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Abstract: Dissociation processes of gas hydrate-bearing sediment particles in water flow condition
were investigated. Experiments were carried out by observing a spherical CO, hydrate-bearing
sediment (CHBS) particle settling in water. The release process of gas bubbles from CHBS particles
was recorded by a high-speed camera and the total time of dissociation was obtained for different
particle diameters and water temperatures. An intrinsic dissociation model was presented based on
the assumption that the dissociation rate of the CHBS particle is exponential with the concentration
of remaining hydrate. The model considered the influences of changing temperature, pressure and
the particle concentration on the dissociation rate. The constants in the model were obtained based
on fitting the experimental data. The presented model can reveal the dissociation behavior of the
CHBS particle.

Keywords: CO, hydrate; dissociation rate constant; dissociation model; solid fluidization
exploitation; gas bubbles

1. Introduction

Gas hydrate (GH) is a kind of solid cage-type compound consisting of gas (methane, CO,,
propane, etc.) and water. Naturally, methane gas hydrate exists extensively in the sediments of seafloor,
permafrost and deep lakes [1-3]. The challenges of the commercial development of methane hydrate
(MH) in sediments are to improve recovery efficiency and to ensure seabed stability.

Solid fluidization exploitation is a highly efficient and safe method for shallow marine hydrate
due to the utilization of warm surface seawater and convective heat transfer [4-6]. Similar to mining,
sediments were cut into small bodies of different sizes (mm to cm), and transported into the well.
Gas hydrate in the well dissociates during upward flow and the dissociation rate is affected by the
water temperature, flow velocity and size of gas hydrate-bearing sediment particles, etc. Hence,
the dissociation behaviors of gas hydrate-bearing sediment particles in the water flow condition are
essential to understand the transportation processes and to optimize the new exploitation method.

A great deal of research on the GH dissociation has been carried out. In general, the dissociation
rate involves many factors, such as intrinsic dissociation rate, heat transfer rate and mass transfer
rate [7]. Among them, the intrinsic dissociation rate is essential for the prediction of gas production.
Kim et al. [8] performed some experiments to study the kinetics of MH dissociation in a stirring reactor
and proposed a mathematical model to describe the hydrate dissociation. Clarke and Bishnoi [9] carried
out a kinetic study on the CO, hydrate, ethane hydrate and MH, both using experimental work and
an analytical model. Their experiments were conducted in stirred tank-type reactors to eliminate the
effects of mass and heat transfer resistances. Their analytical model was deduced based on the model of
Kim et al. [8]. Their results showed that the dissociation rate is proportional to the particle surface area
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and the difference in the fugacities of carbon dioxide at the equilibrium pressure and the dissociation
pressure. The Kim-Bishnoi dissociation model is regarded as classic and is the most commonly used
model to stimulate the hydrate dissociation process. Sean et al. [7] and Fukumoto et al. [10] estimated
the dissociation rate of MH and CO, hydrate at a given surface area of the hydrate particle in water
flow, respectively, by means of experiments and numerical simulations. The dissociation rate was given
based on the rate constant multiplied by the driving force, which was assumed to be the molar Gibbs
free energy difference between the hydrate phase and the ambient aqueous phase. However, all the
above models are constructed based on the mechanism of pure hydrate dissociation and have not
considered the influences of continuously changing temperature, pressure and particle concentration
on the dissociation rate. Therefore, they are not suitable for describing the hydrate dissociation of CO,
hydrate-bearing sediment (CHBS) particles in the multiphase flow condition.

CO; can form structure I (sI) gas hydrate under lower phase equilibrium conditions compared to
methane. CO; hydrate is similar to MH in thermal and mechanical properties, and is often used as a
substitution in experiments. In addition, forming CO, hydrate in deep marine sediment is a promising
approach for CO; sequestration [11-13].

The objective of the present paper is to develop a new model to describe the dissociation
behaviors of CO, hydrate in CHBS particles using an analytical and experimental approach. First,
an analytical model is presented in Section 2 and the constants in the model are defined. Second,
the dissociation experiments of a single CHBS particle and group particles with the various diameters
at the atmospheric pressure (see Section 3) were conducted in water with a temperature range of
283.15 K-298.15 K and initial temperature of 253 K. Third, the model parameters were obtained by
fitting the data of the single particle experiments. Finally, the data of the group particles experiments
were used to verify the validity of the model. This research can reveal the main feature of the
dissociation process of gas hydrates.

2. Gas Hydrate Dissociation Model

To establish the dissociation model of gas hydrate, it was assumed that CHBS particles were ideal
spheres and consist of three components (hydrate, water and clay), and GH were homogeneously
distributed in the sediments. Fragmentation of the CHBS particles during the dissociation process is
not considered. Kim et al. [8] pointed out that the hydrate dissociation process included the destruction
of clathrate host lattice on the surface of particles and the desorption of gas molecules through the
surface. According to this knowledge, Sun and Chen [14] formulated the hydrate dissociation process
by assuming that the dissociation rate of hydrate was directly linearly proportional to the concentration
of remaining hydrates. In this paper, we assume the rate of hydrate dissociation is exponential with
the concentration of remaining hydrates:

dc
r= de = —kCly 1)

where r is the reaction rate of GH dissociation, kmol/s; Cgy is the molar concentration of remaining
GH, kmol; 7 is the rate exponent used to adjust the reaction rate, dimensionless; and k is the rate
constant. An Arrhenius-type equation is applied [7]
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where A is the pre-exponential factor, kmol' ™7 . s~ 1 B is the temperature exponent, dimensionless;
E, is the activation energy, ] /mol; R is the universal gas constant; J]/mol - K. T is the temperature
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of particles, K; T; is the GH phase equilibrium temperature. Sloan’s expression [15] for the phase
equilibrium pressure P, (MPa) as a function of T is given by

P.=1073 exp <¢x + ﬁ) 3)
Te
where & = 44.6 and B = —1.02 x 10%. Thus, Equation (1) can describe the effect of continuously

varying temperature, pressure and the particle concentration on the dissociation rate.
The initial condition is
t=0,Con =Co (4)

where Cj is the total molars of hydrate contained in the CHBS particles initially.

Due to the fact that the hydrate dissociation process occurs at the particle surface, the mass
transfer rate of the released gas can be ignored [14]. The temperature of the solid particle is assumed to
be constant during dissociation process. This means that the heat transfer effect is ignored to obtain the
intrinsic dissociation rate [7] and the temperature of particles quickly rises from the initial value Ty to
the temperature of the ambient water Tj. So k can be viewed as a constant when the phase equilibrium
temperature remains unchanged. Integrating Equation (1) and substituting Equation (4) gives

R N O S NP
t_k 1—17 <C0 CGH) ©®)

So,

1

Con = [Cé”’ — k(1 - q)t} = ®)

Thus, the relationship between the amount of released gas and the dissociation time can be
derived as

1
e _ =y
(Co—Con)Mg _ {CO [CO k1 17)4 }Mg
Pg Pg
where M represents the molar mass of gas and pg is the gas density.

Substituting Ccy = 0 into Equation (5) can yield the time t4 required for the complete
dissociation of a certain amount of hydrates:

Vgt = (7)

tdis:E'm'Co ®)
For a single hydrate-bearing spherical particle, the total molars of hydrate contained in the
particle is
T[dg’pGH (pSH
6Mgu
where ds is the particle diameter; pgy is the density of hydrate; ¢ is the porosity of the particle; Sy is
the hydrate saturation; and Mgy is the molar mass of hydrate. Thus, the total dissociation time £ ;g is
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It can be seen that f4;5 is dependent on T, ds and Sy for the single spherical particle case. The four
model parameters (A, E,, § and 77) can be determined by the experimental data of time for the complete
dissociation of the CHBS particles under different operating conditions.

3. Experimental Setup
3.1. Preparation of CHBS Particles

3.1.1. Experimental Apparatus

The clay sample from the Shenhu area in the South China Sea was used as the soil skeleton with a
grain size ranging from 300 um to 450 pm. The specific weight of the samples was 2.81 [16]. The dry
soil was mixed with deionized water until reaching a water content of 22%. A given amount of the soil
was mounted in a spherical rubber mold with the inner diameters of 7-10 mm. In this way, spherical
soil particles of different diameters were obtained with a porosity of 0.4. The spherical soil particles
were then used to prepare spherical CHBS particles in a high-pressure vessel. This vessel was put
inside a cold room, which is able to control temperatures ranging from 243 K to 303 K with an accuracy
of +0.5 K. Figure 1 shows the schematic diagram of the experimental apparatus used to prepare the
CHBS particles. The apparatus consists of a high-pressure vessel, gas tank, gas pressurization system
and cold room. The vessel is made of stainless steel with the maximum pressure of 30 MPa. The inner
volume of the vessel can be changed by using a movable piston. The inner diameter of the vessel is
7.5 cm and the maximum height is 30 cm. The gas pressurization system is used to supply gas at a
given pressure to the vessel.

Gas pressurization system Pressure gauge
[ \ Cold room ‘ ‘
High-pressure
vessel

Gas tank
Figure 1. Experimental apparatus for preparing the CO, hydrate-bearing sediment (CHBS) particles.
3.1.2. Preparation Procedure

The procedure for preparing CHBS particles is as follows:

1.  The temperature of the cold room was set as 268 K and was kept constant during the formation
of CHBS particles.

2. CO, was injected into the vessel through the gas pressurization system. When the gas pressure
achieved 5 MPa, the vessel was closed as an isochoric system to form CHBS particles.

3. The formation process lasted for 48-72 h until the pressure did not decrease with time.

4.  The vessel was depressurized to 0.1 MPa after Step 3 by slowly venting gas through the valve.

5. The temperature of the cold room was reduced to 253 K for 34 h.
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6. The CHBS particles were obtained as shown in Figure 2a,b. The dissociation experiments
were performed at the atmospheric pressure. According to Equation (3), the phase equilibrium
temperature T, at the atmospheric pressure is 257.15 K. The initial sample temperature Tgy was set
to 253 K, which is about 1.5% lower than the phase equilibrium temperature at the atmospheric
pressure. The main purpose was to prevent the hydrate from dissociating immediately when
the vessel was depressurized to the atmospheric pressure. If the initial sample temperature was
higher than 257.15 K, the hydrate began to dissociate immediately when the prepared CHBS
particles were taken out from the vessel, and the released water formed ice to make the particles
stick together, as shown in Figure 2c.

A . & r
@ ® ©

Figure 2. CHBS particles synthesized under laboratory conditions. (a,b) Top = 253 K. (c) The
phenomenon of icing agglomeration of group particles, Tgg = 268 K.

3.1.3. Measurement of Hydrate Saturation

The procedure for the hydrate saturation measurement are as follows:

1. Geta closed container for the CHBS particle. The mass of the container is weighed and recorded
as my.

2. Puta single CHBS particle in the closed container. The mass of the container and the particle
is weighed by a NewClassic ME analytical balance with an accuracy of £0.0001 g. The mass is
recorded as m;.

3.  The closed container is kept at room temperature until the hydrate is completely dissociated.
After the CO, produced due to dissociation is released, the mass is weighed and recorded as m;.

4.  The particle is dried at 373.15 K for 12 h and then weighed, and the mass is recorded as m3.

The hydrate saturation is defined as the volume ratio of hydrate to the pore and then can be
shown as v
Sp=-——° 11
H Va+ Vi + VGH ( )
where Vou = mco,Mcu/(Mco,pch)- In addition, mco, = mq — mj is the mass of carbon dioxide
which forms the hydrate in a single particle and pgg = 1117 kg/m?3 is the density of hydrate [10].
Moreover, Vi, = my /pw, where my, = my — ms is the mass of the added water in a single particle.
pw = 1000 kg/ m? is the density of water. Hence, the air volume V, in a single CHBS particle can be
derived as

Va= Lq) * Veand — Vw — VGH (12)

1—

where ¢ = 0.4. The volume of the soil skeleton Vg g4 = Mgand / Psand, Where miganq = ms — my, is the
mass of the soil skeleton in a single particle.
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3.2. Dissociation Experiments of Single CHBS Particle

Hydrate dissociation experiments were conducted with a CHBS particle settling in water with a
certain initial velocity under the given conditions of atmospheric pressure and water temperature Tjg
(ranging from 283.15 K to 298.15 K). The CHBS particle was dropped from a height of 3 cm over the
water surface and then the particle was immersed in water. The dissociation of hydrate was driven
by the temperature difference between the particle and water. When the temperature of the particle
exceeded the equilibrium phase boundary condition, the hydrate started to dissociate and produce
gas bubbles. The whole dissociation process was recorded by using a high-speed camera (Phantom
VEO410L) equipped with a DC source bright LED light. The time required for the particle to be
dissociated completely was recorded.

During the process of the particle settling in water, a sufficient amount of heat for dissociation
was supplied from the ambient water. Hence the hydrate dissociation can be assumed to occur under
isothermal conditions and the local thermal effect was ignored [7]. Due to the fact that the experiments
were carried out at atmospheric pressure, the process of hydrate dissociation was rapid and occurred
at the particle surface. Hence, the mass transfer resistance of the released gas can be ignored [14] and
the dissociation rate obtained by these experiments can be recognized as the intrinsic dissociation rate.

3.3. Dissociation Experiments of Group Particles

Figure 3 shows a schematic drawing of the experimental apparatus used for the dissociation of
group CHBS particles. A Plexiglass tube (inner diameter of 4.24 cm and height of 35.60 cm) was used.
Initially, group CHBS particles accumulated at a certain height /i from the bottom of the tube and then
had a volume fraction of agy. The initial temperature of CHBS particles was Ty and hydrate saturation
was Sy. The tap water at temperature Tjy was injected into the tube from the bottom inlet at a certain
velocity vjg. The flow of the water was measured by a turbine meter. A drying tank connected to the
outlet was used to dry the released gas. A gas flow meter with a measurement error of +1% was used
to measure the CO; gas volume. It is noted that the effect of the excess air in the tube was eliminated
through a parallel test which conducted with spherical soil particles without hydrate. When the water
reached the top of the tube, the inlet was closed to prevent the mixture of gas and water from flowing
into the drying tank and the gas flow meter. Before the inlet was closed, water was flowing into the
tube continuously, and heat transfer between the water and particles was dominated by convection.
The temperature of the ambient water did not significantly decrease due to the hydrate dissociation.
After the inlet was closed, the water in the tube did not flow upwards and heat conduction played the
dominant role in the heat transfer between the water and particles. During the hydrate dissociation,
the water temperature decreased significantly, which in turn reduced the dissociation rate. Thus, only
the experimental data obtained before the inlet was closed were useful and can be used to compare
with the theoretical model determined by the dissociation experiments of a single particle. At the same
time, the flowing water can take away part of the released gas, avoiding excessive gas concentration
around the particles, which would affect the dissociation of hydrate.
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] Gas flow meter
Drying tank

R e

Cold room

Tube

Water tank

Turbine meter

g CP g Liquid pump

Figure 3. Experimental apparatus for group CHBS particles dissociation.
4. Results and Discussion

Figure 4 shows gas bubbles emerging from the surface of the single CHBS particle. When the
particle was immersed in water, gas was progressively released from the particle in the pattern of small
bubbles which deviated from the particle and went upwards in the water. After a certain time, a group
of gas bubbles occurred around the CHBS particle because enough heat had transferred into its surface
through convective heat transfer between the water and particle. Surface soil grains (at sizes from
several microns to tens of microns) were separated from the CHBS particle due to the great decrease in
the cohesion between the soil grains after the dissociation of hydrate took place.

-
Water surface

t=t, t=t,+70 ms t=t,+150 ms

Figure 4. Visualization of gas bubbles emerging from the surface of the particle. P = 0.1 MPa,
Tip = 294.15K, ds = 7 mm.
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4.1. Determination of the Dissociation Model

Table 1 summarizes the results for the dissociation experiments of a single CHBS particle at
atmospheric pressure. The dissociation experiments were performed according to the procedures
described in Section 3.2. The hydrate dissociation time was obtained at different water temperatures
and particle diameters.

Table 1. Experimental conditions and results for the dissociation of the single CHBS particle settling

in water.

Case # Initial Particle Hydrate Water Temperature Particle Dissociation
Temperature Ty (K) Saturation Sy (%) Tyo (K) Diameter ds (m) Time #4;5 (s)

1 253.15 3.22 283.15 7.00 x 1073 28.450

2 253.15 3.22 283.15 7.50 x 1073 30.970

3 253.15 3.22 283.15 7.80 x 1073 32.240

4 253.15 3.22 283.15 834 x 1073 35.120

5 253.15 3.22 288.15 7.50 x 1073 26.180

6 253.15 3.22 294.15 7.50 x 1073 22.538

7 253.15 3.22 298.15 7.50 x 1073 20.513

Figure 5 shows that the dissociation time of the single particle with different diameters (cases 1-4)
at the initial water temperature of 283.15 K. It can be seen that the dissociation time t4;5 increases as ds
increases because the larger diameter contains more hydrate. The relationship between In t4;5 and In ds
is approximately linear. The correlation shown in Figure 5 can be expressed as

Intg = 1.19Inds +9.27 (13)

3.60

Int,, =1.19Ind, +9.27

3.50 A

Inzg 345

3.40 A

3.35 A

3.30 T T T T T T T T T T
-498 496 -494 -492 -490 -488 -486 -484 -482 -480 -478 -476

Ind_ (m)

Figure 5. Dependence of the dissociation time of a single CHBS particle on the particle diameter.
Ty = 253.15K, Tjg = 283.15K, Sy = 3.22%.

For the same water temperature cases, it can be seen that In ¢ ;5 is proportional to 3(1 — #) Inds by
taking logarithmic Equation (10). Thus, 3(1 — #7) = 1.19, which gives # = 0.6.

For the same particle diameter cases, taking the natural logarithm for both sides of Equation
(10) gives

Ea

BInTy +m (14)

where m is a constant. Figure 6 shows the dissociation time of the single particle with a particle
diameter of 7.50 mm (cases 2 and 5-7) under conditions of different initial water temperatures. Higher
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water temperature provides greater driving force for hydrate dissociation. In other words, the higher
Tjp causes faster hydrate dissociation. Figure 6 shows a correlation for In t4;s and Tjg as

1744
In tdis = Tilo —2In TIO + 8.56 (15)

3.50

3.45 4

3.40 1 1744
Intg =

~2InT, +8.56

335 4 0
R*=0.995

330 ]
Inty 325 ]
(s)
320 ]
3.15 ]

3.10 4

3.05 4

3.00

282 284 286 288 290 292 294 296 298 300
Ty (K)

Figure 6. Dependence of the dissociation time of the single CHBS particle on the initial water
temperature. Tqy = 253.15K, dg = 7.50 mm, Sy = 3.22%.

The values of E; and B can be obtained by comparing Equations (14) and (15), which result in
E, = 1.45 x 10* J/mol and B = 2. Substituting the values of 15, E, and B into Equations (13) and
(15) yields A = 2.76 x 102 kmol'! ™" - s~1. Note that Mgy = 147.5 kg/kmol and T, = 257.15 K at
atmospheric pressure for the CO, hydrate.

4.2. Model Prediction

The amount of gas released at different times for the CHBS particles can be predicted based on
the established intrinsic dissociation rate model where the parameters are obtained in Section 4.1.
The dissociation experiments are performed according to the procedures described in Section 3.3.
Figure 7 shows the experimental phenomenon of the group CHBS particles dissociation. When water
flowed through the particles packed at the bottom of the tube, a large number of up floating bubbles
in the water can be observed. Table 2 summarizes the experimental conditions and results for the
dissociation experiments of the group CHBS particles.

Figures 8-10 show the changes of the cumulative gas production with time for cases 8-10.
The absolute amounts of gas recovered in each case are different due to the different amounts of
gas hydrate formed in each case. Therefore, all the experimental data are normalized to the final
recovered gas volume Vy. The tap water reached the top of the tube at about t = 15 s in all of the
experiments, so the inlet was closed at 15 s. It can be seen that the rate of dissociation decreases due to
the decrease in water temperature after the inlet is closed. The total dissociation time was 60 s, 95 s,
and 112 s for cases 8, 9 and 10, respectively. These are much slower than the predicted results. Thus,
the experimental data obtained for the first 15 s are effective compared with the theoretical values
predicted by Equation (7). It can be seen that in the first 15 s the predicted results agree well with
that of the experiments for all the three cases. The differences between the experimental data and
the theoretical values can be explained: when water flows through a group of particles packed at the
bottom of tube, the released gas gathered around the particles would affect the outward diffusion of
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gas and heat transfer. Although the flowing water can take away part of gas, the gas concentration
is higher than that of a single particle dissociation. The hydrate dissociation is affected by both the
intrinsic dissociation rate and the heat and mass transfer rate. However, Equation (7) only considers
the intrinsic dissociation rate. Here, p; = 1.788 kg/m?, My = 44 kg/kmol.

=t;+5612 ms =t;+22912 ms
Figure 7. Visualization of gas bubbles emerging from the group CHBS particles.

Table 2. Experimental conditions and results for the dissociation experiments of the group CHBS
particles at atmospheric pressure. Inlet water velocity vy = 0.03 m/s for all cases.

Initial Particle Hydrate Water Initial Height  Initial Particle Particle Gas
Case # Temperature Saturation = Temperature of Particles hy Volume Diameter Production
Tso (K) Sy (%) Ty (K) (m) Fraction ay ds (m) Vg (mL)
8 253.15 8.10 293.15 0.12 0.557 7.50 x 1073 570
9 253.15 5.44 298.15 0.15 0.500 8.00 x 1072 429
10 253.15 5.18 293.15 0.15 0.500 8.00 x 1073 409
1 =
[ |
0.8 1 -

t=15 s, closed the inlet
0.6

A

02 m  Experimental data (case 8)

Predicted value

0 5 10 15 20 25 30 35 40 45 50 55 60 65

t(s)
Figure 8. Time variation of gas volume of dissociation for case 8. Sy = 8.10%, Ty = 293.15 K,
hy = 0.12m, agg = 0.557, ds = 7.50 mm.
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i
1
A
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0.6 1
I/gt | t=15's, closed the inlet
— 1
Ve :
0.4 1 i
1
I
i
i
02 H A Experimental data (case 9)
1
| —— Predicted value
i
0 i

0 10 20 30 40 50 60 70 80 90 100
t(s)

Figure 9. Time variation of gas volume of dissociation for case 9. Sy = 5.44%, Ty = 298.15 K,
hy = 0.15 m, agy = 0.500, dg = 8.00 mm.

1 T &

0.8 A

0.6

t=15 s, closed the inlet

0.2 @ Experimental data (case 10)

Predicted value

0 10 20 30 40 50 60 70 8 9 100 110 120

t(s)
Figure 10. Time variation of gas volume of dissociation for case 10. Sy = 5.18%, Tjp = 293.15 K,
hy = 0.15m, agg = 0.500, ds = 8.00 mm.

5. Conclusions

The intrinsic dissociation model of CHBS is presented, assuming that the dissociation rate of
hydrate is exponential with the concentration of remaining hydrates. The dissociation phenomenon of
the single CHBS particle settling in water was observed under conditions of atmospheric pressure and
water temperature ranging from 283.15 K-298.15 K.

The dissociation experiments of the single CHBS particle in water were carried out for four
particle diameters. When the particle falls into the water, a group of gas bubbles is released from the
surface of the particle. The complete dissociation time increases as the particle diameter increases, and
decreases as the water temperature increases.

The model parameters are determined based on the experimental data of the single CHBS particle
for different particle diameters and water temperatures. With the presented model, the dissociation
behaviors of the group of CHBS particles in the water flow condition were predicted well.
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