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Abstract To develop a new technique for separating gas mixtures via hydrate formation, a set of medium-sized
experimental bubble column reactor equipment was constructed. On the basis of the structure parameters of the ex-
perimental bubble column reactor, assuming that the liquid phase was in the axial dispersion regime and the gas
phase was in the plug flow regime, in the presence of hydrate promoter tetrahydrofuran (THF), the rate of hydrogen
enrichment for CH,+H, gas mixtures at different operational conditions (such as temperature, pressure, concentra-
tion of gas components, gas flow rate, liquid flow rate) were simulated. The heat product of the hydrate reaction and
its axial distribution under different operational conditions were also calculated. The results would be helpful not
only to setting and optimizing operation conditions and design of multi-refrigeration equipment, but also to hydrate

separation technique industrialization.
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1 INTRODUCTION

When a gas mixture forms a hydrate, the relative
concentration of each component in the hydrate phase
and that in the residual vapor phase might be different.
The component that can form a hydrate or form a hy-
drate more easily might be enriched in the hydrate
phase. On the basis of this principle, a new technology
of separating gas mixture through hydrate forma-
tion/decomposition was proposed, which might be
applicable in economically recovering valuable gas
components such as hydrogen and ethylene from re-
finery gases. There have been some studies reported
related to the separation technology based on hydrate
principles[1—=8].

As the process of separating a gas mixture is
usually carried out in a column reactor, a set of
medium-sized experimental column reactor equipment
for studying gas mixture separation via hydrate for-
mation was constructed. Using the orifice bubbling
gas method, in the presence of the hydrate promoter
tetrahydrofuran (THF), the rate of hydrogen enrich-
ment for CH,+H, gas mixtures at different operational
conditions was simulated, and some feasible opera-
tional conditions were proposed according to the simu-
lation results. The heat product of the hydrate reaction
and its axial distributing along the height of column at
different operational conditions were also calculated.

2 NUMERICAL MODEL AND SIMULATION
METHOD
2.1 Experimental apparatus

A brief introduction about the experimental ap-
paratus used in this study is given here. The apparatus
consists mainly of a cylindrical bubble column with
sieve plates in it, a hydrate decomposer system, a gas
compressor, a liquid feed pump and several heat ex-
change components. Flow chart of the experimental
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apparatus is shown in Fig.1.
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Figure 1 Experimental apparatus

Structure parameters of the experimental bubble
column are shown in Table 1. Structure parameters of
sieve plates are similar to that of the gas distributing
implement except its area.

Table 1 Parameter values of the experimental apparatus

Parameters Values
H, m 7.0
d, m 0.2
AL, m 1.0
J, mm 10
sieve plate
N 6
dy, mm 1.5
[, mm 20
n 50
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2.2 Experimental system and conditions of simu-
lation

Experimental system: CH4+H, constitute the gas
mixture feed, THF aqueous solution (5.6%, by mol)
constitutes liquid feed. Methane gas forms a structure
II hydrate and from which hydrogen gas can be re-
covered. As the pressure of methane hydrate formation
in pure water is relatively high, for example, it is
2.603MPa at 273.15K, and the induction period is
relatively long, hydrate promoter THF was added into
the water to lower the formation pressure, shorten the
induction time, and accelerate the formation rate. THF
itself can play a role in forming the structure II hy-
drate in which the THF molecules occupy only the
larger cavities. The number ratio of large cavities to
little cavities to water molecules in the structure II
hydrate appears to be 1 :2 117 under full occu-
pancy[9]. When the promoter THF was added to water
and made 5.6% (by mol) THF aqueous solution, it just
is the molar ratio of THF to H,O (1 :17) in hydrate
that formed by THF molecules with water molecules,
and the larger guest molecule THF almost exclusively
occupies the large cavities, thus restricting CHy to
only small cavities in the hydrate[10].

Experimental conditions of simulation are shown
in Table 2.

Table 2 Experimental conditions of simulation

Experimental conditions Ranges
T,K 278.15—282.15
pX107% Pa 2—6
H m 6.0
o, mN'm ' 37.39—38.49
4, mPa-s 2.48—134.48
Uy, ms ! 0.00116—0.0035
Uy, ms ' 0.005—0.045

2.3 Numerical model
2.3.1 Hydrodynamic model

Assuming that the liquid phase is in axial disper-
sion regime and gas phase is in plug flow regime. The
axial dispersion model and plug flow model can be
mathematically described as follows:

E de X | Hey,

IR (1)
UH 4z’ dZ U,
¥ B )
dz Hy

where E is dispersion coefficient of dispersion number
E/(U_H) representing liquid back-mixing degree and
it can be calculated by Eqgs.(3)—(4)[11—13]; r is the
reaction velocity term that can be determined by
methane hydrate formation kinetic model; X, Y, Z are
all dimensionless variables, X—= dimensionless con-
centration of CH, in the slurry along the column
height, Y=dimensionless mole flux of CH, gas along
the column height, Z=dimensionless distance along
the column height, they are expressed in Eqs.(5)—(7),

June, 2007

respectively; where Cpy is concentration of CH4 in the
slurry at the bottom of the column, mol'm ~, ny is ﬂow
rate of gas feed at the bottom of column, mol s ', Hy
is the height of slurry along the column; H and S de-
note the height of the static liquid holdup and the
cross section area of the column, respectively.

0.2
Ei = Ug“/{l + o.s(i}j } 3)

E,, =123d,°U,” 4)

where E,, stands for dispersion coefficient when there
is no sieve plate in the column[13].

Cin /CLO =X (%)
gy [y =Y (6)
hH,=Z (7)
Model boundary conditions:
at Z=0:
g =0 (8)
dZ |z
Y=1
at Z=1:
1 dx
Xl =X 9
|21 " Pe, 4zl )]

where Pep stands for the Peclet number of the liquid
phase, and 1/Pe,= E/(ULH) X, 1s the dimensionless
concentration of CHy in the liquid feed and X;,=0.
2.3.2  Hydrate formation kinetic model

On the basis of previous experiments, the kinetic
model of methane hydrate formation in the presence
of a hydrate promoter THF in a bubble column was
advanced[14]. In the kinetic model, the methane hy-
drate formation rate was expressed by CH4 consump-

tion rate 7y /a (mol'min”"-m ). The kinetic model

was as follows:
q(—AG]
Ten, /a =2kOcy, | € kT 71 (10)

where k and ¢ are model parameters and k =
0.50741mol'min”_"m %, g=9.90464; a is the specific
gas-liquid interfacial area; ecm represents the frac-
tion of the small cavities occupied by CH, molecules;
—AG/RT is the driving force of the hydration reaction.
Ocu, and AG can been calculated as follows:

chH
9CH4 1+ chH (4
fo
=4 In +2,lln(l—6?cH ) RT 12)
Jrue )

where ¢ is Langmuir constant; fcy is the fugacity of
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CH, gas; f° is the fugacity of the basic hydrate when
Ocu, =0 ; frur is the fugacity of tetrahydrofuran

(THF); R is gas constant; A; and /1, are structure con-
stants of hydrate, and 1,=2/17, A, =1/17, respectively.
Detailed calculations of 6, and — AG/RT are

shown in the literature [14].

2.4 Simulation method

Gas with liquid is a counter-current flow in the
bubble column. On account of CH4 gas continuously
forming a hydrate in the course of bubbles rising, it
results in the gas flux continuously decreasing from
the bottom of the column to the column top. The de-
crease of gas flux will affect gas-liquid interfacial ar-
eas and gas resident time, and finally affect the quan-
tity of hydrate formation. The hydrate flows down-
ward with liquid at the same velocity because its den-
sity almost equals to liquids’ and its particles are fine.
Consequently the hydrate volume fraction in the slurry
is increased from the column top to the column bot-
tom. The increase of the hydrate volume fraction will
affect the hydrate formation rate also.

On the basis of the reaction process mentioned
above, a tiny element method to simulate the gas
mixture separation process via hydrate formation is
used. Divide the column into J elements along the
column axis from the bottom to the top and each ele-
ment is a tiny CSTR reactor, hence the whole column
reactor is equal to J elements series connection.

2.4.1 Quantity of CH; consumed

The quantity of CH4 consumed in each element

can be calculated by Eq.(11):

t
n]CH4=JOrdt=r-aj-tj (13)

where subscript j stands for no j element; r, a; and ¢
are CH4 consumption rate, ¢y, / a, gas-liquid inter-
facial area, and reaction time in No. j element, respec-
tively.

The specific gas-liquid interfacial area a; and
bubble average diameter in each element can be cal-

culated by equations that are proposed by Akita and
Yoshida[15]:

1 d2 0.5 d3 0.1 81'143 .
ajzg[g tpLj [gth g,J (—dtzdj)(lél-)
oL vi d, 4
1/8 1/12
Sg’j _ 0 20 gdtsz gdt3 Ugaj 15
4 2 (135)
(I—Sg,j) oL VL V&d,

d2 -0.5 d3 -0.12 U -0.12
dJ:26(g tpL] (gzt j g,J dt (16)
oL |49 v&d,

From Eqs.(13)—(16), you can find that the fac-
tors that influence the quantity of CH, consumed in
cach element are Oy , (—AG/RT), v, a1

Different height of the element designed will af-
fect gas bubble residence time and simulation results.
Therefore, a reasonable height of the element should
be selected. According to surface renewal theory[16],
it is considered that gas bubble begins mass transfer
with the liquid touching it at its top. The liquid con-
tinuously absorbs gas from the gas bubbles and forms
hydrate when gliding downwards, and the liquid
touching the bubble foremost has to be substituted by
a new liquid element after the bubble rises a distance
of the bubble diameter. Therefore, it was assumed that
the height of each element equals to the bubble aver-
age diameter in it. As the liquid phase has been acti-
vated, the reaction time in each element, namely, the
bubbles’ residence time in each element, can be de-
cided by the height of each element and the rising ve-
locity of gas bubbles in it:

di
t=—= 17)
I/lb’ j

Because in a homogeneous bubble flow regime,
the relationship of specific gas velocity with the bub-
ble rising velocity is as follows:

U, =&, (18)

So, the bubble residence time in each unit can be
expressed as:
t =—djgg"’ (19)
U. .
g.J

On the basis of the system studied, the liquid-solid
medium is considered as a homogeneous phase and
introduces its effective viscosity to calculate the in-
fluence of solid particles to bubbles. The relationship
of the effective viscosity of the liquid-solid mixture
with the hydrate volume fraction in the slurry is

shown in Eq.(20):

M=y +0.44 Xy, (20)

where p and g stand for viscosity of the liquid-solid
mixture and fresh liquid respectively, v, is the hydrate
volume fraction in the hydrate slurry[17].
2.4.2 Heat product of hydrate reaction

As the hydrate formation reaction is an exother-
mic reaction, the reaction rate will be affected by the
heat produced and will be likely to cease if the heat
cannot be taken away. As the quantity of hydrate
formed in each element is different, the heat product
in each element is different too. The heat product in
each element and total heat product in the column can
be calculated as follows:

0, =W/q" @1
N

0=30, (22)
j=1

where O, O stands for the heat product in No. j ele-
ment and total heat product in the column, respec-

tively; W}’ is the mass of hydrate formed in each

element and calculated by Eq.(23); qh stands for the
hydrate formation heat and qh:230kJ kg .
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Wh=n) XM" (23)

where ni’ . M;‘ represent the mole number of the

hydrate and the molecular weight of the hydrate
formed in No. j element, respectively, and can calcu-
lated by Egs.(24) and (25), respectively.

ny =n$™ /(1605 (24)

J

where 0 represents the fraction of small cavities
occupied by CH4 molecules in the hydrate, namely
Oy, as mentioned above and a detailed calculations

are shown in Ref.[14,18,19].
M} =16M ey 07 +8Mpye0]™ +136My ,  (25)
where MCH4’ Mryr, and MHZO denote the molecu-

lar weight of CH,4, THF, and H,O respectively; HJTHF

represents the fraction of the large cavities occupied
by the THF molecules and HJ.THF =1 for the experi-

mental system in this study.

3 SIMULATION RESULTS AND ANALYSIS

3.1 Factors influence quantity of CH4 consumed
As the separation result and heat product of the

bubble column are decided by the quantity of CH,4

consumed, to easily explain the separation result and

heat product under different experimental conditions,

the changes of CH,4 consumed rate were simulated, as

also the changes of its factors [ecm , (—AG/RT) , w,

a;, tj], along the height of the bubble column under the
conditions of 7= 278.15K—282.15K, p = 5MPa,
U,=0.01ms"', U.=0.003m's ', yy=0.2 (the initial
fraction of CH4 in CH4+H, mixture), and the results
are shown in Figs.2—7.
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H,m
Figure 2 Changes of hydrate fraction v,
(p=5.0MPa; UgZO.Olm-sfl; UL:0.003m~sfl;y0:0.2)
T, K: 1—278.15; 2—279.15; 3—280.15; 4—281.15; 5—282.15

3.2 Separation results and discussion
3.2.1 Effect of temperature on separation process

To research the effect of temperature on the
separation process, the changes of H, concentration
along the column height at different temperatures
were calculated, and the results are shown in Fig.8.
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H, m
Figure 3 Changes of gas-liquid interfacial areas a;
(p=5.0MPa; U,=0.01m's '; U, =0.003m's ; yo=0.2)
T, K: 1—278.15; 2—279.15; 3—280.15; 4—281.15; 5—282.15
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Figure 4 Changes of residence time of gas bubble t;
(p=5.0MPa; U,=0.0lm's '; U =0.003m's '; »,=0.2)
T,K: 1—278.15; 2—279.15; 3—280.15; 4—281.15; 5—282.15
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Figure 5 Changes of Oy

(p=35.0MPa; U,=0.01m's"'; U =0.003m-s"; y,=0.2)
T,K: 1—278.15; 2—279.15; 3—280.15; 4—281.15; 5—282.15

H,m
Figure 6 Changes of reaction driving force (—AG/RT)
(p=5.0MPa; U,=0.0lm's '; U;=0.003m's '; y,=0.2)
T,K: 1—278.15; 2—279.15; 3—280.15; 4—281.15; 5—282.15

It is found that the effect of temperature on the
rate of hydrogen enrichment is distinct. The lower the
temperature is, the more rapid is the H, concentration
and the higher the H, concentration in the final vapor
phase. The main reason lies in that driving force that
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Figure 7 Changes of CH, consumed rate
(p=5.0MPa; U,=0.01m's '; Uy =0.003m's '; y,=0.2)
T,K: 1—278.15; 2—279.15; 3—280.15; 4—281.15; 5—282.15
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Figure 8 Effect of temperature on separation process
(p=5.0MPa; U,=0.0lm's '; U =0.003m's '; »,=0.2)
T, K: 1—278.15; 2—279.15; 3—280.15; 4—281.15; 5—282.15

the (—AG/RT) of the hydrate reaction increases when
the temperature decreases. But the temperature cannot
be too low, because THF itself can form a hydrate
with water at 4.4°C or lower temperature[20], and the
bubbling separation process will not occur. So an op-
erational temperature at about 278.15K was designed.
3.2.2 Effect of pressure on separation process

Effect of pressure on the separation process was
also examined and the results are shown in Fig.9.

— Nuwhw

0.80 L L L
0 2 4 6 8
H,m
Figure 9 Effect of pressure on separation process
(T=278.15K; U,=0.01m's '; U =0.003m's '; ,=0.2)
p, MPa: 1—2; 2—3; 3—4; 4—5; 5—6

The simulation results show that the influence of
pressure on the separation process is obvious also. The
rate of hydrogen enrichment increases when pressure
increases. The reason is that the fugacity difference
between gas phase and hydrate phase is the driving
force of the CH,4 hydrate reaction. When the tempera-
ture is constant, the higher the pressure (or the higher
fugacity of CHy4 in gas phase) is, the higher the driving
force is, and the higher the formation rate of CHy4 hy-

drate is. In addition, it can be found that the difference
between the curve at p=5MPa when the curve at
p=06MPa is negligible, this illustrates that an infinite
increase operation pressure is meaningless in the proc-
ess of gas mixture separation via hydrate formation. So,
p=4MPa—>5MPa as operational pressure was designed.
3.2.3 Effect of composition of gas feed on separation
process

From Fig.10, it is found that the concentration of
H, in the final vapor phase increases when the con-
centration of H, in the gas feed increases. But from
the slopes of the curves in Fig.10, it can be seen that
the rate of H, enrichment decreases when the concen-
tration of H, in the gas feed increases. The higher the
concentration of H; is the lower the partial pressure of
CH,is, which causes a lower hydrate reaction driving
force.
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Figure 10 Effect of composition of gas feed on
separation process
(T=278.15K; p=5MPa;U,=0.0lm's"'; Uy =0.003m-s ")
Yo: 1—0.10; 2—0.20; 3—0.25; 4—0.30; 5—0.35

Yn,

3.2.4 Effect of superficial gas velocity on separation
process

As superficial gas velocity influences resident
time and gas-liquid interfacial areas, that is to say, it
influences the rate of hydrate reaction, the effect of
superficial gas velocity on the separation process was
studied and the simulation results are shown in Fig.11.
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Figure 11 Effect of superficial gas velocity on
separation process
(T=278.15K; p=>5MPa; U, =0.003m's"'; ,=0.2)
Uy, ms”': 1—0.003; 2—0.010; 3—0.015; 4—0.020; 5—0.025

The simulation results in Fig.11 show that the
concentration of H, in the gas mixture finally achieved
increases when the superficial gas velocity decreases.
The reason lies in the fact that the lower superficial gas
velocity causes longer resident time, and the hydrate
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reaction will be more complete. But the capacity of
the reactor will decrease with the superficial gas ve-
locity reducing. So, reasonable superficial gas velocity
should be chosen according to separation requirement
and operational conditions.
3.2.5 Effect of liquid flow velocity on separation pro-
cess

The liquid flow rate affects the back-mixing de-
gree of the liquid phase and the hydrate concentration
in the slurry. In other words, it influences the reaction
rate. The effect of liquid flow velocity on the separa-
tion process was researched and the simulation results
are shown in Fig.12.

0.88
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) 1
082 3
4
5
0.80 1 1 1
0 2 4 6 8
H,m

Figure 12 Effect of liquid flow velocity on
separation process
(T=278.15K; p=5MPa; U,=0.001m's '; ,=0.2)
Up, m's™": 1—0.002; 2—0.003; 3—0.004; 4—0.005; 5—0.010

It can be found from Fig.12 that the higher the
liquid flow velocity is, the higher is the separation
efficiency. The reason is that a higher liquid flow ve-
locity will cause acute flow turbulence, mass transfer
will be better, back-mixing will be reduced, and fi-
nally, the result in reaction rate will increase.

3.3 Reaction heat product and its axial distribution
Hydrate reaction is an exothermic reaction, and
the heat product will affect the hydrate reaction rate if
the heat cannot be taken away in time. So the heat
product of the hydrate reaction and its axial distribution
at different operational conditions were calculated.
3.3.1 Effect of temperature on heat product and its
distribution
It is found that the effect of temperature on the
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0.40 F
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= 035F
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0.30F 3
0.25 4
5

0‘20 1 1 1 1 1
0 1 2 3 4 5 6
H, m
Figure 13 Effect of temperature on heat product and its
distribution

(p=>5MPa; UgZO.Olm-sfl; UL:0.003m's71;y0:0.2)
1—7=278.15K, Q=191.84kW; 2—T7=279.15K, Q=
177.32kW; 3—T=280.15K, 0=163.76kW; 4—T=281.15K,
0=149.82kW, 5—T7=282.15K, 0=136.61kW
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heat product and its distribution is distinct. The lower
the temperature is, the more the heat product is, be-
cause lower temperature is advantageous for hydrate
reaction. In addition, heat distribution along the height
of the column is different at different temperatures. So,
the heat has to be removed based on the heat distribu-
tion curves.
3.3.2  Effect of pressure on heat product and its dis-
tribution

As higher pressure is favorable for a hydrate re-
action, the heat product increases when the operational
pressure increases. From Fig.14, it is found that heat
distribution along the height of column is different at
different pressures. The heat distribution is even along
the height of the column when p=2MPa and 3MPa,
whereas, the heat distribution gradually concentrates
at the central section and top of the column when p=
5MPa and 6MPa.

0.6

0.1 I T 1 | 1

H,m
Figure 14 Effect of pressure on heat product and its dis-
tribution
(T=278.15K; U,=0.01m's '; Uy =0.003m's '; y,=0.2)
1—p=6MPa, 0=225.01kW; 2—p=>5MPa, Q=191.84kW;
3—p=4MPa, Q=157.09kW; 4—p=3MPa, 0=120.75kW;
5—p=2MPa, Q=281.15kW

3.3.3 Effect of composition of gas feed on heat prod-
uct and its distribution

The effect of gas feed composition on the heat
product and its distribution are shown in Fig.15. It can
be found that the heat product and its distribution are
different with different compositions of gas feed. The
lower the content of H; in the gas feed is, the more the
heat product is, at the same time, the situation that
heat concentrated gradually transfer from column

1.0

0.8 -

.
(=)}
T

0, kW
2

H,m
Figure 15 Effect of composition of gas feed on heat prod-
uct and its distribution
(T=278.15K; p=5MPa; U,=0.0lm's '; U.=0.003m's ')
1—9=0.35, 0=301.45kW; 2—,=0.30, 0=266.47kW;
3—0=0.25, 0=229.70kW; 4—y,=0.20, 0=191.84kW;
5—=0.10, 0=107.11kW



Numerical Simulation of Separating Gas Mixtures via Hydrate Formation in Bubble Column 351

bottom to column top. This further proves the CHy4
partial pressure’s influence on hydrate reaction.
3.3.4  Effect of superficial gas velocity on heat prod-
uct and its distribution

From Fig.16, it is clear that the total heat product
increases when gas flow velocity increases. The rea-
son is that the gas-liquid interfacial areas increase with
superficial gas velocity increase, resulting in a higher
reaction rate. In addition, heat distribution is signifi-
cantly different under different superficial gas velocity.
This is because the resident time decreases when su-
perficial gas velocity increases, whereas the quantity
of hydrate formation (or the heat product) is decided
by the gas—liquid interfacial areas and gas resident
time .

1.4
12
1.0

Z 0.8F
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S 061
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02

0 1 2 3 4 5 6
H,m
Figure 16 Effect of superficial gas velocity on heat prod-
uct and its distribution
(T=278.15K; p=>5MPa; U, =0.003m's"'; yo=0.2)
1—U,=0.025m's "', 0=448.25kW; 2—U,=0.020m-s "',
0=365.22kW; 3—U,=0.015m's "', 0=279.87kW;
4—U,=0.010m's ', 0=191.84kW;
5—U,=0.005m's ', 0=99.92kW

3.3.5 Effect of liquid flow velocity on heat product
and its distribution

Effect of liquid flow velocity on the heat product
and its distribution are shown in Fig. 17.

As higher liquid velocity continuously brings
abundant fresh liquid to the reaction system, there is
better mass transfer and less liquid back-mixing fi-
nally, causing the reaction rate to increase. So it can be
found in Fig.17 that the higher the liquid velocity is,
the more the heat product is.

0.50

045
=
040
Ql

0.35

0.30 1 | 1 | 1
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Figure 17 Effect of liquid velocity on heat
product and its distribution
(T=278.15K; p=>5MPa; U,=0.01m's '; ,=0.2)
1—U,=0.010m's |, 0=260.43kW; 2—U, =0.005m-s ",
0=219.94kW; 3—U; =0.004m's ', 0=207.06kW;
4—U;=0.003ms” |, 0=191.84kW;
5—U.=0.002m's” ', 0=171.27kW

4 CONCLUSIONS

On the basis of methane hydrate formation ki-
netic model, in the presence of a THF promoter in the
bubble column, assuming that the liquid phase was in
axial dispersion regime and the gas phase was in plug
flow regime, separation efficiency of a medium-sized
bubble column hydrate reactor for CH4+ H, gas mix-
tures at different operational conditions was simulated.
Heat product and its axial distribution along the height
of the column at different operational conditions were
also calculated. Some feasible operational conditions
were proposed according to the simulation results,
such as 7=278.15K, p=4MPa—5MPa. The results
of the simulation would be helpful to hydrate separa-
tion technique industrialization.

NOMENCLATURE
a gas-liquid interfacial area, m*m~
Cro concentration of CH, in liquid at column bottom, mol'm >
d;  height of j element, m
d,  diameter of bubble column, m

dy  aperture in gas distributing implement, mm

g acceleration of gravity, kgms ™'

H  static liquid holdup, m

H; height of bubble column, m

J total number of element

AL  space between sieve plates, m

[ space between holes, mm

N number of sieve plates

n

no

p

0

9

T

U,

3

number of holes in gas distributing implement
gas flux in mole number at column bottom
pressure, MPa
total heat product, kJ
heat product of j element, kJ
temperature, K
. gas flow velocity, ms”!

U, liquid flow velocity, m's™'

vy volume fraction of hydrate in slurry

yo  mole fraction of CHy in gas feed

vy, mole fraction of H, in gas mixture

0 thickness of sieve plate, mm
& gas holdup
U viscosity of hydrate slurry, Pas
Lo viscosity of liquid, Pas
v,  kinematical viscosity of liquid, m*s™!
pL  density of liquid, kg'm >
oy surface tension of liquid, N'-m
Subscripts
j No. j tiny element

1
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