Exp. 1.1-1.7

Experimental Decrease Increase Rotate speed  Starting conditions  Equilibrium point
No. temperature rate  temperature rate (rpm)
(K/min) (K/min ) P, MPa T,K P, MPa T,K
CO; hydrate
1.1 0.0472 0.0472 400 5.11 292.97 420 282.21
1.2 0.0472 0.0472 400 — 800  5.12 292.97 4.09  282.37
1.3 0.0472 0.0472 800 4.38 293.1 3.61 284
1.4 0.0472 0.0472 800 3.37 293.23 2.51 281.51
CHy hydrate
1.5 0.05 0.05 800 7.57 293.55 6.85  288.25
1.6 0.05 0.05 800 7.82 293.78 6.99  288.47
1.7 0.05 0.05 800 8.63 293.56 8.07  289.02
Table 4-2 -~ Modified method for heating rate
= % #180 NI =EEEE D %
Method 1 288.15 — 27515 210min, 7" "% 0.012 K/min 1LER ®F4TC
275.15 — 27515 30min 2.2 38 pF ¥ 330min
27515 — Tp 60min 3.;??;1» fi‘—?ﬁ ® 40min
Tp — Tp 40min,
Tp — Tp+4 330min
Teq — 288.15
Method 2 288.15 — 275.15 210min 0.0091 K/min 1LER % E3C
275.15 — 275.15 30min 2.2 B p= B 330min
27;.15 —’I>‘Tp 60610(;3in. 3.;E,-1' @J:Fg,: e
p—p , Vmin 60min ~ 100mi
Tp — Tp+3 330min i T
Teq — 288.15
Method 3  288.15 — 275.15 210min 0.0091 K/min 15 R T ELRF
275.15 — 275.15 30min DHpER R R -
275.15 - Tp 60min
Tp— Tp 100min
Tp — Tp+3 330min
Teq — 288.15

g H T 650rpm

MTp 5 T §7E B ~ Teq 5 X 8 B
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Table 4-3 ~ Discussion on heating rate

IE: R WS Ed T (H D) BRI AR
Nol. Tp— Tp+3 330min 0.0091 K/min
288.15 —275.15  210min
. . 275.15 — 275.15 30min
No2. Tp— Tp+2 330min 0.0061 K/min 275.15 — Tp 60min
Tp— Tp 100min
No3. Tp— Tp+1 330min 0.0030 K/min Tp— Tp+ (3.2.1)
400min 0.0025 K/min Teq — 273.15
450min 0.0022 K/min
500min 0.0020 K/min
No4. Tp— Tp+l 800min 0.00125 K/min 288.15 —275.15  210min
1000min 0.001 K/min 275.15 — 275.15  120min
1200min 8.33% 10" K/min 275.15 — Tp 60min
1500min 6.70x 10™ K/min Tp— Tp 330min
. Tp— Tp+1
Teq — 288.15
No5. Tp—Tp+0.5 1200min 4.17'>::ir10'4 K/min 288.15 — 275.15  210min
3 [} 275.15—275.15  120min
275.15 - Tp 60min
Tp— Tp 330min
Tp— Tp+0.5 1200min
Teq — 288.15

%12 Nod (Tp— Tp+1,1200min ) & %28 2838 &
B (T AR
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Table 4-4 ~ Equilibrium points of methane + water gas hydrate system

System P (MPa) T (K)
Methane + water 7.70 283.93
(Results of heating rate discussion) 7.57 283.82
7.48 283.70
7.96 284.24
Methane + water 7.11 283.21
(Results of systematic measurement) 8.03 284.28
9.03 285.36
10.28 286.50

Table 4-5 ~ Equilibrium points‘of methane + water + surfactants gas hydrate system

System — P (MPa) T (K)
Methane + water + 1000ppm.SDS . 6.98 283.28
| 8.07 284.49

921 285.58

10.19 286.49

Methane + water + 10000ppm SDS 8.08 284.50
Methane + water + 1000ppm CTAB 7.98 284.24
8.96 285.29

Methane + water + 5000ppm CTAB 8.03 284.30
9.08 285.39

Methane + water + 10000ppm CTAB 7.91 284.15
9.17 285.48
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Table 4-6 ~ Experimental procedure for methane + water + tert-butanol gas hydrate

system
2 [ESFEEREED it
Test for 293.15 — 282.15 210min 0.0091 K/min g L frpF e A
equilibrium 282.15 — 282.15 30min L I
point 282.15 - Tp 60min T
Tp — Tp 100min
Tp — Tp+3 330min
Teq — 293.15
Standard 293.15 — 282.15 210min 8.33x 10 K/min g L frpE e A
experimental 282.15 — 282.15 120min iR KR
procedure 282.15 —Tp 60min i
Tp — Tp 330min
Tp — Tp+l 1200min
Teq — 293.15
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Table 4-7 ~ Equilibrium points of methane+ water+ tert-butanol gas hydrate system

System P (MPa) T (K)
Methane + water + 10wt% tert-butanol 4.15 283.74
5.11 285.34

6.13 287.05

7.18 288.26

8.22 289.35

9.06 290.11

10.06 290.95

Methane + water + 20wt% tert-butanol 4.18 284.87
5.15 286.52

6.19 288.05

7.20 289.24

8.20 290.26

9.27 291.24

10.36 292.07

Methane + water + 30wt% tert-butanol 4.17 "=~ 284.55
— 5.16 286.27

e || 6.1 287.80

7l 288.97

8.16 290.03

9,21 290.97

10.17 291.75

Methane + water + 40wt% tert-butanol 4.15 284.30
5.11 286.05

6.12 287.60

7.23 288.90

8.15 289.90

9.17 290.82

10.15 291.63

Methane + water + 50wt% tert-butanol 4.12 284.03
5.10 285.85

6.11 287.36

7.09 288.55

8.09 289.63

9.10 290.60

10.14 291.46
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Table 4-8 ~ Synthetic sea water composition

Component Conc. Component Conc. Component Conc.
(Wt%) (Wt%) (Wt%)
Stewart and Munjal (1970) Dholabhai et al.,(1991) Bishnoi and Dholabhai, (1993)

NaCl 2.6518 NaCl 2.3940 NaCl 2.6436

KCl 0.0725 KCl 0.0690 KCI 0.0740

MgCl, 0.2447 MgCl, 0.5080 MgCl, 0.2560

CaCl, 0.1141 CaCl, 0.1150 CaCl, 0.0713

MgSOq4 0.3305 Na,SOy4 0.4010 Na,SOy4 0.3310

NaHCO; 0.0202 SrCl, 0.0020 SrCl, 0.0020
NaBr 0.0083 NaF 0.0090
KBr 0.0110

Total 3.4420 Total 3.5090 Total 3.3779

Table 4-9 ~ Equilibrium peints of methé,ﬁ'e—k brine+ tert-butanol gas hydrate system

System 3 P (MPa) T (K)
Methane + brine + 10wt% tert=butanol 4.13 282.55
‘ 5:09 284.33

6.11 285.78

7.10 287.02

8.08 288.06

9.10 288.97

10.13 289.83

Methane + brine + 20wt% tert-butanol 4.15 283.01
5.13 284.76

6.13 286.23

7.11 287.42

8.07 288.36

9.11 289.33

10.13 290.16
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16 x5 + 8 x5'%6*
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34 Water Molecules
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Kinetic inhibitors
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downhole meas.

Seismic studie

Deep-towed
high res. seismic

Free gas zones

Water saturated sediment

Fig.1-4 ~ Method of exploration gas hydrate (Hyndman and Dallimore, 2001)
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Fig. 2-1 ~ Pressure-temperature diagrams. (a)Methane + water or nitrogen + water

system (b)Hydrocarbon + water systems(c)Multicomponent natural gas + water

systems(d)Hydrocarbon + water + inhibitors systems ( Sloan and Koh, 2008 )
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Temperature

V-Lw previous hydrate line
by Kobayashi and Katz

V: Vapar

Ly Liquid water
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M: Solid methane
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Fig. 2-2 ~ Temperature-composition diagrams for methane and water

(Huo et al., 2003 )
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A. Initial Condition B. Labile clusters C. Agglomeration D. Primary Nucleation

Gas consumption

Fig. 2-3 ~ Autocatalytic reaction mechanism for hydrate formation
(Luederhos et al., 1996 )

Rate of
consumption | .
attime t 3) | ©
{ Final rate of
[
I

consumption
Gas consumption
at time t

Initial rate of

consumption
Induction
time
@ !
|

' Time

Fig. 2-4 ~ Gas consumption vs. time for hydrate formation.
( Lederhos et al., 1996)
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Fig. 2-5 ~ Temperature and pré 'urﬂrhﬁd for formation of simple methane
hydrates ¥ loﬁ;}’ﬁl Krh, 2008)
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Fig. 2-6 ~ Pressure search method at constant temperature
(232 % & £,2001)
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A : Two way needle valve 1 “CH, cyllnder - 4.8  Temperature control circulator
B : Regular valve 2 ZISCO puthp 9 : Thermometer
C : Three way needle valve 3 : Pump controller 10 : Pressure transducer
4 : Equilibrium cell 11 : CCD camera
5 * Visual window 12 : Data acquisition
6 : Magnetic agitator 13 © Computer
7

. Water reservoir

Fig. 3-1 ~ Experimental apparatus for gas hydrate equilibrium point measurement
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(a)

5.0
45 |- ' )
—_ ~. Cooling without
6_6 agitation
2
o
4.0 - o
Start of agitation
and formation of hydrate
3.5 | " 1 " . | " |
272 276 280 284 288 292 296
T (K)
(b) i
45 =
4.0 -
= ~ Cooling with
o agitation
=3
o
351 Formation of hydrate
3.0 1 3 L 1 L 1 L 1 L 1
272 276 280 284 288 292 296
T (K)

Fig. 4-1 ~ CO; hydrate formation test (a) Cooling without agitation (b) Cooling with

agitation
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(a)
5.5
50}
? 45} P
. P=4.35 MPa
T=283.88 K
40}
3.5 1 " 1 " 1
275 280 285 290

295

4.5

3.0

2.5
275

295

(b)

5.5
5.0
g 45
=
o O
O
~__ P=4.14 MPa
40F T=283.08 K
3.5 - ' ' '
275 280 285 290 295
15 1 1 1
275 280 285 290 295
T (K)

Fig. 4-2 ~ Isochoric method for CO; hydrate test (a)Slow agitation at 400 rpm

(b)Change of agitation from 400 to 800 rpm (c)Strong agitation at 800 rpm (P;=

4.38MPa, Ti=293.10K) (d)Strong agitation at 800 rpm (P;i=3.37MPa, T;=292.23K)
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Fig. 4-3 ~ Isochoric method for CH4 hydrate test (agitation at 800rpm, cooling and

heating rates at 0.05K/min) (a) P;=7.57MPa, T;= 293.55K (b) P;=7.82MPa, T;=
293.78K (c) P;=8.63MPa, T;=293.56K (d) Comparison of CH,4 hydrate

equilibrium point data with literature
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Fig. 4-4 ~ Schematic diagrgn-i of a:t-ypical temperature cycling curve

Step 1 - fast cooling from 288.15 to 275.15 K

Step 2 : stay at 275.15 K to ensure hydrate formation

Step 3 : fast heating from 275.15 K to Tp (pre-equilibrium termperature)
Step 4 : stay at Tp to ensure equilibrium

Step 5 : slow heating from Tp to (Tp+4) K to observe hydrate decomposition
Step 6 : fast heating to 288.15 K
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Fig. 4-5 ~ Comparison of equilibrium point data.from methods 1 and 2
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Fig. 4-6 ~ Comparison of equilibrium point data from different pre-equilibrium
times
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Figure 4-12

Fig. 4-7 ~ Improvement of isochoric experiment results for CH4 hydrate from
possible gas leakage (a, method 2) to.no gasleakage (b, method 3)
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Fig. 4-8 ~ Comparison of equilibrium point data from methods 2 and 3
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Fig. 4-9 ~ Comparison-of equilibrium point data between different critical
temperature /interval
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Fig. 4-10 ~ Comparison of equilibrium point data by lowering heating rate
gradually
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Fig. 4-11 ~ Comparison of equilibrium point-data with.extremely slow heating rate
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Fig. 4-12 ~ Comparison of CH4 hydrate equilibrium point data by extremely slow
heating rate with literature
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Fig. 4-13 -~ Photograph of methane hydrate formation and dissociation
(a)t =1 hr (b)t = 3hr (c)t = Shr (d) t=6 hr
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Fig. 4-14 ~ Temperature cycling curve for CH, hydrate under Pi from 7 to 10 MPa
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Fig. 4-16 ~ Temperature ¢ycling curve for'CH4 hydrate in the presence of SDS
(a) 1000ppm SDS (P; set:around 8. MPa) (b) 10000ppm SDS (P; set around 8 MPa)
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Fig. 4-17 ~ Comparison of equilibrium point data of CH4 hydrate and CH4 hydrate

in the presence of SDS with different concentrations
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P=9.17 MPa
T=285.48 K
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Fig. 4-18 » Temperature cycling.curve for CHy hydrate in the presence of 10000ppm
SDS (a)P;set around 8 MPa (b) Piset around 9 MPa
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v CTAB 1000 ppm -
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Fig. 4-19 ~ Comparison of equilibrium point data of CH4 hydrate and CH4 hydrate
in the presence of CTAB with different concentrations
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Fig. 4-20 ~ Test temperature cycling curve for CH,-hydrate in the presence of
10wt% tert-butangLby method 3
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Fig. 4-21 ~ Test temperature cycling curve by method 3 and change temperature
interval
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Fig. 4-22 ~ Temperature cycling curvefor CHi-hydrate in the presence of
tert-butanol (Pi set around 8 MPa) (a)10wt% tert-butanol (b)20wt% tert-butanol
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Fig. 4-23 ~ Comparison of equilibrium point data of CH4 hydrate and CH4 hydrate
in the presence of tert-butanol with different concentration
(a) pure water and 10wt%, 20wt% tert-butanol (b) 10wt% - 50wt% tert-butanol

84



(a) (b)
9 9
8 8l
T P=8.08 MPa R P=8.07 MPa
27 T=288.06 K S7r T=288.36 K
o o
6 6
5 1 N 1 N 1 N 1 N 5 " 1 . 1 . 1 . 1 .
279 282 285 288 291 294 279 282 285 288 201 204
T (K) T (K)
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85



54 <

Afzal, W., Mohammadi, A.H., Richon, D., Experimental measurements and predictions
of dissociation conditions for carbon dioxide and methane hydrates in the presence

of triethylene glycol aqueous, J. Chem. Eng. Data, 52, 2053-2055 (2007).

Afzal, W., Mohammadi, A. H., Richon, D., Experimental measurements and predictions
of dissociation conditions for methane, ethane, propane and carbon dioxide simple
hydrates in the presence of diethylene glycol aqueous solutions, J. Chem. Eng.

Data, 53 663-666 (2008).

Anderson, F. E., Prausnitz, J. M., Inhibition of gas hydrates by methanol, AIChE J., 32,
1321-1333 (1986).

Bishnoi, P. R., Dholabhai,<P.D., Exp€rimental study on'propane hydrate equilibrium
conditions in aqueous electrolyFe 'sﬂ_lrl_t_ipns, Fluid! Phase Equilib., 83, 455-462
(1993). | | r |

|| <

Bishnoi, P. R., Dholabhai, PD., Eéluilibrium cc;ndiftions for hydrate formation for a
ternary mixture of methane, propane and carboﬁ dioxide, and a natural gas mixture
in the presence of electrolytes and;methanol, Fluid Phase Equilib., 158-160,

821-827 (1999).

Cohen, J. M., Wolf, P. F., Young, W. D., Enhanced hydrate inhibitors : powerful

synergism with glycol ethers, Energy Fuels, 12, 216-218 (1998).

De Roo, J. L., Peters, C.J.,Lichtenthaler, R. N., Diepen, G. A. M., Occurrence of
methane hydrate in saturated and unsaturated solutions of sodium chloride and

water in dependence of temperature and pressure, AIChE J., 29, 651-667 (1983).

Dholabhai, P.D., Englezos, P., Kalogerakis, N., Bishnoi, P.R., Equilibrium conditions
for methane hydrate formation in aqueous mixed electrolyte solutions, Can. J.
Chem. Eng., 69, 800-805 (1991).

86



Elgibaly, A., Elkamel, A., Optimal hydrate inhibition policies with the aid of neural
networks, Energy Fuels, 13, 105-113 (1999).

Englezos, P., Bishnoi, P.R., Prediction of gas hydrate formation conditions in aqueous

electrolyte solutions, AIChE J., 34, 1718-1721 (1988).

Ganji, H., Manteghian, M., Sadaghiani zadeh, K., Omidkhah, M. R., Mofrad, H. R.,
Effect of different surfactants on methane hydrate formation rate, stability and

storage capacity, Fuel, 86, 434-441 (2007).

Gnanendran, N., Amin, R., Equilibrium hydrate formation conditions for hydrotrope

-water-natural gas system , Fluid Phase Equilib., 221, 175-187 (2004).

Gudmundsson, J.S., Parlaktuna;-M.;KhokhatjsA AL~ Storing natural gas as frozen
hydrates, SPE Prod. Fac:; 69=73(1994).
Hammerschmidt, E.G., Formation of gas h%ates in natural gas transmission lines, Ind.
Eng. Chem. Fundant:;.26, 8511855 (1934).
Han, X., Wang, S., Chen, X.,.Liu, F, Surfactant accelerates gas hydrate formation, In:

Proceedings fourth International conference om natural gas hydrates, Yokohama,

Japan, 1036-1039, (2002).

Hara, T., Hashimoto, S., Sugahara, T., Ohgaki, K., Large pressure depression of
methane hydrate by adding 1,1-dimethylcyclohexane, Chem. Sci. Eng., 60,
3117-3119 (2005).

Heriot — Watt University Hydrate model, http://www.pet.hw.ac.uk/research/hydrate/,
(2008).

Holder, GD., Corbin, G., Papadopoulos, K.D., Thermodynamic and molecular
properties of gas hydrates from mixtures containing methane, argon, and krypton,

Ind. Eng. Chem. Fundam., 19, 282-286 (1980).

87



Huo, Z., Hester, K., Miller, K.T., Sloan, E.D., Methane Hydrate Nonstoichiometry
and Phase Diagram, AIChE J., 49, 1300-1306 (2003).

Hyndman, R.D., Dallimore, S.R., Natural Gas Hydrate Studies in Canada, Canadian
Society of Exploration Geophysicists, 26, 11-20 (2001).

Imai, S., Okutani, K., Ohmura, R., Mori, Y. H., Phase equilibrium for clathrate hydrates
formed with difluoromethane + either cyclopentane or tetra-n-butylammonium

bromide, J. Chem. Eng. Data., 50, 1783-1786 (2005).

Imai, S., Miyake, K., Ohmura, R., Mori, Y. H., Phase equilibrium for clathrate hydrates
formed with difluoromethane or krypton;-each coexisting with fluorocyclopentane,

J. Chem. Eng. Data, 51, 2222-2224 (2006):"

Jager, M. D., De Deugd, R M., Peters, C. J.,”De Swaan Arons, J., Sloan, E. D.,
Experimental determination and modeling of structure II hydrate in mixtures of

methane + water + 1,4-dioxane } Flufépfflase Equilib., 165,209-223 (1999).

i
Jager, M.D., Peters, C.J.; Sloan, ED, Experimental detérmination of methane hydrate

stability in methanol and electrélyte solutions, ‘Fluid Phase Equilib., 193, 17-28
(2002).

Kalogerakis, N., Jamaluddin, A. K. M., Dholabhai, P. D., Bishnoi, P. R., Effects of
surfactants on hydrate formation kinetics, Society of Petroleum Engineers, 25188,

375-383 (1993).
Kang, S. P, Lee, H., Recovery of CO, from flue gas using gas Hydrate:
Thermodynamic verification through phase equilibrium measurements, Environ.

Sci. Technol., 34, 4397-4400 (2000).

Karaaslan, U., Uluneye, E., Parlaktuna, M., Effect of an anionic surfactant on different

type of hydrate structures, J Pet. Sci. Eng., 35, 49-57 (2002).

88



Kelland, M. A., Svartaas, T. M., Ovsthus, J., Tomita, T., Chosa, J., Studies on some
zwitterionic surfactant gas hydrate anti-agglomerants, Chem. Eng. Sci., 61,

4048-4059 (2006).

Kelland, M. A., Svartaas, T. M., Andersen, L. D., Gas hydrate anti-agglomerant

properties of polypropoxylates and some other demulsifiers, J. Pet. Sci. Eng., 64,
1-10 (2009).

Khokhar, A. A., Gudmundsson, J. S., Sloan, E. D., Gas storage in structure H hydrates,
Fluid Phase Equilib., 150-151, 383-392 (1998).

Kozaki, T., Takeya, S., Ohmura, R., Phase equilibrium and crystallographic structures
of clathrate hydrates formed in methane + 2;2-dimethylpentane + water system, J.

Chem. Eng. Data, 53,2820:28232008).

Kvenvolden, K.A., Methane hydrate ~ &a_major| reservoir of carbon in the shallow

geosphere, Chem. Gedl., 71, 41451 (‘“?15.’88). ‘

Il B
|| =& |
Lee, J. D., Wu, H., Englezeos, P Cat;ion starches as|gas hydrate kinetic inhibitors, Chem.

Eng. Sci., 62, 6548-6555.(2007).

Lederhos, J. P., Long, J.P., Sum, A., Christiansen, R.L., Sloan, E.D., Effective kinetic
inhibitors for natural gas hydrates, Chem. Eng. Sci., 51, 1221-1229 (1996).

Maekawa, T., Equilibrium conditions for clathrate hydrates formed from methane and

aqueous propanol solutions, Fluid Phase Equilib., 267, 1-5 (2008).

Makogon, Y.F., Natural gas hydrates: the state of study in the user and perspectives for

its use, In: Third chemical congress of North America, Toronto, Canada, (1988).

Mohammadi, A. H., Richon, D., Experimental gas hydrate dissociation data for methane,
ehtane, and propane + 2-propanol aqueous solution and methane + 1-propanol

aqueous systems, J. Chem. Eng. Data, 52, 2509-2010 (2007).

&9



Mohammadi, A. H., Afzal, W., Richon, D., Experimental data and predictions of
dissociation conditions for ethane and propane simple hydrates in the presence of
distilled water and methane, ethane, propane, and carbon dioxide simple hydrates
in the presence of ethanol aqueous solutions, J. Chem. Eng. Data, 53, 73-76

(2008%).

Mohammadi, A. H., Afzal, W., Richon, D., Experimental data and predictions of
dissociation conditions for ethane and propane simple hydrates in the presence of

methanol, ethylene glycol, and triethylene glycol aqueous solutions, J. Chem. Eng.

Data, 53, 683-686 (2008).

Mooijer-van den Heuvel, M. M., Peters; €. J.;. De Swaan Arons, J., Influence of water
-insoluble organic compenents -‘on the. gas hydrate equilibrium conditions of

methane, Fluid Phase Equilib=; 172;79-9112000).

Mooijer-van den Heuvel, M. M., Peters; C, J., De Swaan Arons, J., Gas hydrate phase

equilibria for propane‘in the preséncé:'af additive components, Fluid Phase Equilib.,

193, 245-259 (2002). (A

|
11

Moshfeghian, M., Maddox, R.N: Meéthod predicts. hydrates for high-pressure gas
streams, Oil Gas J., 78-81 (1993).

Nakamura, T., Makino T., Sugahara, T., Ohgaki K., Stability boundaries of gas hydrates
helped by methane—structure-H hydrates of methylcyclohexane and cis- 1,2-
dimethylcyclohexane, Chem. Eng. Sci., 58, 269-273, (2003).

Nasrifar, K.H., Moshfeghian, M., Maddox, R.N., Prediction of equilibrium conditions
for gas hydrate formation in the mixtures of both electrolytes and alcohol, Fluid

Phase Equilib., 146, 1-13 (1998).

Ng, H. J., Robinson, D. B., The measurement and prediction of hydrate formation in

liquid hydrocarbon-water systems, Ind. Eng. Chem. Fundam.,15, 293-298 (1976).

90



Ng, H.J., Robinson, D.B., Hydrate formation in systems containing methane, ethane,
propane, carbon dioxide or hydrogen sulfide in the presence of methanol, Fluid

Phase Equilib., 21, 145155 (1985).

Ng, H. J., Robinson, D.B., New developments in the measurement and prediction of

hydrate formation for processing needs, Ann.NY Acad. Sci., 715, 450-462 (1994).

Ohmura, R., Uchida, T., Takeya, S., Nagao, J., Minagawa, H., Ebinuma, T., Narita, H.,
Phase equilibrium for structure-H hydrates formed with methane and either
pinacolone (3,3-dimethyl-2-butanone) or pinacolyl alcohol (3,3-dimethyl-2-
butanol), J. Chem. Eng. Data, 48, 1337-1340 (2003).

Ohmura, R., Takeya, S., Uchida, T5 Ebinuma, T.; €lathrate hydrate formed with
methane and 2-propanel - confirmation of structute 1l hydrate formation, Ind. Chem.
Res., 43, 4964-4966 (2004 ):

Ohmura., R., Matsuda, S., Takeya, S Eblnu‘fna T., Narita, H., Phase equilibrium for
structure-H hydrates formed Wlth[ metlI‘ane and methyl=substituted cyclic ether, Int.
J. Thermophys., 26, 15151523 ,(2005). 1

Ohmura, R., Takeya, S., Maekawa, ‘T., Uchida, T., Phase equilibrium for structure-H
hydrate formed with krypton and 2,2-dimethylbutane, J. Chem. Eng. Data, 51,
161-163 (2006).

Ostergaard, K. K., Tohidi, B., Burgass, R. W., Danesh, A., Todd, A. C., Hydrate
equilibrium data of multicomponent system in the presence of structure-II and

structure-H heavy hydrate formers, J. Chem. Eng. Data, 46, 703-708 (2001).

Parrish, W.R., Prausnitz, J.M., Dissociation pressures of gas hydrates formed by gas

mixtures, Ind. Eng. Chem. Process Des. Dev., 11, 26-35 (1972).

Saito, S., Kawasaki, T., Okui, T., Kondo, T., Hiraoka, R., Methane Storage in Hydrate

Phase with Soluble Guests, In: Proceedings of the 2" International Conference On

91



National Gas Hydrates, Toulouse, France, (1996).

Seo, Y. T., Kang, S. P., Lee, H., Experimental determination and thermodynamic
modeling of methane and nitrogen hydrates in the presence of THF, propylene

oxide, 1,4-dioxane and acetone, Fluid Phase Equilib., 189, 99-110 (2001).

Seo, Y., Lee, H.,, A new hydrate-based recovery process for removing chlorinated
hydrocarbons from aqueous solutions, Environ. Sci. Technol., 35, 3386-3390

(2001).

Seo, Y., Kang, S. P, Lee, S., Lee, H., Experimental measurements of hydrate phase
equilibria for carbon dioxide in.the presence of THF, propylene oxide, and

1,4-dioxane, J. Chem. Eng: Data, §3; 2833-2837(2008).

Sloan, E. D., Clathrate Hydratestof Natural Gases, 2 od; rMarcel Dekker, New York,
(1998).

—

Sloan, E. D., Koh, C.A:, Clathrate }I“yifiratchéﬁ of Natural Gases, 3M ed., Taylor & Francis
Group, LLC, (2008). . 2\ | | |

Stern, L., Circone, S., Kirby, S., Durham, W., Anomalous preservation of pure methane

hydrate at 1 atm, J. Phys. Chem. B, 105, 1756-1762 (2001).

Stewart, P. B., Munjal, P., Solubility of carbon dioxide in pure water, synthetic sea
water, and synthetic sea water concentrates at -5.deg. to 25.deg. and 10- to 45-atm.

pressure, J. Chem. Eng. Data, 15, 67-71 (1970).

Sun, Z.G., Wang, R.Z., Ma, R.S., Guo, K.H., Fan, S.S., Natural gas storage in hydrate
with the presence of promoters, Energy Conv. Manag., 44, 2733-2742 (2003).

Takeya, S., Yasuda, K., Ohmura, R., Phase equilibrium for structure II hydrates formed
with  methylfluoride coexisting with cyclopentane, fluorocyclopentane,

cyclopentene, or tetrahydropyran, J. Chem. Eng. Data, 53, 531-534 (2008).

92



Yousif, M.H., Young, D.B., A simple thermodynamic model to predict the hydrate
temperature suppression in aqueous solutions of salts and alchohol, Proceedings of

73" GPA Annual Convention, 94-99 (1994).

Zhong, Y., Rogers, R., Surfactant effects on gas hydrate formation, Chem. Eng. Sci., 55,
4177-4187 (2000).

BRI LA K S PR RS S B TR AF ] ST
(2003).

Mz Y T RF ke @#?E’Hm”’hﬁ}“/ﬁ? B o gty 410 i h
2

1.

SR F 148 35\82 (20q13 =

Eo
e
N

4

4

3 W '
BAR R R R wm-, Pl s g 2y, w
e . ;

, . 7Sy oy [ Lol
BXARE T 164- 166(2001)

93



	1.封面_PDF.pdf
	2.誌謝.pdf
	3.論文中英文摘要.pdf
	4.論文合併正式版_PDF.pdf

