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ABSTRACT: Understanding the motion of natural gas hydrate-bearing particles in a pipeline is of great signiﬁcance for developing
natural gas exploitation technology. In this study, the eﬀect of bubbles produced from hydrate dissociation on the particle settling
characteristics and the drag coeﬃcient were studied under diﬀerent Reynolds numbers. In the experiment, two types of porous solid
spherical particles, namely, silty clay and quartz, were used to study the settling of ordinary particles and hydrate-bearing particles
using a customized experimental apparatus. The settling and dissociation of the particle in water and the motion of bubbles were
captured using a high-speed camera. The results showed that the gas from the hydrate dissociation surrounded the particle, which
caused the boundary layer at the particle surface to prematurely separate at the back end of the particle, thereby increasing the
interaction forces between the particle and the water during motion. The inﬂuence of bubbles on the particle motion was closely
related to the hydrate dissociation rate and the particle settling velocity. Moreover, a mathematical expression is provided to describe
the entire process from sediment particles entering the water to hydrate dissociation. Furthermore, the dissociation rate of the
hydrate-bearing sediment particle under water ﬂow was obtained.
Multiphase ﬂow and hydrate dissociation occur simultaneously
and interact, creating a highly non-equilibrium multiphase ﬂow
problem involving heat and mass transfer. The hydrate
dissociation changes the state parameters, such as the
temperature, pressure, and concentration of each phase in
the pipeline. The water temperature, ﬂow velocity, and particle
size aﬀect the dissociation rate of hydrate-bearing particles in
the ﬂow process. It is of great signiﬁcance to fully understand
the dissociation and ﬂow behaviors of hydrate-bearing particles
under ﬂow conditions. The gas−liquid−solid ﬂow involving
the hydrate dissociation is a new problem in hydrate
exploitation. Only preliminary studies are reported on it.6
Wang7 proposed a model to calculate the annular multiphase
ﬂow involving phase transition of natural gas hydrate. The
hydrate dissociation was considered by adding source terms to
the mass, momentum, and energy conservation equations. Wei
et al.8 used the same method to calculate the multiphase ﬂow
of hydrate-bearing particles with drilling ﬂuid during the
drilling of deepwater natural gas hydrate. However, interphase
forces and heat exchange between phases were not considered
in the model, and the solid particles were assumed to be pure
methane hydrate-bearing particles. On the basis of engineering
experience involving the cutter suction exploitation of
submarine natural gas hydrate, Xu et al.9 calculated the

1. INTRODUCTION
Natural gas hydrate has become a very important strategic
energy source in China as a result of its large reserves and low
pollution. Countries around the world have accelerated the
exploitation and development of natural gas hydrate.1 Trial
production of hydrates has demonstrated that current hydrate
exploitation methods (thermal stimulation method, depressurization method, CO2-replacement method, and chemical
injection method) can dissociate gas hydrate through the
interference of the temperature and pressure. However, these
methods are challenging to meet the development eﬃciency
requirements of commercial development.2,3 Zhang and Lu4
proposed a new method called mechanical−thermal exploitation, considering the low heat transfer and mining eﬃciency of
the traditional exploitation methods. The details of the method
can be found in the literature. The ﬁrst step of mechanical−
thermal exploitation is to excavate the hydrate formation like
coal mining. The resulting sediments are cut into small
particles, which are then mixed with the warmer seawater and
transported through a vertical pipe to the storage tank on the
surface of the sea. In the uplift process, gas hydrate dissociates
with the decrease of the pressure and the increase of the
temperature and the soil is separated and backﬁlled. The
transportation of marine natural gas hydrate-bearing sediment
via a pipeline is a fundamental problem in realizing the
development and utilization of hydrate resources.
During the transportation process, the complex gas−liquid−
solid three-phase ﬂow accompanied by hydrate dissociation
appears in the pipeline, signiﬁcantly diﬀerent from the general
gas−liquid−solid three-phase transportation pipeline ﬂow.5
During the upward transport of a sediment particle and
seawater mixture, the hydrate is dissociated to produce gas.
© 2021 American Chemical Society
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change from a solid−liquid two-phase ﬂow to a gas−liquid−
solid three-phase ﬂow. The introduction of gas aﬀects the
degree of turbulence in the water ﬂow and the forces between
the particles and the water, thereby changing the dissociation
equilibrium height of the hydrate-bearing particles.
Studies on the inﬂuence of bubbles on the particle motion
mainly focus on the drag reduction eﬀect.20 A thin gas layer is
formed on the surface of the particle by artiﬁcially injecting
tiny bubbles or making cavitation bubbles.21 Using a highspeed camera, Vakarelski et al.22 found that, after a hightemperature metal ball fell into the water, Leidenfrost vapor
layers formed on the surface of the ball, which could reduce the
ﬂuid drag by up to 85%. The mechanism of drag reduction was
as follows: On the one hand, the low-density and low-viscosity
gas layer around the ball caused the solid−liquid boundary
condition to change from no-slip boundary conditions to
partial- or full-slip boundary conditions, which reduced the
friction drag of the surface. On the other hand, the generation
of gas delayed the separation of the boundary layer, thereby
reducing the pressure drag of the particle motion. When
hydrate-bearing particles dissociated, gas was generated from
inside of the particles and glided along the surfaces of the
particles under the action of buoyancy until separating from
the particles. This process is diﬀerent from that when gas is
introduced artiﬁcially, and thus, a new experimental study is
necessary.
In this study, we obtained a thermal dissociation evolutionary model of a single hydrate-bearing sediment particle in
water using both experimental and theoretical studies to clarify
the inﬂuence of gas bubbles from hydrate dissociation on the
particle motion. The study provides the necessary parameters
for multiphase transport analysis of hydrate-bearing sediment
particles in a pipeline and can be used for the design,
operation, and management of deepwater natural gas hydrate
transportation pipelines. Section 2 describes the experimental
setup. Experimental phenomena and results are presented in
section 3, and section 4 discussed the reasons for the settling
velocity of the non-hydrate particle being higher than that of
the hydrate-bearing particle.

dissociation characteristics of a hydrate in hydraulic lifting
pipelines and the inﬂuence of the ﬂow parameter change on
the dissociation using an established mathematical model, and
they obtained the changes of the temperature, pressure, and
hydrate-bearing particle dissociation rate and amount over the
whole ﬂow process. The model accounted for the heat
exchange between seawater and a pipeline, not accounting for
the heat transfer between phases. The temperature, pressure,
and velocity ﬁelds were calculated separately, and the coupling
relationship between the hydrate dissociation and multiphase
ﬂow was not considered. In addition, the inﬂuence of gas−
liquid−solid three-phase interphase forces on the velocity ﬁeld
was not considered in the model. On the basis of engineering
experience involving deepsea shallow natural gas hydrate solidstate ﬂuid mining, Tang10 studied the pipeline transport
characteristics of a natural gas hydrate slurry. The hydrate
dissociation and multiphase ﬂow were coupled using a source
term in the conservation equation. The Kim−Bishnoi
dissociation model was used as the hydrate dissociation
model. The interaction between the hydrate dissociation and
the multiphase ﬂow was calculated by considering the
interphase forces between the phases, while the heat exchange
between the phases was not considered. Similarly, solid
particles were pure methane hydrate-bearing particles.
Currently, most of the hydrate dissociation models under
pipeline ﬂow conditions are based on a statistical analysis of
macroscopic experimental data, and they do not account for
the heat conduction inside the particles or the evolution of the
hydrate dissociation process.11 Furthermore, the bubbles that
ﬂow out of the solid particles attach to the surfaces of particles
and have a signiﬁcant impact on the movement of the particles
in water. In previous studies, the multiphase ﬂow in the
hydrate-bearing sediments was generally treated to the gas and
water ﬂow as a result of the sediment skeleton assumed to be
stagnant.12 Gas hydrate is part of the sediment skeleton, and
the hydrate dissociation changes the structure of pores in
sediments and the ﬂow path of gas and water.13−15 A multitude
of studies have conducted the absolute permeability,16 the
gas−water relative permeability,17 the relationship of the
capillary pressure to the saturations of the ﬂuid phase,18 and
the gas and water ﬂow in the hydrate-bearing sediments.12
However, the understanding of the interaction between the gas
bubbles and the hydrate-bearing sediment particles is
insuﬃcient. In this study, we mainly focus on the eﬀect of
the bubbles on the particle motion, and the migration process
of gas and water in the particle is out of the scope of this paper
and will not be discussed here.
When a mixture of hydrate-bearing particles and seawater is
continuously transported, the migration distance of the solid
particles from the beginning of the hydrate dissociation in the
pipeline to the complete dissociation is deﬁned as the
dissociation equilibrium height. In the mechanical−thermal
combined mining method, the dissociation equilibrium height
determines the installation position of the separation system.
Li et al.19 obtained a power relationship of the dissociation
equilibrium height using numerical simulation and then
obtained a simpliﬁed expression of the dissociation equilibrium
height using a dimensional analysis method. The theoretically
predicted values were in good agreement with the numerically
simulated results within a certain range of dimensionless
parameters. However, how produced bubbles aﬀect the particle
motion was not well-understood. In actual pipeline transport,
the hydrate dissociation causes the ﬂow in the pipeline to

2. EXPERIMENTAL SECTION
2.1. Generation of Hydrate-Bearing Particles. Seabed silt clay
from the Shenhu area in the South China Sea and artiﬁcially prepared
quartz balls supplied by EHEIM SUBSTRATpro were selected as the
sediment skeleton for hydrate synthesis. Seabed sediment soil was
mixed with distilled water to form soil samples with a moisture
content of 22%. Then, spherical particles with diameters of 6−8 mm
were prepared using a silica gel spherical mold. The porosities of the
spherical clay particles were about 0.4. The diameters of the artiﬁcially
prepared quartz ball were 8 mm, and their porosities were about 0.45.
Before hydrate formation, the quartz ball particles were immersed in
water and stirred suﬃciently to ﬁll the pores of the particles with
water. The whole synthesis device of hydrate-bearing sediment
particles consisted of four parts: an autoclave, gas tank, gas
compressor, and temperature control box, as shown in Figure 1.
The temperature control box could provide a temperature between
243 and 303 K (with an accuracy of 0.5 K). The autoclave was made
of stainless steel, with an inner diameter of 7.5 cm, a height of 30 cm,
and a maximum pressure of 30 MPa, and its internal capacity could be
altered using a moving piston. The main function of the gas
compressor was to provide the gas and maintain the gas pressure
required for the synthesis of hydrates. The gas tank was used to store
the gas required for hydrate synthesis. Under laboratory conditions,
hydrates are more easily generated from carbon dioxide gas than
methane gas. Although the dissociation rate between carbon dioxide
1372
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a good seal was weighed to determine its mass m0. A single hydratebearing particle was removed from the autoclave and inserted into the
container. A NewClassic ME electronic balance (with an accuracy of
±0.0001 g) was used to weigh the total mass of the container and the
particle m1. The container was placed in a room-temperature
environment until the hydrate in the particle completely dissociated.
After the carbon dioxide gas was released from the dissociation
process, the total mass of the container m2 was determined by
weighing. The dissociated particle was placed in a drying oven at
373.15 K for 12 h. The total mass of the particle and the container m3
was determined by weighing after complete drying.
The hydrate saturation was deﬁned as the ratio of the volume of the
hydrate in the pores to the total volume of the pores
Sh =

(2)

where the hydrate volume V h = mCO 2M h/MCO 2 ρh, where mCO 2
represents the mass of carbon dioxide gas that forms a hydrate in a
single particle, with mCO2 = m1 = m2, and the density ρh of carbon
dioxide hydrate was set to 1117 kg/m3,25 and the water volume Vw =
mw/ρw, where mw is the mass of water in a single hydrate-bearing
particle, with mw = m2 − m3 − 5.75mCO2MH2O/MCO2, and the density
ρw of water was set to 998.2 kg/m3. Therefore, the volume of air in a
single particle Va can be expressed as follows:

Figure 1. Experimental apparatus for the synthesis of hydrate-bearing
sediment particles.
hydrate and methane gas hydrate is diﬀerent under the same
temperature and pressure, the thermodynamic and mechanical
parameters of carbon dioxide hydrate and methane hydrate are
similar. Thus, carbon dioxide hydrate was used as a substitute for
methane hydrate in this study considering the operability, safety, and
cost of the experiment.23
First, the temperature of the control box was set to 268 K, which
remained unchanged during the hydrate synthesis process. Carbon
dioxide gas was introduced into the autoclave using a gas compressor,
and the gas pressure was set at 5 MPa. The hydrate phase equilibrium
temperature is obtained by the phase equilibrium condition of carbon
dioxide hydrate proposed by Sloan24
ij
β yz
Pe = 10−3 expjjjα + zzz
j
Te z{
k

Vh
Va + Vw + Vh

Va =

ϕ
Vsand − Vw − Vh
1−ϕ

(3)

where ϕ is the porosity and Vsand = msand/ρsand, where msand represents
the mass of the soil skeleton in a single particle, with msand = m3 − m0.
It is noted that the uncertainty of the hydrate saturation may derive
from the following aspects: (i) the hydrate content in diﬀerent
particles produced in the same batch may be heterogeneously
distributed, and (ii) the particle porosity measured before hydrate
formation may change during hydrate synthesis.
After hydrate saturation was achieved, the density of the spherical
hydrate-bearing particle could be obtained by dividing the total mass
of the particle by the total volume of the particle

(1)

where α = 44.6, β = −1.02 × 10 , Te is the phase equilibrium
temperature (K), and Pe is the phase equilibrium pressure (MPa).
In the process of hydrate synthesis, the autoclave was an
isovolumetric system. The synthesis process lasted about 48−72 h
until the autoclave pressure no longer changed with time. After the
synthesis, the inlet pressure of the autoclave was adjusted using a
pressure-regulating valve to reduce the pressure in the autoclave to 0.1
MPa, i.e., to maintain a balance with the atmospheric pressure. Next,
the temperature of the control box was further reduced to 253 K for
3−4 h. Finally, spherical sediment particles containing hydrate were
obtained, as shown in Figure 2.
2.2. Measurement of Saturation of Hydrate Samples. The
procedure for measuring the hydrate saturation in the spherical
hydrate-bearing sediment particles was as follows:23 A container with
4

ρp =

mp
Vp

=

msand + m w + mh + ma
Vsand + Vw + Vh + Va

(4)

where mh represents the mass of gas hydrate, with mh = ρhVh, and ma
represents the mass of air, with ma = ρaVa, where ρa = 1.225 kg/m3.
2.3. Dissociation of a Single Spherical Hydrate-Bearing
Sediment Particle. A dissociation experiment of a single spherical
hydrate-bearing sediment particle was carried out under atmospheric
pressure. The particle fell freely from a height of 3−5 cm over the
water surface. The dissociation phenomenon of the particle in the
process of falling in the water was observed. The water temperature
range was 273.15−298.15 K. The hydrate dissociation was driven by
the temperature diﬀerence between the water and the particle. When
the temperature of the external surface of the particle exceeded the
phase equilibrium temperature of the hydrate, the hydrate began to
dissociate and produce gas. The particle motion and hydrate
dissociation were recorded using a high-speed camera [Phantom
VEO410L with direct current (DC) power and light-emitting diode
(LED) lighting] at a frequency of 5200 frames per second.
In this study, the change of the drag coeﬃcient CD was used to
measure the inﬂuence of the bubbles produced from the hydrate
dissociation on the particle motion. During the falling process of the
spherical particle in the liquid, when the gravitational, buoyancy, and
drag forces acting on the particle reached equilibrium, the drag
coeﬃcient could be deﬁned using the ultimate settling velocity ut of
the particle
CD =

Figure 2. Hydrate-bearing (a) silty clay and (b) quartz particles
prepared in the laboratory.
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where ρp is the density of the particle, dp is the diameter of the
particle, and g is the acceleration of gravity.
The particle Reynolds number was deﬁned as follows:
Re =

ρw d put
μw

(6)

where μw is the viscosity of the water.
To study the dependence of the drag coeﬃcient upon the Reynolds
number, ﬁve groups of experiments were performed on the hydratebearing and non-hydrate particles with diﬀerent materials and particle
sizes. The range of the particle Reynolds number was 2039 ≤ Re ≤
3346. To eliminate the experimental error, each group of experiments
was repeated at least 3 times, and the average value was taken. The
details of the experimental schemes are shown in Table 1. In all of the
experimental schemes, the water temperature was 283.15 K and the
initial particle temperature was 253.15 K.
Figure 3. Dissociation of a single spherical hydrate-bearing particle in
water.

Table 1. Experimental Scheme of Hydrate-Bearing Particle
Settling
type
hydrate-bearing
particles

ordinary particles

material
quartz
silty
clay
silty
clay
silty
clay
quartz
silty
clay
silty
clay
silty
clay
glass
quartz

density
(kg/m3)

diameter
(mm)

Re

CD

1806
2069

8
6

2957
2179

0.618
0.640

2076

7

2656

0.573

2108

8

3250

0.610

1719
1686

8
6

2770
2039

0.629
0.481

2065

6

2468

0.500

2077

8

3346

0.560

2600
1654

6
8

2949
2913

0.519
0.518

as a result of the great decrease in the cohesion between the
soil grains after the dissociation of hydrate took place. The
breakage of the particle during the hydrate dissociation process
is not apparent before the particle reaches the ultimate settling
velocity. The breakage process is not considered in this paper.
The quartz particle was not broken during the hydrate
dissociation.
Figure 4 shows the diﬀerence in the settling velocity between
the hydrate-bearing and non-hydrate clay particles produced in

3. RESULTS
When the hydrate-bearing particle fell in the water, convective
heat transfer occurred between the particle surface and the
surrounding water with a higher temperature. When the
temperature of the particle surface layer reached the phase
equilibrium temperature of the hydrate, the hydrate in the
pores of the particle dissociated to produce gas and the gas
ﬂowed out of the particle pores to form a large number of
bubbles surrounding the particle. The bubbles from the
hydrate dissociation completely covered the entire surface of
the particle. They can be thought of forming a low-density and
low-viscosity gas layer around the particle. Driven by
buoyancy, the bubbles at the front end of the particle slid
upward along the particle surface, separated from the particle
at a particular position at the back end of the particle, and
continued to move upward. With the dissociation of hydrate,
the large number of generated bubbles formed a long trail at
the back end of the particle as the particle fell through the
water. The experimental phenomena are shown in Figure 3.
The porosity and pore size of the quartz ball were larger than
that of the clay ball, and more hydrate could be synthesized in
the quartz balls. When falling in water, the dissociation process
of the hydrate-bearing quartz ball was more rapid than that of
the hydrate-bearing clay ball. For the silt clay particle, surface
soil grains (at sizes from several micrometers to tens of
micrometers) were separated from the hydrate-bearing particle

Figure 4. Variation of the settling velocity of hydrate-bearing and
non-hydrate clay particles falling in the water. The red box highlights
hydrate-bearing particles, while the blue circle highlights non-hydrate
particles. The upper and lower limits of the error line were obtained
on the basis of the standard deviation of the ultimate settling velocity
obtained in repeated falling experiments.

the same batch (i.e., the porosity and moisture content were
consistent). The two particles had the same diameter and fell
from the same position on the water surface. The starting point
for the timing was the position where the particle fell one
particle diameter into the water. The data showed that the
settling velocity of the two kinds of particles gradually
decreased before reaching a stable level. When the settling
velocity was constant, the force on the particles had reached a
steady status of the mechanical equilibrium. Upon entering the
water, the settling velocity of the non-hydrate particle was
higher than that of the hydrate-bearing particle. When the
velocity reached equilibrium, the ultimate settling velocity of
1374

https://dx.doi.org/10.1021/acs.energyfuels.0c03753
Energy Fuels 2021, 35, 1371−1380

Energy & Fuels

pubs.acs.org/EF

Article

measured using the ratio of the eﬀective slip length λS to the
thickness λB of the viscous boundary layer: λS/λB ∼ |drp/dt|/ut.
The eﬀective slip length was deﬁned as the extrapolated
thickness with zero velocity at the particle surface, and rp
represents the radius of the hydrate area. |drp/dt| represents the
dissociation rate of the hydrate and was considered to be the
increased rate of boundary layer thickness when the ﬂuid
ﬂowed past the particle surface.26 The disturbance of the
bubbles on the boundary layer could be measured using the
ratio of the initial bubble size db formed when the gas exited
the pores of the particle to the thickness λB of the viscous
boundary layer. For the motion of a spherical particle in water,
the characteristic thickness of the boundary layer could be
measured using 2.74d p/ Re .27 The maximum diameters of the
bubbles formed when gas ﬂowed out of the pores of the
particle were closely related to the dissociation rate of the
hydrate and the settling velocity of the particle. Therefore, the
dissociation rate of the hydrate was important for both physical
processes.
4.1. Dissociation Rate of Hydrate under Convective
Heat Transfer Conditions. It was assumed that an ideal
spherical hydrate-bearing particle fell in still water, and the
particle contained three components: hydrate, water, and a
sediment skeleton. The pores of the particle were completely
ﬁlled with hydrate and water. In addition, the breakage of the
particle during the hydrate dissociation process was not taken
into account, and the temperature of the surrounding water
was higher than that of the particle. Because the latent heat of
the hydrate dissociation had a large order of magnitude, the
latent heat absorbed in the dissociation process of the hydrate
was far greater than the increased sensible heat. Therefore, the
dissociation region of the hydrate was separated from the
undissociated region by a distinct interface rather than a large
transition region. On this basis, it was assumed that the
hydrate-bearing particle was composed of a dissociation region
(1) and an undissociated region (2) during the dissociation
process, as shown in Figure 6. The temperature of the

the hydrate-bearing particle was 0.79 times that of the nonhydrate particle, corresponding to a 9% increase in the drag
eﬀect. Because the hydrate content in a single particle was
limited, after a suﬃciently long time, the number of the
bubbles on the particle surface continually decreased in the
later stage of dissociation and the inﬂuence of bubbles on
particle motion could be ignored. If the crushing eﬀect of the
particle were not considered, the ultimate settling velocity of
the hydrate-bearing particle would approach that of the nonhydrate particle.
To study the dependence of the drag coeﬃcient upon the
Reynolds number in the falling process of the particles,
comparative experiments were carried out using hydratebearing and non-hydrate particles with diﬀerent materials and
diameters, of which the results are shown in Figure 5. The non-

Figure 5. Variation of the drag coeﬃcient with Reynolds number for
hydrate-bearing and non-hydrate particles. The blue symbols
correspond to the non-hydrate particles, and the red symbols
correspond to the hydrate-bearing particles. The error line was
obtained by adding and subtracting the standard deviation from the
average of multiple repeated experiments.

hydrate particles included clay particles, quartz balls, and glass
beads prepared in the laboratory. The hydrate-bearing particles
were prepared using clay particles and quartz balls. In the
Reynolds number range of 2039 ≤ Re ≤ 3346, the drag
coeﬃcient CD of the two types of particles did not change
signiﬁcantly. The variation range of the drag coeﬃcient of the
hydrate-bearing particle was 0.573 ≤ CD ≤ 0.640, and that of
the non-hydrate particle was 0.481 ≤ CD ≤ 0.560. Generally, in
the Reynolds number range of this experiment, the gas from
the hydrate dissociation surrounded the particle, which
increased the interaction force between the particle and the
water when the particle moved in the water. When the water
was still, it increased the drag during the particle motion.
Figure 6. Hydrate dissociation process of the hydrate-bearing particle
falling in the water. The dark gray region in the center is the
undissociated region, and the peripheral light-colored region is the
dissociation region.

4. DISCUSSION
The eﬀect of the bubbles on the particle motion mainly
involved two mechanisms: (1) the bubbles created a lowdensity and low-viscosity gas layer around the particle, which
changed the no-slip boundary condition at the solid−liquid
boundary and reduced the friction drag of the surface, and (2)
the disturbance eﬀect of the bubbles from the dissociation on
the boundary layer increased the formation drag caused by the
pressure diﬀerence between the front and back of the particle.
The eﬀect of changing the no-slip boundary condition could be

outermost layer of the dissociation region was Tl; the interface
temperature was the phase equilibrium temperature Tm of the
hydrate; the temperature of the surrounding water was Tw; the
initial radius of the particle was R; the radius of the hydrate
region was rp; and the velocity diﬀerence between the particle
and water was Δu.
1375
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where rt = 0.01R. The value of Tl can be obtained by the
balance of the convective heat transfer and the heat conduction
at the particle−water interface

Considering the two physical eﬀects of heat conduction and
hydrate dissociation, the one-dimensional energy equations of
hydrate dissociation in the dissociation and undissociated
regions were obtained as follows:28

hc(Tl − TL) =

dissociation region

k1(Tm − Tl)
(1/rp − 1/R )R2

(15)

2

∂T
∂T
c1ρ1 1 = k1 21
∂t
∂r

The convective heat transfer coeﬃcient at the particle surface
was calculated as hc = NukL/dp, where the Nusselt number Nu
was calculated using the following expression:

(7)

initial condition

Nu = 2.0 + 0.6Re1/2Pr1/3

T1(r , 0) = Tp0

(8)

4.2. Diameters of Detaching Bubbles. The hydrate
inside the particle dissociated into gas and ﬂowed to the
particle surface through the pores to form bubbles, which
periodically detached from the particle surface. The maximum
diameter of a detaching bubble depended upon the balance of
various forces exerted on the bubble. In this experiment, the
bubbles generated at the front end of the particle slid upward
along the particle surface driven by buoyancy and merged with
other bubbles that formed at other positions, forming larger
bubbles. Only the maximum diameters of bubbles detaching at
the front end of the particle in the particle falling process were
studied, which could represent the minimum thickness of the
gas layer around the particle. The forces on the bubble are
shown in Figure 7. It was assumed that the bubbles remained

boundary condition
r = R:
r = rp:

k1

∂T1
∂r

= hc[TL − T1(R , t )]
r=R

T1 = Tm

(9)

undissociated region
c 2ρ2

∂ 2T
∂T2
= k 2 22
∂t
∂r

(10)

initial condition
T2(r , 0) = Tp0

(16)

(11)

boundary condition
r = 0:
r = rp:

∂T2
∂r

=0
r=0

T2 = Tm

(12)

The subscripts 1 and 2 represent the dissociation region and
the undissociated region of the hydrate, respectively. The
speciﬁc heat c, thermal conductivity coeﬃcient k, and density ρ
of each region were taken as the volume averages of each
component; ΔH is the latent heat of hydrate dissociation; εh is
the volume fraction of hydrate in the particle, with εh = Shϕ;
and hc is the convective heat transfer coeﬃcient between the
particle and water. If the speciﬁc distribution of the internal
temperature of the particle is not considered and attention is
only paid to the variation of the dissociation interface, the
temperature gradient conditions at the dissociation interface
can be obtained using |drp/dt| to measure the dissociation rate
of the hydrate, as follows:
ρh ΔHεh

drp
dt

= k1

∂T1
∂T
− k2 2
∂r
∂r

Figure 7. Forces in the bubble detachment process at the front end of
the settling particle.

spherical in the process of formation and detachment. The
pore width of the particle was D0. The forces exerted on a
bubble were the gas momentum force, which caused the
bubble to detach from the surface, and the forces that caused
the bubbles to adhere to the surface, including buoyancy,
surface tension, and the drag force as a result of the water ﬂow.
The mathematical expression for each force is as follows:

(13)

The ﬁrst term on the right side of the equation represents the
temperature gradient in the dissociation region, and the second
term represents the temperature gradient in the undissociated
region. As per the processing method presented by Bansal and
Nikrityuk,29 the thermal conductivity expression of the
spherical particle was used to substitute the temperature
gradient value. Finally, the hydrate dissociation rate expression
was obtained
ρh ΔHεhrp2

drp
dt

=

k 2(Tp − Tm)
k1(Tm − Tl)
−
1/rp − 1/R
1/rt − 1/rp

gas momentum force
Fm =

4ρg Q 0 2
πD0 2

(17)

where ρg denotes the density of the gas and Q0 denotes the gas
ﬂow exiting the pores. Q0 can be calculated using the following
equation:
Q0 =

(14)
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where A = 166.8, which means that 166.8 m3 of gas can be
produced after dissociation of 1 m3 of carbon dioxide hydrate,
n is the number of bubble ﬂow outlets on the particle surface,
and tdis is the time from the beginning of hydrate dissociation
to the end of dissociation, which can be obtained using eq 11.

diameter was basically of the same order of magnitude as the
thickness of the boundary layer, which indicated that the
boundary layer was separated on both sides of the particle as a
result of the disturbance of the bubble transport from the
hydrate dissociation, thus increasing the pressure drag of the
particle motion. The values of the physical parameters used in
the above calculation are shown in Table 2.

buoyancy
Fb =

4 3
πrb (ρw − ρg )g
3

(19)

Table 2. Values of Physical Parameters Used To Calculate
the Dissociation Rate and Detaching Bubble Diameter

where rb is the radius of the bubble.
surface tension
Fs = πD0σ

physical parameter

value

Water

(20)

density, ρw (kg/m3)
thermal conductivity, kw (W m−1 K−1)
speciﬁc heat, cw (J kg−1 K−1)
viscosity, μw (Pa s)
Hydrate
phase equilibrium temperature, Tm (K)
density, ρh (kg/m3)
thermal conductivity, kh (W m−1K−1)
Sand
thermal conductivity, ksand (W m−1K−1)
Carbon Dioxide
thermal conductivity, kg (W m−1K−1)
density, ρg (kg/m3)
surface tension coeﬃcient of the gas−water interface, σ (N/m)
Particle
pore width, D0 (μm)
number of surface gas outlet, n

30

i dr
y
Fd = 6πμw rbjjj b + ut zzz
k dt
{

drag force

Article

(21)

where drb/dt represents the expansion rate of the bubble.
The equilibrium force equation of the bubble is

4ρg Q 0 2
i dr
y
4 3
πrb (ρw − ρg )g + 6πμw rbjjj b + ut zzz + πD0σ =
3
πD0 2
k dt
{
(22)

and the variation of the bubble radius can be obtained as
follows:
2rb 2(ρw − ρg )g
2ρg Q 0 2
drb
Dσ
= −ut −
+
− 0
2 2
dt
9μw
6μw rb
3π D0 μw rb
(23)

998.2
0.6
4182
10−3
257.15
1117
0.324
3
0.015
1.997
0.072
1
100

To further verify the accuracy of the above model, a
comparative experiment was performed on the dissociation of
the hydrate-bearing quartz particle under cold and warm water
conditions. Diﬀerent water temperatures resulted in diﬀerent
dissociation rates of the hydrate. Therefore, the eﬀect of
bubbles on the particle motion varied. In the comparative
experiment, the particles had the same diameter and hydrate
saturation and detached at the same position on the water
surface. The cold water temperature was set to 273.15 K, and
the warm water temperature was set to 343.15 K. The values of
the parameters related to the particles and water are shown in
Table 3. Figure 8 shows the change of the settling velocity of

The maximum diameter of the bubbles formed on the particle
surface at a certain dissociation rate can be obtained using eqs
11 and 20.
4.3. Model Validation and Mechanism Interpretation.
When TL = 283.15 K and Tp0 = 283.15 K, for a hydrate-bearing
quartz particle with a diameter of 0.008 m and an ultimate
settling velocity of 0.35 m/s, Sh = 70% and ϕ = 0.45. Through
calculation, it was determined that tdis = 150 s and the
dissociation rate of the hydrate was |drp/dt| ∼ 2.67 × 10−5 m/s.
The ratio of the eﬀective slip length to the thickness of the
boundary layer was λS/λB ∼ 7.62 × 10−5. For a hydrate-bearing
clay particle, Sh = 20% and ϕ = 0.40. Through calculation, it
was determined that tdis = 40 s, the dissociation rate of the
hydrate was |drp/dt| ∼ 1 × 10−4 m/s, and λS/λB ∼ 2.86 ×
10−4. The eﬀective slip length was generally 3−4 orders of
magnitude smaller than the thickness of the boundary layer. In
addition, the reduction in the frictional drag on the particle
surface caused by the generated bubbles was relatively small,
and this mechanism of action did not play a leading role in this
experiment.
Under the above conditions of the water temperature and
settling velocity, the maximum diameter db of the detaching
bubbles was calculated to be 0.4 mm for the hydrate-bearing
clay and hydrate-bearing quartz particles, which was close to
the results obtained using the high-speed camera in this
experiment. On the basis of the experimental images and the
calculated diameter of the detaching bubbles, the average
number of gas bubbles adhering to the solid particle was
calculated to be about 1000. The ratio of the detaching bubble
diameter db to the viscous boundary layer thickness λB was db/
λB ∼ db Re /2.74d p ∼ 0.96. This showed that the bubble

Table 3. Experimental Conditions of Hydrate-Bearing
Quartz Ball Falling in Cold and Warm Water
water temperature (K)
cold water, 273.15; warm water, 343.15
initial temperature of particles (K) 253.15
particle diameter (mm)
8
particle porosity
0.45
hydrate saturation (%)
70

hydrated-bearing quartz particles produced in the same batch
in cold and warm water. With the position where particles fell
one particle diameter into the water taken as the starting point
for the timing, the settling velocity of the particles in cold water
decreased gradually from 0.85 m/s and ﬁnally stabilized at 0.29
m/s. In contrast, the settling velocity decreased gradually from
0.84 m/s and ﬁnally stabilized at 0.24 m/s in warm water.
Thus, the ultimate settling velocity of the hydrate-bearing
particles in warm water was smaller than that in cold water. In
1377
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that the calculation model was accurate. The values of the
other physical parameters in the calculation process were
consistent with those in Table 2. When the hydrate
dissociation rate and the diameter of the bubbles on the
particle surface were calculated under the condition of
convective heat transfer, because the thermal conductivities
of the dissociation and undissociated regions and the pore
distribution of the particles could not be accurately measured,
the above calculation results could only be used to qualitatively
conclude that bubbles increased the particle motion drag.
Thus, the inﬂuence of bubbles from the dissociation of
hydrate-bearing particles on the particle motion requires
further analysis. In addition, the dissociation experiments
presented in this study were carried out under atmospheric
pressure and did not take into account the eﬀect of the
pressure change on the bubble size and shape. Thus, the
inﬂuence of bubbles from the dissociation of hydrate-bearing
particles on the particle motion for the real deep ocean under
high pressure requires further analysis.

Figure 8. Variations of the settling velocity of hydrate-bearing quartz
particles produced in the same batch falling in cold and warm water.
Red symbols correspond to warm water, and blue symbols correspond
to cold water. The upper and lower limits of the error line were
obtained on the basis of the standard deviation of the ultimate settling
velocity obtained in repeated falling experiments.

5. CONCLUSION
An experimental study was carried out on the falling of
hydrate-bearing particles in water. Parameters such as the
settling velocity of the hydrate-bearing particles falling in the
water and the bubble diameter were obtained. Furthermore,
the inﬂuence of bubbles formed after hydrate dissociation on
the settling characteristics and the drag coeﬃcient of hydratebearing particles was analyzed.
When a particle fell in the water, the gas produced from the
hydrate dissociation exited the pores of the particle, forming a
large number of bubbles surrounding the particle. Driven by
buoyancy, the bubbles at the front end of the particle slid
upward along the particle surface and continued to move
upward after falling oﬀ at a particular position at the back end
of the particle. Within the Reynolds number range of this
experiment, the drag coeﬃcient variation range of the hydratebearing particles was 0.573 ≤ CD ≤ 0.640 and that of the nonhydrate particles was 0.481 ≤ CD ≤ 0.560. Mass transfer
induced by hydrate dissociation disturbed the boundary layer
on the particle surface, which caused the boundary layer to
separate prematurely on both sides of the particle, thereby
increasing the pressure drag of the particle motion. The
reduction of the friction drag of the particle as a result of
generated bubbles was insigniﬁcant in this experiment.
The eﬀect of bubbles on the boundary layer disturbance
could be measured using the ratio of the initial bubble
diameter db formed when the gas exited the particle pores to
the thickness λB of the viscous boundary layer. The detaching
bubble diameter was closely related to the dissociation rate of
the hydrate and the settling velocity of the particle. To explain
the mechanism of the bubble eﬀect on the particle motion, the
heat transfer process and hydrate dissociation process of a
single hydrate-bearing particle under water ﬂow were studied
in detail. The spatiotemporal evolution of the hydrate
dissociation region expansion inside the particle was obtained.
Furthermore, the maximum diameter db of bubbles detaching
at the front end of the particle was obtained. At the same water
temperature and settling velocity, although the hydrate
saturation of the hydrate-bearing clay particles was diﬀerent
from that of the hydrate-bearing quartz particles, the maximum
diameters of the bubbles detaching at the front ends of the
particles were the same. Within the parameter ranges of this
experiment, the diameters of the bubbles when detaching were

warm water, the bubbles produced from hydrate dissociation
created more signiﬁcant drag during particle motion.
When the water temperature TL = 343.15 K, the bubble
diameter was calculated to be db = 2.8 mm and it was
determined that db/λB ∼ 5.59. When the water temperature TL
= 273.15 K, the bubble diameter was calculated to be db = 0.2
mm and it was determined that db/λB ∼ 0.44. The images of
the hydrate-bearing quartz particles falling in cold and warm
water obtained by the high-speed camera are shown in Figure
9. The bubbles from the dissociation in warm water were

Figure 9. Dissociation of hydrate-bearing quartz particles in (a) cold
water and (b) warm water. The red arrows indicate the trajectories of
bubbles at the back ends of the particles.

signiﬁcantly larger than those generated in cold water. The
larger bubbles led to the earlier separation of the boundary
layer, thus increasing the drag. The separation of the boundary
layer could be determined using the trajectories of the bubbles
at the back ends of the particles, as shown by the red arrow in
Figure 9. The calculated diameters of the detaching bubble
were consistent with the experimental results, which proved
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basically of the same order of magnitude as the thickness of the
boundary layer, which indicated that the bubbles from the
hydrate dissociation caused a signiﬁcant disturbance to the
boundary layer, thereby increasing the resistance of particle
settling. When the experiment was carried out in the water at
diﬀerent temperatures, the bubbles from the dissociation in
warm water were signiﬁcantly larger than those generated in
cold water. The larger bubbles led to the earlier separation of
the boundary layer, which resulted in a smaller settling velocity
when the particle was stable in warm water.
In conclusion, within the Reynolds number range of this
experiment, the gas from the hydrate dissociation surrounded
the particles, which increased the interaction forces between a
particle and the water as the particle moved through the water.
When the water was still, it increased the drag during the
particle motion.
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