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Dissociation processes of methane hydrate under water flow conditions were investi-
gated by a combination of experimental observations and numerical simulations using
computational fluid dynamics (CFD). In Part I of this study, the dissociation process
induced by water flow at pressures above the three-phase [hydrate (H)–liquid water
(Lw)–vapor (V)] boundary in an isothermal x–P phase diagram is discussed. Dissocia-
tion experiments were carried out with a methane hydrate ball (diameter % 10 mm)
suspended in a flow cell, and the overall dissociation rate of methane hydrate without
bubble formation was measured under various conditions of pressure, temperature,
and volumetric flow rate of water. A linear phenomenological rate equation in the
form of the product of the dissociation rate constant kbl and the molar Gibbs free
energy difference DG, between the hydrate phase and the ambient aqueous phase, was
derived by considering the Gibbs free energy difference as the driving force for the
dissociation. The molar Gibbs free energy difference was expressed by the logarithm
of the ratio of the concentration of methane dissolved in water at the hydrate surface
to the solubility of methane in the aqueous solution in equilibrium with the hydrate.
The dissociation rate constant kbl was determined from the experimental results of the
overall dissociation rate combined with the numerical simulation results of the concen-
tration profile of methane by the CFD method. The obtained dissociation rate constant
was found to be independent of the ambient water flow rate, indicating that the rate
constant is intrinsic for the hydrate dissociation within the conditions examined in this
study. The rate constant was independent of the pressure, whereas the temperature de-
pendency was described by an Arrhenius-type equation with the apparent activation
energy of 98.3 kJ/mol. � 2006 American Institute of Chemical Engineers AIChE J, 53: 262–
274, 2007
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Introduction

Methane hydrate (MH) buried in deep marine sediments
has been recognized as a potential future energy resource
because an enormous amount of methane is estimated to be
trapped in methane hydrate sediments. Methane hydrate is a
clathrate compound, in which a cage-like lattice structure
formed by hydrogen-bonded water molecules can trap meth-
ane molecules and be stabilized. Methane hydrate is more
stable under lower temperature and higher pressure condi-
tions. It is necessary to dissociate methane hydrate to pro-
duce methane gas from the methane hydrate layer in marine
sediments. Several methods have been proposed to recover

methane gas from the methane hydrate layer; including
depressurization, warm water supply, and injection of an in-
hibitor to promote dissociation of the hydrate. An accurate
method for estimating the dissociation rate of methane
hydrate would be necessary to predict the gas production rate
from a given methane hydrate–bearing layer.

The apparent dissociation rate of methane hydrate may
reflect various transport processes such as heat and mass
transfer, in addition to the intrinsic dissociation reaction of
methane hydrate itself. In most of the previously proposed
models for the dissociation of hydrates, the heat transfer pro-
cess is assumed to be the rate-determining step because a
large amount of dissociation heat needs to be supplied to
advance the hydrate dissociation process. In such cases, the
dissociation process of hydrate is equivalent to the heat trans-
fer process, which could be represented by the rate at which
the dissociation temperature for the hydrate progresses.1–5

However, the apparent dissociation rate would, in general,
include the mass transfer rate and the intrinsic dissociation
rate at the hydrate surface as well as the heat transfer rate. It
is necessary to evaluate all the rates of mass transfer, heat
transfer, and the intrinsic dissociation for an accurate predic-
tion of the apparent hydrate dissociation rate. When a suffi-
cient amount of heat for dissociation can be supplied from
the ambient, the heat transfer process would not necessarily
be the rate-determining step of the hydrate dissociation. An
example is the hydrate dissociation process under a water
flow, of which the flow rate is sufficiently high to supply an
adequate amount of heat for dissociation. Another example
can be found for the initial stage of the methane hydrate dis-
sociation in a sediment layer by depressurization, where the
heat of dissociation could be supplied from the ambient sedi-
ment until the temperature reaches the equilibrium temperature
for a given pressure. For such cases, the dissociation rate
should be expressed by the combination or balance of the mass
transfer and the intrinsic dissociation rate. Therefore, informa-
tion of the intrinsic dissociation rate is important or even essen-
tial for the prediction of production rates of natural (methane)
gas from the methane hydrate sediments.

Bishnoi and coworkers emphasized the importance of the

intrinsic rate of the hydrate dissociation. A series of experi-

ments were conducted in stirred tank-type reactors by their

group. To measure the intrinsic dissociation rates of hydrates,

the effects of mass and heat transfer resistances were elimi-

nated by vigorous stirring in the reactor. Based on the experi-

mental results, Kim et al.6 proposed a rate equation (Kim–

Bishnoi equation) for the intrinsic dissociation rates based on

the fugacity difference between the point at which dissocia-

tion takes place and the equilibrium condition, and the rate

constants have been determined. More accurate measure-

ments were performed by Clarke and Bishnoi7 with a parti-

cle-size analyzer. The Kim–Bishnoi equation has been used

for a variety of dissociation processes, including a simulation

of methane production from marine hydrate sediment. How-

ever, elimination of the heat transfer and mass transfer resis-

tances was carried out simply by increasing the stirring rate

in batch-type reactors in their treatments. Although a rate

constant above a certain stirring rate was observed, further

work is required to confirm elimination of the heat and mass

transfer resistances because such resistances can sometimes

become saturated at increased stirring rates. In such cases, it

is impossible to eliminate the heat or mass transfer resistan-

ces from the apparent dissociation rate to obtain the intrinsic

dissociation rate.
The primary objective of the present study was to develop

a new method to determine the intrinsic dissociation rate
constant of methane hydrate by a combination of experimen-
tal observations and numerical simulations with a computa-
tional fluid dynamics (CFD) method. In this study, dissocia-
tion processes of methane hydrate under fresh water flow
were investigated. The advantage of the present method is
that the intrinsic dissociation rate can be evaluated separately
from the mass transfer rate, which enables us to investigate
the dissociation processes at a wider range of water flow
rates. In Part I of this study, the dissociation process of meth-
ane hydrate at pressures above the three-phase [hydrate (H)–
liquid water (Lw)–vapor (V)] boundary line will be dis-
cussed. Under such conditions, methane hydrate dissociation
would be driven only by the pure water flow. The dissocia-
tion rate equation was derived for the dissociation process on
the basis of the molar Gibbs free energy difference and the
dissociation rate constant was determined under various con-
ditions of water flow rate, pressure, and temperature. The
obtained rate constant was found to be independent of the
flow rate, to ensure that it is intrinsic at least under the pres-
ent conditions. In Part II, the determined values of the disso-
ciation rate constant will be applied to the dissociation pro-
cess driven by depressurization, to examine the universality
of the dissociation rate equation and the rate constant that
are based on the molar Gibbs free energy difference as the
driving force. An early study of the present work was pre-
sented by Sean et al.8

Theoretical Treatment: A Dissociation
Model Formulation of the Dissociation
Rate Equation

A schematic phase diagram of the mole fraction of meth-
ane (x) and the pressure (P) for the water–methane–hydrate
system at a constant temperature is shown in Figure 1. Con-
sider a two-phase [Lw (liquid water)–H (hydrate)] coexis-
tence system, where the hydrate phase (denoted by point N)
is equilibrated with the water phase saturated with methane
(denoted by point M). The equilibrium solubility of methane
in the aqueous phase (at point M) is given by xeq (in mole
fraction).

Suppose the methane concentration in the water at the sur-
face of the hydrate is reduced to xI(xI < xeq), which is below
the equilibrium solubility xeq, with keeping the pressure and
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temperature conditions constant. Such a state can be denoted
by point K in Figure 1. The hydrate would dissociate because
only the aqueous phase (Lw) is stable under such conditions.
To formulate such a dissociation process from a two-phase
(H–Lw) coexisting condition to a single aqueous phase (Lw)
condition, the following assumptions were made.

Driving force for the dissociation

Kashchiev and Firoozabadi9 formulated the hydrate forma-
tion process by using the molar Gibbs free energy of the
guest gas and water. This study is based on the same con-
cept: we assume the driving force for the dissociation is
expressed by the change of the Gibbs free energy when one
mole of the hydrate (consisting of one mole of methane and
hw moles of water, where hw is the hydration number) is dis-
sociated into the ambient aqueous solution. The free energy
of the hydrate phase GH, per one mole of hydrate, can be
expressed by:

� Hydrate phase

GH ¼ mHM þ hwmHW (1)

where mM
H and mW

H are chemical potentials of methane and
that of water in the hydrate, respectively. When one mole of
the hydrate is dissociated to an aqueous solution, the free
energy after dissociation is given by

� Ambient aqueous phase

GL ¼ mLM þ hwmLW (2)

where mM
L and mW

L are chemical potentials of methane and that
of water, respectively, in the ambient aqueous solution. Thus,
the driving force for the dissociation DG is given by

DG ¼ GH � GL ¼ ðmHM � mLMÞ þ hwðmHW � mLWÞ (3)

Dissociation rate formulation

In this study, it is assumed that the dissociation flux (F1)
is proportional to the driving force, the free energy difference

DG, expressed as

F1 ¼ kblDG (4)

where kbl is the rate constant. In this study, it is assumed
that the dissociation rate is expressed by Eq. 4. Such a linear
phenomenological equation can be rationalized according to
the thermodynamics of irreversible processes.10 However, the
validity of the Eq. 4 can be verified by checking whether the
determined kinetic coefficient in Eq. 4, kbl, is constant for
given temperature and pressure conditions, irrespective of the
ambient water flow or concentration conditions.

Formulation of the free energy difference
in terms of the solubility

The molar Gibbs free energy terms in Eq. 3 were
expressed in terms of the chemical potential of each compo-
nent in the phases. The chemical potential terms can be con-
verted into the solubility terms of methane in the aqueous
phase, which are directly measurable properties.

� The hydrate phase
The hydrate (denoted by point N in Figure 1) is equili-

brated with the aqueous solution (point M) of which the con-
centration of methane is equal to the equilibrium solubility
xeq. The chemical potential of methane in the hydrate phase
equals that in the aqueous phase in which the methane con-
centration is xeq under the same temperature and pressure
conditions, and the same for water as well. The chemical
potentials of methane and water in the aqueous solution mM

L

and mW
L can be expressed by the following equations as a

function of the mole fraction of methane xeq:
For Methane

mLMðMÞ ¼ m�M þ RT ln gMxeq ðaqueous phaseÞ (5)

For Water

mLWðMÞ ¼ m0W þ RT ln gWð1� xeqÞ ðaqueous phaseÞ (6)

where m�M and mW
0 are the chemical potentials of the reference

states, respectively of methane and water. gM and gW are ac-
tivity coefficients of methane and water, respectively.
According to the asymmetric convention, the reference state
of the chemical potential for water is set as pure water (xeq
¼ 0) and that for methane dissolved in water is set as the

state extrapolated to xeq ? 0, where the activity coefficient

is unity.11 Because of the extremely low solubility of meth-

ane in water, the activity coefficients of both water and

methane can be approximated as unity for the conditions

studied. Then the equilibrium conditions between the hydrate

phase and the aqueous phase can be given by:

For Methane

mHMðNÞ ¼ mLMðMÞ ¼ m�W þ RT ln xeq (7)

For Water

mHWðNÞ ¼ mLWðMÞ ¼ m0M þ RT lnð1� xeqÞ (8)

� The ambient aqueous phase
The chemical potentials of water and methane in the ambient
aqueous solution at the surface of the hydrate can be

Figure 1. Schematic drawing of the mole fraction–pres-
sure (x–p) phase diagram for methane–
water–hydrate (temperature constant).
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expressed by equations similar to Eqs. 5 and 6, substituting
the equilibrium mole fraction of methane (xeq) by the none-
quilibrium mole fraction of methane at the point by K in Fig-
ure 1 (xI).

For Methane

mLMðKÞ ¼ m�M þ RT ln xI (9)

For Water

mLWðKÞ ¼ m0W þ RT lnð1� xIÞ (10)

where m*M and mM
0 are the chemical potentials of the same ref-

erence states as those in Eqs. 7 and 8, respectively. There-
fore, the free energy difference DG, between the states of the
hydrate phase (N) and the ambient water phase (K), can be
given by

DG ¼ GHðNÞ � GLðKÞ ¼ GLðMÞ � GLðKÞ
¼ RT ln

xeq
xI

þ hwRT ln
1� xeq
1� xI

ð11Þ

Because the mole fractions of methane in the aqueous phase
(xeq, xI) are extremely low (in the order of about 10�6–10�7),
and the hydration number is about 5–6, the second term in the
right-hand side of Eq. 11 can be neglected in comparison to
the first term. Then DG can be approximated by

DG ¼ RT ln
xeq
xI

(12)

Note Eq. 12 could be derived directly by considering only
the chemical potential difference of methane between the
hydrate phase and the aqueous phase, mM

H (N) � mM
L (K) or,

equivalently, the chemical potential difference of methane
between the equilibrium and ambient aqueous phases,
mM
L (M) � mM

L (K). By inserting Eq. 12 into Eq. 4, the rate
equation can be rewritten as

F1 ¼ kblRT ln
xeq
xI

(13)

Thus, the dissociation equation can be simply expressed
by the product of the proportionality constant kbl and the log-
arithm of the ratio of mole fraction of methane in the aque-
ous solution at equilibrium with hydrate xeq, to that in the
ambient aqueous solution at the surface of the hydrate xI.
The ratio of the mole fractions can be replaced by the ratio
of the volumetric molar concentrations because of the
extremely low mole fraction of methane dissolved in water,
that is,

F1 ¼ kblRT ln
CH

CI
(14)

where CH and CI are the volumetric molar concentrations of
methane (mol/m3) in the aqueous phase equilibrated with
hydrate and in the ambient aqueous phase at the hydrate sur-
face, respectively.

Method of determination of the intrinsic dissociation
rate constant kbl

The experimentally observable dissociation rate (overall
dissociation rate, hereafter denoted by Fobs) would be the
sum of the local dissociation rates, depending on the local

surface concentration CI, which is unknown. Because the
measurement of Fobs in water flow is not sufficient to
obtain the two unknowns—kbl and CI—a CFD technique
with local mass and heat transfer was adopted in this study.
The following method was used to determine the dissocia-
tion rate constant kbl from the experimental result for the
overall dissociation rate in combination with the CFD tech-
nique.

1. Measurement of the Overall Dissociation Rate from a
Hydrate Ball. A dissociation experiment was conducted
from a methane hydrate ball located in a flow of water with
a known volumetric flow rate Q, under given conditions of
temperature T and pressure P. The overall dissociation rate
Fobs can be determined from the average concentration of
dissolved methane Cx, which was measured at a distant loca-
tion downstream from the hydrate, where the methane con-
centration is uniform over the cross section of the flow. The
overall dissociation rate is given by

Fobs ¼ QCx (15)

2. Preparation of a Calibration Curve for kbl from
Cx. First a certain value of the dissociation constant kbl was
assumed. Then, the profile of the flow velocity and the concen-
tration of methane in the ambient water around the hydrate
were simulated by the CFD method with the assumed value of
kbl. The boundary condition for the methane concentration at
the surface of the hydrate can be given by

kblRT ln
CH

CI
¼ DrC (16)

where D and C are, respectively, the diffusion coefficient
and the concentration of methane in the aqueous phase in the
vicinity of the surface. CI is unknown and calculated by Eq.
16 locally at each surface cell. Literature data are available
for the solubility of methane in water equilibrated with
hydrate CH.

12 From the surface concentration profile, the
overall dissociation rate or, equivalently, the average concen-
tration of methane can be numerically calculated against the
assumed value of the dissociation constant kbl. Practically, a
calibration curve between kbl and Cx was drawn by varying
the dissociation rate constant kbl, which can be determined as
the value on the calibration curve corresponding to the exper-
imentally observed value of Cx.

Computational Fluid Dynamics Method

Basic transport equations and boundary conditions

The following are the basic equations and assumptions for
the fluid dynamic model.

It is assumed that ambient fluid is incompressible and no
bubble formation occurs in the flow. The continuity and the
Navier–Stokes equations for the aqueous phase are given by

r � u ¼ 0 (17)

qu
qt

þ u � ru ¼ � 1

r
rpþ nr � ½ruþ ðruÞT � (18)

where u is the flow velocity, p is the fluid-mechanical static
pressure, r is the water density, and n is the kinematic vis-
cosity of water.
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Mass transfer of dissolved methane in the ambient flow
can be described by the advection–diffusion equation:

qC
qt

þ u � rC ¼ Dr2C (19)

where D is the diffusion coefficient of methane in water.
Heat transfer in the ambient flow is caused by convection

and the conduction in the flow is assumed to be negligible.
Heat transfer inside the hydrate ball is caused by conduction.
The heat transfer process can be given by the following
equations:

qT
qt

þ u � rT ¼ aLr2T ðin the aqueous phaseÞ (20)

qT
qt

¼ aHr2T ðin the hydrate phaseÞ (21)

where T is the temperature and aL and aH are the heat diffu-
sivities in the aqueous and hydrate phases, respectively.

Boundary conditions for the mass transfer of methane and
for the heat transfer are given by combining the dissociation
equation (Eq. 14) of the hydrate ball with the transport flux
at the surface of the hydrate ball. Thus, the boundary condi-
tions are given as

kblRT ln
CH

CI
¼ DrC ðmass transfer of methaneÞ (22)

and

qH þ lHrTH ¼ lLrTL ðheat transferÞ (23)

where qH (¼ DHdis � F1, where DHdis is the latent heat of
hydrate dissociation) is the rate at which the latent heat is
transferred to the methane hydrate by dissociation; lH and lL
are the heat conductivities in the hydrate and water, respec-
tively.

Physical properties for the CFD calculation

The following physical properties are used for the CFD
calculations:
• Heat of dissociation

Heat of dissociation per mole hydrate DHdis is given by
Kuustraa and Hammershaimb13 as

DHdis ¼ 56; 599� 16:744TI ðJ mol�1Þ (24)

where TI is the surface temperature.
• Physical properties of the aqueous phase

The following empirical functions of the temperature were
cited from a handbook:14

Kinematic Viscosity

nL ¼ ð8:8286� 10�10ÞT2 � ð5:3886� 10�7ÞT
þ 8:3104� 10�5 ðm s�2Þ ð25Þ

Diffusion Coefficient of Methane in the Aqueous Phase

D ¼ ð1:2398� 10�12ÞT2 � ð6:7677� 10�10ÞT þ 9:4190

� 10�8 ðm s�2Þ ð26Þ

Heat Conductivity

lL ¼ 487:85 ln T � 2173:8 ðW K�1 m�1Þ (27)

• Physical properties of solid hydrate
The following literature data were used for the physical prop-
erties of the methane hydrate:15

Thermal Diffusivity in the Aqueous Phase

aL ¼ 9:78� 10�8 m s�2

Heat Capacity of the Hydrate at Constant Pressure

CpH ¼ 2010 J kg�1 K

Heat Conductivity in the Hydrate Phase

lH ¼ 0:393 W K�1 m�1

The value of rH ¼ 910 kg/m3 measured in the present
study was used for the density of the methane hydrate ball.
• Solubility of methane in the water

The following correlation equation was derived for the solu-
bility of methane equilibrated with hydrate xeq, based on the
experimentally measured results by Seo and Ryu:12

xeq ¼ 1:0� 10�3 � ½�0:01Pþ ð2:23� 10�4Þ
expð0:0319TÞ� ð28Þ

The numerical simulation method

Computational Domain and Grid System. We used a
three-dimensional unsteady CFD code developed by Jung
and Sato16 that adopts collocated finite-volume formulation
and moving unstructured grids. This method has successfully
been used to predict the behavior of a rising and deforming
droplet. The methane hydrate ball can be regarded as a solid
and thus grids around the ball were fixed in this study. For
the inflow and the outflow boundaries, a laminar parabolic
velocity profile and the zero-gradient Neumann condition
were imposed, respectively. A no-slip condition was used on
the sidewall and the surface of the methane hydrate ball.

The computational domain was in conformity with the cy-
lindrical observation cell of the experimental facility.
Upward and downward were the inflow and outflow bounda-
ries, respectively, although they were opposite in the experi-
mental configuration, as is described later. The vertical flow
direction, however, has no effect on the simulation because
the gravity effect was excluded in Eq. 18, considering the
boundary condition for hydrostatic pressure. The methane
hydrate ball was set on the axis of the cylindrical domain at
a distance of 20 mm from the inflow, whereas the ball was
positioned at a distance of 80 mm from the inflow in the
experiment. This is also not a problem because a velocity
boundary condition at the inflow, a fully developed laminar
cylindrical Poiseuille flow, which is expected at 80 mm
downflow of the real inlet, was imposed. The inside of the
flow cell was discretized into unstructured grids, as shown in
Figure 2. There were two types of computational cells—tet-
rahedrons and triangular prisms—the latter of which were
arranged on the methane hydrate surface and the former
were applied to the other spaces including the inside of the
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methane hydrate ball, for heat transfer. The grids in the wake
of the ball were concentrated on to resolve shed vortices. We
adopted the special feature of the method of Jung and Sato,16

that is, one cell layer of the prisms, attaching to the methane
hydrate surface, was divided into very thin layers (VTLs) of
prisms to resolve thin mass and heat boundary layers, as is
shown schematically in Figure 3. The numbers of prism
layers and VTLs were set at 15 and 10, respectively. For
resolving boundary layers by these grids, the thickness of
each grid should be sufficiently smaller than the boundary
layer thickness. The thicknesses of the boundary layers for
momentum transport dm and for the mass transport dc were
given by Jung and Sato:16

dc ¼ dm
1:026Sc1=3

(29)

dm ¼ 5:48
ffiffiffiffiffiffi

Re
p d

2
(30)

where Re and Sc are the Reynolds and the Schmidt numbers,
respectively. The minimum thicknesses of the boundary
layers for mass transfer are listed in Table 1, and these cor-
respond to the maximum Reynolds and Schmidt numbers

(Re ¼ 252 and Sc ¼ 1965) for the present experimental sys-
tems. It was confirmed that the thickness of the present grids
(D) was sufficiently smaller than the minimum boundary
layer thicknesses to resolve the corresponding boundary
layers. The VTL size for temperature was set at the same
value, assuming that the mass boundary layer is in general
thinner than that of heat transfer.

The boundary condition at the surface of the hydrate in
Eq. 22 can be expressed in a discrete form

kblRT
CH

CI
¼ D

CI � C0

hL
(31)

where C0 is the methane concentration at the centroid of a
cell attaching to the methane hydrate surface and hL is the
length of the water layer attached to the hydrate surface, as
shown in Figure 4.

The boundary condition for the heat transfer in Eq. 23 can
be converted to the surface temperature TI, in combination with
the latent heat necessary for the phase change in Eq. 24 by

TI ¼ lLhHTL þ lHhLTH � 56; 599 F1hLhH
lLhH þ lHhL � 16:744 F1hLhH

(32)

where TL and TH are the temperatures defined at the cent-
roids of a cell in the aqueous phase and at a cell in the solid
hydrate, respectively; these cells are attached to the hydrate
surface, as shown in Figure 5.

Computational Schemes. For the convection–diffusion
equations for momentum, mass, and temperature, a third-
order upwinding scheme and a second-order central differ-
encing scheme were adopted to approximate the convection
and the diffusion terms, respectively. The time differential
terms were discretized by a second-order explicit scheme.
Pressure and velocity were coupled based on the marker and
cell (MAC)–type fractional step method. Incompressible flux
at each cell face, originally introduced in Rhie and Chow,17

was taken into account in the pressure calculation for the nu-
merical stability of the present collocated-grid method.

Figure 2. Schematic image of computational cells near
MH surface for the mass transfer.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3. Grid arrangements for CFD near the MH sur-
face.
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Validation of the CFD Code. The CFD code was exam-
ined by comparing the calculated results for Sherwood num-
ber (Sh) and drag coefficient (Cd) with those obtained by em-
pirical correlations. For the comparison of dissolution, we
picked up three empirical correlation equations of Sh for a
sphere in a flow: Rowe and Claxton,18 Whitaker,19 and Ranz
and Marshall,20 the valid ranges of which are 20 < Re <
2000 and 1200 < Sc < 2770; 3.5 < Re < 76,000 and Sc <
380; and 20 < Re < 70,000 and Sc < 400, respectively.
Therefore, only the Rowe–Claxton equation covered both Re
and Sc for the present experiment conditions. The Sh differ-
ence between the CFD and the Rowe–Claxton is 7.2%,
which is considered as one of the errors when calculating the
rate constant, as is shown later. In these simulations for vali-
dation, CI was set constant. For the drag coefficient Cd, em-
pirical correlation equations by Lapple21 and Clift et al.22

were used for comparison. As shown in Tables 2 and 3, the
calculated values for Cd and Sh were in good agreement
with the values obtained by the empirical correlations under
the same conditions. Therefore, it was confirmed that the
present code can be applied to the present system.

Experimental System and Procedure for the
Dissociation Flux Measurements

Experimental apparatus

Figure 6 shows a schematic drawing of the experimental
apparatus for the methane hydrate dissociation. The appara-
tus, a water flow system operated under high-pressure condi-
tions, is composed of an observation section, where a meth-
ane hydrate ball is placed for dissociation and a high-pres-
sure pump for the water flow. The main part of the
observation section was constructed from two coaxial cylin-
drical tubes of Pyrex

1

(outer) and polycarbonate (inner).
Between the outer and inner tubes, temperature-controlled

water was circulated to maintain the experimental tempera-
ture. The inner diameter of the polycarbonate tube was 30
mm and the length was 100 mm. The maximum bearing
pressure for the polycarbonate tube was about 10 MPa. Each
end of the polycarbonate tube was connected to a tapered
tube of polycarbonate with a stainless steel flange. The inner di-
ameter of the tapered tube was 30 mm at one end and 10 mm
at the other end, and the length was 100 mm. The rest of the
flow system was made from stainless steel tubing with an inner
diameter of 10 mm. Precooled water was supplied to the system
with a hydraulic pump with three cylinders to avoid flow fluctu-
ations. The flow rate was controlled over a range up to 2.0 L/
min and was monitored by a turbine-type flow indicator. The
pressure was controlled by a back-pressure–regulating valve in-
stalled at the downstream side of the flow system and the pres-
sure was monitored by a high-pressure sensor.

Preparation of methane hydrate balls

Fine methane hydrate powder was prepared from fine ice
powder by the ice–gas interface method.23,24 The fine ice
powder was prepared by condensation of atmospheric water
vapor onto a plate cooled by liquid nitrogen. The ice pow-
der was then converted into hydrate powder in a high-pres-
sure vessel under high pressure with pure methane gas
(about 8.5–10 MPa) at a temperature near the melting point
of ice (271–275 K). The ice powder was converted almost
completely into methane hydrate powder after several days
of mixing. A given amount of the hydrate powder was then
mounted in a pair of half-spherical molds made of stainless
steel, the inner diameters of which were 0.01 m. Both

Figure 4. Schematic image of computational cells near
the MH surface for the mass diffusion.

Figure 5. Schematic image of computational cells near
the MH surface for heat transfer.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table 2. Calculated Sherwood Number Sh, at Re ¼ 155
and Sc ¼ 1965

Total Number
of Grids

Sh

CFD
Rowe–
Claxton Whitaker

Ranz–
Marshall

74,379 113 125 140 95
48,413 116

Table 1. Thicknesses of the Boundary Layers d and
Computational Grid D, at Re ¼ 252 and Sc ¼ 1965

Total
Number
of Grids

Number
of Surface

Grids
dm(m),
� 10�3

Dm(m),
� 10�3

dc(m),
� 10�4

Dc(m),
� 10�4

74,379 1544 1.73 0.10 1.34 0.10
48,413 379 0.10 0.10
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molds had a groove on the edge for an iron skewer of di-
ameter 0.1 mm. The pair of the half-spherical molds were
then joined together with an iron skewer being placed
between the modules, and the sphere was pressurized by an
oil jack at a pressure of 8.0 MPa. Finally, a spherical ball
of methane hydrate 1 cm in diameter, skewered on the iron
wire, was obtained.

Dissociation experiments

The hydrate ball was mounted in the observation tube,
hooked to the flange with the iron wire. The center of the
ball was located 2 cm below the upper end of the cylin-
drical observation tube. Precooled pure water was sup-
plied to the system by the high-pressure pump at a given
flow rate. The pressure was increased to a specified value
by adjusting the back-pressure–regulating valve. The
water flow was one-way; fresh water was fed into the sys-
tem during the experiment. The dissociation process was
observed directly through the observation tube. Concen-
tration of the dissolved methane in water was determined
by analyzing the composition of the aqueous phase by gas
chromatography (GC). Sampling of the liquid was con-
ducted at a location about 50 cm downstream from the
observation tube. The water in the main flow line was
introduced into the sampling line through a high-pressure

valve. The sampling line was made from a stainless steel
pipe with 2 m length and 1/32-in. outer diameter. The
pressure drop in the line was sufficiently large to keep the
pressure in the main flow and to reduce the downstream
pressure to atmospheric pressure. The sampled liquid was
vaporized in the sampling line and the vapor was intro-
duced to a GC to analyze the water content and the meth-
ane content detected by a thermal conductivity detector
(TCD) and flame ionization detector (FID), respectively.
The sampling was performed 10 min after the pure water
flow was started. The dissociation experiments were con-
ducted at pressures above the three-phase (H–Lw–V)
boundary pressure for a given temperature. Temperature
was varied over the range of 276.15–283.15 K.

Results and Discussion

Numerical simulations of the methane
hydrate dissociation

Typical results for the numerical simulation of the meth-
ane hydrate dissociation, velocity vectors, and contour maps
for the temperature and concentration of dissolved methane
in water are shown in Figure 7. The parameters were set to
kbl ¼ 2.0 � 10�6 mol2 J�1 s�1 m�2, Q ¼ 1.36 � 10�5 m3

s�1, P ¼ 7.0 MPa, and T ¼ 280.15 K. The elapsed time after
the start of dissociation was 46.92 s and the initial tempera-
ture of the methane hydrate ball was set to 253.15 K. Forma-
tion of a laminar ring-type vortex in the wake was observed
as shown in Figure 7a, corresponding to the relatively low
Reynolds number, Re ¼ 135. Figure 7b demonstrates that the
concentration of methane at the surface of the methane
hydrate ball (CI) was not uniform during the dissociation
under flow conditions. The result indicates that a local differ-
ence in mass concentration can be observed. Figure 7c shows

Figure 6. Schematic drawing of the experimental apparatus for the methane hydrate ball dissociation study.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Table 3. Calcualted Drag Coefficient Cd, at Re ¼ 155 and
T ¼ 276.15 K

Total Number
of Grids

Cd

CFD Clift Lapple

74,379 0.88 0.89 0.87
48,413 0.89
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the temperature profile for the system. Although the tempera-
ture profile inside the methane hydrate was nonuniform, the
temperature in the vicinity of the surface of the methane
hydrate was almost constant and equal to that of the ambient
water flow, which was almost constant. Thus, the heat trans-
fer resistance between the surface of the methane hydrate
and the ambient water was negligibly low and, consequently,
the surface temperature could be assumed to be equal to the
water temperature. Thus, it was confirmed that the dissocia-
tion process proceeded under an isothermal condition. Here-
after, the heat transfer process is ignored in the analysis.

Results of the dissociation experiments and
determination of the dissociation rate constant

Snapshots of the dissociation process of a methane hydrate
ball are shown in Figure 8. The times in the figure indicate

the elapsed time after the dissociation experiment was started
by flowing pure water into the cell. The flow rate was Q ¼
1.78 � 10�5 m3 s�1, T ¼ 278.15 K, and P ¼ 9.0 MPa. Note
that the appearance of the ball in the horizontal direction was
elongated because the shape of the observation cell was cy-
lindrical. Although the pressure and temperature conditions
were above the three-phase boundary, the diameter of the
methane hydrate ball was found to be reduced over time,
arising from dissociation of the methane hydrate. However,
no bubble formation was observed around the methane
hydrate ball during the dissociation process. Thus, it was
confirmed that the dissociation of the methane hydrate
occurred as a result of the water flow under the Lw region
and that the dissociation would be driven by the molar Gibbs
free energy difference between the hydrate phase and the am-
bient aqueous phase. The appearances of the hydrate ball in

Figure 7. Velocity vectors and contour maps of temperature in the vicinity of the MH ball and of mass concentration
on the pellet 46.92 s after the start of flow at Q ¼ 1.36 3 10�5 m3 s�1, P ¼ 7.0 MPa, and T ¼ 280.15 K.

The initial temperature of the methane hydrate ball was 253.15 K.
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Figures 8b and 8c seem slightly transparent. This may be
because the hydrate ball is porous and water penetrated into
the ball after a certain time. However, it is believed that the
dissociation of methane from the interior of the hydrate ball
is negligibly small in this study.

The results for the observed overall dissociation rates are
shown in Figures 9–11. An example of a calibration curve
for Cx vs. kbl is shown in Figure 12 for the conditions of Q
¼ 1.78 � 10�5 m3 s�1, P ¼ 9.0 MPa, and T ¼ 276.15 K.
The determined values for the dissociation rate constant are
shown in Figures 13–15. The upper and lower error ranges
are also shown in the figures, by taking into consideration
the root-mean-square of the maximum values of possible
errors in the CFD calculation and the measurements, such as
Sh difference between the CFD and the Rowe–Claxton equa-
tion, the accuracies of the flow meter, the manometer, and
the thermometer. The dissociation rate constant was almost in-
dependent of the pressure and the flow rate, whereas the rate
constant increased with increasing temperature. Independence of
the flow rate was confirmed within a relatively narrow range of
the water flow rate, that is, a single flow range of transitional
flow; future testing will be necessary to confirm the universality
of the rate constant kbl, covering a wider range of the flow
rates, to claim the dissociation rate constant for the present
model is intrinsic. For the temperature dependency, an Arrhe-

nius-type equation could be applicable, that is,

kbl ¼ A0expð�E=RTÞ (33)

where A0 is the frequency factor and E is the activation energy.
From the plot of kbl vs. 1/T, the values of A0 ¼ 3.89 � 1012

mol2 J�1 s�1 m�2 and E ¼ 98.3 kJ mol�1 were obtained. The
activation energy is almost the same as that obtained by Clarke
and Bishnoi,7 and in the same order of magnitude as the heat
of dissociation (&54.2 kJ mol�1 25). This result indicates that
the dissociation can occur through an activation process associ-
ated with the decomposition of the hydrate lattices.

In Part I of the present study, the dissociation rate constant
kbl was determined from the dissociation of methane hydrate
induced by the fresh water flow under the conditions where
the pressure is above the three-phase boundary for a given
temperature. Although the present results are applicable for

Figure 8. Snapshots of the dissociation process.

MH ball taken at 0 min (a), 10 min (b), and 20 min (c) after
the water flow started; Q ¼ 1.78 � 10�5 m3 s�1, P ¼ 9.0
MPa, and T ¼ 276.15 K. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Figure 9. Dependency of the observed overall dissocia-
tion of methane hydrate on the volumetric
flow rate of the ambient water.

P ¼ 7.0 MPa, T ¼ 280.15 K.

Figure 11. Dependency of the observed overall dissoci-
ation of methane hydrate on the tempera-
ture.

Volumetric flow rate of the ambient water Q ¼ 1.78 �
10�5 m3 s�1, P ¼ 9. 0 MPa.

Figure 10. Dependency of the observed overall dissoci-
ation of methane hydrate on the pressure.

Volumetric flow rate of the ambient water Q ¼ 1.78 �
10�5 m3 s�1, T ¼ 276.15 K.
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the ranges of the conditions used in the study, it can be con-
sidered that the present treatment would be extendable for
other methods of hydrate dissociation, such as depressuriza-
tion or temperature increase. The driving force for such cases
can also be presumed to be the molar free Gibbs energy dif-
ference, which can be converted to the concentration of
methane dissolved in the aqueous phase. The same propor-
tionality constant of the dissociation rate to the driving force
kbl should be applied irrespective of the dissociation method
as far as the driving force is expressed by the molar Gibbs
free energy difference. It can be considered that the method-
ology developed in this study can be extended to other sys-
tems such as dissociation process by other driving forces, or
for hydrates of other chemical species such as ethane or pro-
pane hydrates, which may constitute the natural gas hydrate
resources. In Part II of this study, extension of the present
treatment to other dissociation methods will be discussed.

Conclusions

Dissociation processes of a methane hydrate ball were
observed under conditions above the three-phase (H–Lw–V)
boundary where hydrate is thermodynamically stable in terms
of the pressure and temperature conditions. Dissociation
without the formation of methane bubbles in the aqueous
phase was observed, indicating a relatively low dissociation
rate in which the concentration of the dissolved methane in
the ambient water was kept below the equilibrium solubility.
A model describing the dissociation of methane hydrate in
contact with the aqueous phase was developed, assuming that
the driving force for the dissociation is the molar Gibbs free
energy difference between the hydrate phase and the ambient
aqueous phase. The dissociation equation was described in
terms of the concentration of methane dissolved in water.
The rate constant for the dissociation kbl was determined for
various conditions of ambient flow rate, pressure, and tem-

Figure 12. An example of a calibration curve for kbl vs.
Cx, assuming the conditions of the volumet-
ric water flow rate Q ¼ 1.78 3 10�5 m3 s�1

and T ¼ 276.15 K.

Figure 13. Dependency of the dissociation rate con-
stant of methane hydrate on the volumetric
flow rate of the ambient water.

P ¼ 7.0 MPa, T ¼ 280.15 K.

Figure 14. Dependency of the dissociation rate con-
stant of methane hydrate on the pressure.

Volumetric flow rate of the ambient water Q ¼ 1.67 �
10�5 m3 s�1, T ¼ 276.15 K.

Figure 15. Dependency of the dissociation rate con-
stant of methane hydrate on the tempera-
ture.

Volumetric flow rate of the ambient water Q ¼ 1.78 �
10�5 m3 s�1, P ¼ 9.0 MPa.
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perature, by combining the experimental results for the over-
all dissociation and the numerical simulation of the flow by
the CFD method. It was shown from the numerical simula-
tion that the surface temperature of the methane hydrate ball
was kept equal to that of the ambient water, suggesting that
the dissociation process at the surface proceeded under iso-
thermal conditions where the heat transfer process was not
the rate-determining step for the dissociation. The obtained
value of kbl was independent of the ambient flow rate of
water, suggesting that the rate constant is intrinsic within the
range studied in this study. It can be expected that the pres-
ent treatment can be applied to general dissociation processes
induced by other types of driving forces as well.
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Notation

A ¼ cross-sectional area of the observation cell, m2

A0 ¼ frequency factor in Eq. 33, mol2 J�1 s�1 m�2

C ¼ volumetric molar concentration of methane in the ambient
water, mol m�3

C0 ¼ volumetric molar concentration of methane dissolved in water at
the centroid of a cell attaching to the hydrate surface, mol m�3

Cd ¼ drag coefficient
CH ¼ volumetric molar concentration of methane in the aqueous so-

lution equilibrated with the stable hydrate phase, mol m�3

CI ¼ volumetric molar concentration of methane in the ambient
aqueous solution at the surface of the hydrate ball, mol m�3

Cp ¼ specific heat capacity at constant pressure, J kg�1 K�1

Cx ¼ average molar volumetric concentration of methane in the ambi-
ent water flow for a given cross section of water flow, mol m�3

d ¼ diameter of the methane hydrate ball, m
D ¼ diffusion coefficient of methane in water, m s�2

E ¼ activation energy in Eq. 33, J mol�1

F ¼ dissociation rate flux, mol s�1 m�2

G ¼ molar Gibbs free energy, J mol�1

DG ¼ change of the Gibbs free energy when one mole of the hydrate under
a dissociation condition is dissociated into the aqueous phase, J mol�1

DHdis ¼ heat of dissociation per mole hydrate, J mol�1

hL ¼ length of the water layer attached on the hydrate surface, m
hw ¼ hydration number
kbl ¼ dissociation rate coefficient defined in Eq. 4, mol2 J�1 s�1 m�2

km ¼ mass transfer coefficient, m s�1

L ¼ thickness of computational cell, m
P ¼ thermodynamic pressure, Pa
p ¼ fluid-mechanical static pressure, Pa
Q ¼ volumetric flow rate of the ambient water, m3 s�1

qH ¼ latent heat of hydrate dissociation, J mol�1

rdis ¼ rate of hydrate dissociation based on the rate process theory,
mol s�1 m�2

rform ¼ rate of hydrate formation based on the rate process theory, mol
s�1 m�2

R ¼ gas constant, 8.314 J K�1 mol�1

Re ¼ Reynolds number (¼ QdA�1nL
�1)

Sc ¼ Schmidt number (¼ D�1
L
�1)

Sh ¼ Sherwood number (¼ kmd/D)
T ¼ absolute temperature, K
TL ¼ temperatures at the centroids of a cell in the solid hydrate, K
TH ¼ temperatures at the centroids of a cell in the aqueous phase, K
u ¼ velocity vector of water flow, m s�1

x ¼ mole fraction of methane
xeq ¼ solubility of methane in the aqueous solution in equilibrium

with the stable hydrate phase
xI ¼ mole fraction of methane in the aqueous phase at the surface

of the hydrate ball

Greek letters

aL ¼ thermal diffusivity ( ¼lLrL
�1CpL

�1) in the aqueous phase, m s�2

aH ¼ thermal diffusivity ( ¼HH
�1CpH

�1) in the hydrate ball, m s�2

D ¼ thickness of the computational cell, m
d ¼ thickness of the boundary layer, m

Dm ¼ chemical potential difference, J mol�1

l ¼ heat conductivity, W K�1 m�1

m ¼ chemical potential, J mol�1

m*M ¼ chemical potential of methane at the reference state, J mol�1

mM
H ¼ chemical potential of methane in the hydrate phase, J mol�1

mM
L ¼ chemical potential of methane in the aqueous phase, J mol�1

mW
H ¼ chemical potential of water in the hydrate phase, J mol�1

mW
L ¼ chemical potential of water in the aqueous phase, J mol�1

mW
0 ¼ chemical potential of water at the reference state, J mol�1

n ¼ kinematic viscosity, m s�2

r ¼ density of the ambient water, kg m�3

rH ¼ density of the hydrate ball, kg m�3

Subscripts

c ¼ mass concentration
eq ¼ at equilibrium
h ¼ heat
H ¼ hydrate phase
I ¼ interface of methane hydrate and water
L ¼ aqueous phase
m ¼ momentum
M ¼ methane
obs ¼ observed
W ¼ water
WL ¼ water in the aqueous phase
WH ¼ water in the hydrate phase

Superscripts

H ¼ hydrate phase
L ¼ aqueous phase
V ¼ vapor phase
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