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Phase Equilibria and Cage Occupancy of Binary Hydrates
. Its Application to Gas Hydrate Refrigeration System

Department of Energy Resources Engineering Jun-Hyuck Im

Supervisor Ji-Ho Yoon

Abstract

“Gas hydrate” is formed by physical reaction between relatively small guest
molecules such as methane, ethane and carbon dioxide and host water
molecules under high pressure and low temperature conditions. Gas hydrates
have been used in a variety of industrial fields not only as a large energy
resource but also as a target medium for various technologies using its
physicochemical characteristics. There are a lot of practical applications such
as separation processes, natural gas storage and transportation, and carbon
dioxide sequestration. In particular the refrigeration system using gas hydrate
is expected to be an environment—friendly process that non-toxic and energy
saving coolants can be used to replace CFCs which are well known as a main
reason of destroying the ozone layer. In this study, the phase equilibrium and
cage occupancy of the multi—guest hydrate systems including methane and
carbon dioxide are observed to investigate the applicability of gas hydrate to
the refrigeration system. In order to test and prove the wvalidity and
reproducibility of newly designed experimental apparatus, the dissociation
pressures of pure methane hydrates are measured at the range of 268-285 K
and 2.0-7.5 MPa and compared with the literature values. The three-phase
equilibrium conditions of methane + acetone, carbon dioxide + acetone,
methane + tert-butyl methyl ether, carbon dioxide + tert—butyl methyl ether,

and carbon dioxide + tetrahydrofuran (THF) hydrates are measured at a wide

_1_



range of temperatures and pressures. To calculate the heat of dissociation of
gas hydrate, the cage occupancy of relatively small guests are estimated using

the van der Waals—-Platteeuw model.
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Fig. 1.1 Contributions by greenhouse gases to global warming.<3>
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Fig. 1.2 Photographies of gas hydrates.



1.2 7}2&lo| =g o|ES UntA el A4
1.2.1 7tA3&lol=EgolES T2

Thzstel=o| B AR T FaAFoR ofFofxl BiAtd o3 ¥4
g AR BFTERE Jeffrey®7t Aorek W el o3 nto®
dE B9 5% 12709 57t Wiy 2709 6719 wWow AW 14WA 9

TES gugtt, AA7A 4l FE 3L Figure 1.3%3 7t}

(a) pentagonal dodecahedron(5') (b) Tetrakaidecahedron(5'%6%)
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Fig. 1.3 Cavities in gas hydrates.
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Table 1.1 Structural characteristics of gas hydrate(lz)

Hydrate crystal

I I H
structure
Crystal type cubic cubic hexagonal
Lattice
a=1.293 a=1.731 a=1.226, c=1,017

parameters(nm)
Cavity small | large | small | large | small | medium | large
Cavity type 5% | 5'26% | 5'2 | 5'%6* | 52 | 435%6% | 5l%g8
Number of

. 2 6 16 8 3 2 1
cavities

Average cavity
0.391 | 0.433 | 0.3902 | 0.4683 | 0.391 | 0.406 | 0.571

radius(nm)
Coordination
a 20 24 20 28 20 20 36
number
Number of
water
46 136 34

molecules in

the unit cell
Ideal

compositionb

6X-2Y-46H20 | 8X-16Y-136H0 1X-3Y-2Z-34H20

a. Number of Oxygens at the periphery of each cavity.
b. X and Y refer to large voids and 12-hedra, respectively;

7 indicates the 4°5°6° cavity.
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6X-2Y-46H,0

Fig. 1.4 Crystalline lattice of gas hydrate, sl.
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8X-16Y-136H,0

Fig. 1.5 Crystalline lattice of gas hydrate, s1II.
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Fig. 1.6 Crystalline lattice of gas hydrate, sH.
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Table 1.2 Physical properties of hydrate and ice®

)

Property Ice Structure I | Structure II
Number of H2O molecules
) ) 4 46 136
in the unit cell
Lattice parameters at a=0.452
1.2 1.73
273K(nm) c=0.736
Dielectric constant at 273K 94 =58 =58
H2O molecule reorientation
) 21 =10 =10
time at 273K(usec)
H20O diffusion jump time
2.7 >200 >200
at 273K(usec)
Isothermal Young's modulus
9 9.5 =8.4 =8.2
at 268K(10°Pa)
Speed long sound
3.8 3.3 3.6
at 273K(km/sec)
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
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Velocity ration(comp/shear)

1.88 1.95 NA
at 273K
Bulk density(g/cm®) 0.917 0.91 0.94
Adiabatic bulk
compressibility 12 =14 =14
at 273K(107"'Pa)
Thermal conductivity
2.23 0.49+0.02 0.51+0.02

at 263K(W/m-K)
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Fig. 1.7 Marine CO; sequestration by hydrate technology.
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Fig 1.10 Desalination using hydrate technology.
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J9tE Optical® 119t 43 dE A3d FA9 7faxe}
%54 Figure 2.1 YeERARIC

. Circulator 14, F. gauge

. T. contraller 15, COZ gas bombe

, Bath 16, CH4 gas bombe

. Reactor 17, Stop valve

. Thermo-couple (L) 18, Stop valve

, Thermo—couple (V) 19, Regulator

. F. sensor 20, Inlet valve

. Stirrer 21, Outlet valve
9, Maagnetic Drive 22, Circulator valve
10, Laptop PC 23, P. digital indicator
11, Outlet 24 T, digital indicator
12, Inlet 25, T, digital indicator
13, Yacuum Pump 26, Motor

(a) Apparatus schematic

| b 1945 e R EEEe
i

(b) Photography of experimental apparatus

Fig. 2.1 Experimental apparatus.
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Fig. 2.2 Magnetic drive & blade-type stirrer.
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Fig. 2.4 Reactor used for hydrate formation and dissociation
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3.1 CHs + Water Hydrate System
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Fig. 3.1 Kinetic of CHs + Water hydrate system.
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Fig 3.2 Equilibria of CHs + Water hydrate system.

Table 3.1 Experimental data of CHs + Water hydrate system

Temperature Pressure
[K] [T] [bar]
275.95 2.8 34.127
278.55 5.4 44.620
280.35 7.2 54.035
281.95 8.8 62.861
283.35 10.2 73.746
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3.2 CHs + Acetone + Water Hydrate System
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Fig 3.3 Kinetic of CHy + Acetone + Water hydrate system.
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Fig 3.4 Equilibria of CHs + Acetone + Water hydrate system.

Table 3.2 Experimental data of CHs + Acetone + Water hydrate system

Temperature Pressure

[K] [C] [bar]
267.45 -5.7 1.569
272.25 -0.9 5.198
276.25 3.1 9.905
280.45 7.3 20.006
283.05 9.9 29.518
285.25 12.1 39.913
286.55 13.4 48.953
287.85 14.7 58.153
289.05 15.9 69.431
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3.3 COg + Acetone + Water Hydrate System
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Fig. 3.5 Kinetic of CO; + Acetone + Water hydrate system.
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Fig. 3.6 Equilibria of CO; + Acetone + Water hydrate system.

Table 3.3 Experimental data of COs + Acetone + Water hydrate system

Temperature Pressure

[K] [T] [bar]
266.15 -7 2.648
269.35 -3.8 4.315
270.85 -2.3 6.669
273.35 0.2 10.885
274.85 1.7 15.298
276.25 3.1 19.515
277.35 4.2 24.909
277.85 4.7 27.753
278.35 5.2 29.714
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3.4 CHys + TBME + Water Hydrate System
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Figure 3.7 Kinetic of CHy + TBME + Water hydrate system.

_35_



90

m  CH +Water Hydrale by Sloan
80 - @ CH_ +MTBE+Water Hydrate(This Work) L

70
60 |- L .
Sl [} .

40 | » .

Pressure(bar)
L

30 N »
20 |- u
10 | L3
i *

0 L 1 L 1 L 1 L 1 L 1 1 1 L 1

250 255 260 265 270 275 280 285 290

Temperature(K)

Figure 3.8 Equilibria of CHs + TBME + Water hydrate system.

Table 3.4 Experimental data of CHy + TBME + Water hydrate system

Temperature Pressure

[K] [C] [bar]
253.85 -19.3 5.786
260.55 -12.6 7.551
267.75 -5.4 10.591
274.55 1.4 18.338
278.55 5.4 29.322
281.15 8 39.521
282.75 9.6 48.154
285.05 11.9 60.017
286.35 13.2 80.022
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3.5 CO2 + TBME + Water Hydrate System
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Figure 3.9 Kinetic of CO2 + TBME + Water hydrate system.
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Figure 3.10 Equilibria of CO; + TBME + Water hydrate system
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Figure 3.11 Equilibria of CO2z + TBME + Water hydrate system at the
range of 271-280K, 10-28bar
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Table 3.5 Experimental data of CO; + TBME + Water hydrate system

Temperature Pressure
[K] [C] [bar]
258.75 -14.4 5.099
265.25 -7.9 6.865
271.65 -1.5 10.689
275.65 2.5 16.867
277.35 4.2 21.084
279.25 6.1 26.380

AR o= & Ho|A| ¥ HAH SR ofF nASHA dF o AT A% do
71 AL @3 4= A} kA CO, + TBME + Water Hydrate A]Z=Elof A
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3.6 COy + THF + Water Hydrate System

Aoz sI7xE PAste stel=do]Ee| THF(tetrahydrofuran)&
7vebd slo+x9] sheol= = A& g delA v THEY
=+ Acetoned} wlZH7EAE 5.56mol%e= stlem CO, + THF + Water
Hydrate Al2=®le] digt 43 dolgE FA3skqtk. CO, + THF + Water
Hydrate A]Z~glel] tf EIEI=E= A3+ Figure 3.99] YERY
3L dloly 3 Table 3.58 B <& 4 vt WY dolHX e

eE#ow IA A7Est sl7F 4 HAS0] dS5rtset, 5 olitkst
A Stol=EgolERT R A, o] £ A BE7] AlE A
= AL 4 4 9t COy, + THF + Water Hydrate® 4% #

o B4 B slle] T2} olv] sels oYY

of

dol=g B4

it
ot
o

O

[
N
2,

o

ot

e

o

[

2
%

ofo
)
N
=
olr
ol
o
o

60
| = CO, +Water Hydrate by Sloan
& CO, + THF + Water Hydrate(this work)
50 |-
|
]
40 | "
|
5 s
T 30 | r ¢
_
@ s
2 I !
o .
o 20 )
| iFir#' .
-~ *
10 | - .
.
]
0 1 1 .I 1 1 1
265 270 275 280 285 290 295
temperature(K)

Fig. 3.12 Equilibria of CO; + THF + Water hydrate system.
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Table 3.6 Experimental data of CO; + THF + Water hydrate system

Temperature Pressure
[K] [C] [bar]
279.69 6.54 1.769
282.74 9.59 4.677
284.97 11.82 8.127
286.09 12.94 10.348
287.21 14.06 13.038
288.22 15.07 16.235
289.28 16.13 19.969
289.77 16.62 22.040
290.48 17.33 25.991
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3.7 CHy + THF + Water Hydrate System

H A9 CO, + THF + Water Hydrate® ®]u e} Cage Occupancy A4k
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Fig. 3.13 Equilibria of CHs + THF + Water hydrate system.l>

1) Unpublished Experimental Results by AIChE
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3.8 Cage Occupancy

X = slol=dolE WE7] Alx"e] AH83i9lS wf, 7 &80l
Zi olgtal 7|tJ¥+= CH, + Acetone + Water Hydrate A]2~®l, CH, +
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e THES S 2o Ao g A el

1

A (114 C, = meed =0 A2 jol 3 Langmuirds, fj+ A2
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2l [4]¢] a+ Kihara hard-core parameter, €9} o+ ZZ} Kihara energy®}
Kihara size parameter® Table 3.79 4YeWHAL, 298 R ZHz)
coordination number®} =32 Hy WHE O 2 Table 3.8 YERN AT}

283 ij-E oS53 22 SRK(Soave-Redlich-Kwong) EOS(equation of

state)ol] ol&l AArE 4= Qo)

- RT — L
P= v—>b wv(v+b) [5]
a = Ezyiyj(aiaj)l/2 or a= Zinxj(aiaj)l/Q .............. (6]

i P
b: Eylbl or b: zylbl .................................... [7]

Table 3.7 Kihara potential parameters for guest—water interaction“? "

Guest a, A o, A e/k, K
Methane 0.30 3.2408 153.2
Ethane 0.40 3.4383 175.0
Ethylene 0.47 3.3228 173.1
Propane 0.68 3.4435 187.4
Propylene 0.65 3.4419 177.8

Carbon Dioxide 0.72 2.9327 169.5

Oxygen 0.36 2.9580 133.2

Nitrogen 0.35 3.1308 123.8
Hydrogen Sulfide 0.36 3.2000 201.7
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Table 3.8 Lattice properties of gas hydrates”™*”

Structure I Structure II
Ideal structure M; - 3My - 32H.0O  M; - 2M, - 17H20
No. of water molcules/
) 46 136
unit cell
No. of small cavities/
. 2 16
unit cell
No. of large cavities/ 6 8
unit cell
Avg. radius of small
.. o 3.95 3.91
cavities, A
Avg. radi {1
8- TAciis of faree 43 473
cavities, A
Coordination no. of
.. 20 20
small cavities
Coordination no. of
24 28

large cavities

3.8.1 Cage Occupancy of Acetone Hydrate System

Sk AT AEd Ao 3.28 3 3.3doA4 SA3g CHs + Acetone
+ Water Hydrate®} COs; + Acetone + Water Hydrate A& Ho]EE o]
23} Compaq Visual Fortran 62 ¥3 &S A4FeE A3E Table 3.99] 4

EfuRlar, Azl ok &% d#EdH ¥ 3E W3t 282 E Figure 3.13°]



7}2t Ve,

Figure 3.149] Z1g]3 ¢} Table 3.99] dlolgjE& ®HW & & QXxo], <F
9.9barolslell A= EHEC] A FUkelA] FAANE 1 o]NEH X EC] H
AsHAl o7t BES B 5 Atk &5, W] Alzwldd HEA 7hs 4
Z79) digt 8% 2ol @ 4 Y& ol Azt

CO, + Acetone + Water Hydrate® 7% CH; + Acetone + Water

Hydrate A]Z=8lo] +0.1bar W] QxpHjollA 2 Bh= whH, T2 T3¢ 9
3 AMtE ekl wE sk o] WAkt AY Q[ A7l Aol yE
Sk o]&= CO29 Acetone F&qe] et w2 &3=el e BAGS A}
A g% Wmd Aow FHo] Hal, g ol &I eE Ly dte] LG
IHES d5T 7 A A7 FREHojord Ao w AT

Table 3.9 Cage occupancy calculation of Acetone hydrate system

CHy+ Acetone+ Water Hydrate

T P Occupancy

[K] [bar] (%]
267.25 1.569 0.02
272.25 5.198 0.24
276.25 9.905 1.09
280.45 20.006 2.97
283.05 29.518 11.9
285.25 39.913 27.76
286.55 48.953 35.82
287.85 58.153 42.95
289.05 69.431 48.85

_46_



S e B S
bl e

280

(o;,)AoUBANOD0 afes ||BWS

Fig. 3.14 Cage occupancy of CHs + Acetone + Water hydrate system.
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Table 3.10 Cage occupancy calculation of THF hydrate system

COot+ THF+ Water Hydrate

CH4+ THF+ Water Hydrate

T P Occupancy T p? Occupancy

[K] [bar] [%] [K] [bar] [%]
279.69 1.769 19.24 277.88 3.272 4.02
282.74 4.677 40.88 282.11 4.362 32.70
284.97 8.127 53.47 286.00 6.836 51.87
286.09 10.348 59.00 290.17 13.653 66.40
287.21 13.038 64.10 293.11 21.245 73.94
288.22 16.235 68.34 295.09 28.222 78.03
289.28 19.969 72.54 296.98 37.254 81.35
289.77 22.040 74.34 299.20 52.639 84.61
290.48 25.991 76.97 300.11 60.190 85.77

small cage occupancy(%)

Fig. 3.15 Cage occupancy of CO; + THF + Water hydrate system.

2) Unpublished Experimental Results by AIChE
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Figure 3.17 Equilibria of CH4 hydrate systems.
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Figure 3.18 Equilibria of CO; hydrate systems.
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