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Rate equations proposed in Part I were extended to dissociation processes induced by
different methods such as depressurization, raised temperature, or simultaneous changes
in temperature and pressure. For all cases, the dissociation rate of hydrate into the two-
phase coexisting region (V-LW) can be expressed by a general form of the product of the
rate constant and the logarithm of the solubility ratio of methane in the aqueous solution,
xR to xS: xR is the solubility of methane in the aqueous solution that is hypothetically in
equilibrium with the hydrate phase under the dissociation pressure and temperature, and
xS is the equilibrium solubility of methane in water under the same dissociation condi-
tion. The virtual solubility of methane, xR, can be estimated by extrapolating the solubil-
ity curve of methane under the conditions in equilibrium with the stable hydrate to the
region at which the dissociation occurs by a simple thermodynamic treatment. The disso-
ciation equation was applied to experimental results of dissociation processes induced
by depressurization with methane bubble formation. The experimentally observed disso-
ciation rates were well correlated by the rate equation with the dissociation constants
determined in Part I. The results suggest that the dissociation equation can be applied
generally to dissociation processes that occur by different methods, and the rate constant
is a universal parameter within the experimental range examined in this work. � 2007
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Introduction

In Part I of this study,1 the dissociation process of methane
hydrate induced by ambient water flow at pressures higher

than that of the three-phase (H-LW-V) boundary line was
investigated. The phenomenological equation describing the
dissociation rate was derived based on the molar Gibbs free
energy difference as the driving force for the dissociation,
and the dissociation rate constant was determined from ex-
perimental results of the overall dissociation rates and nu-
merical simulation results of the methane concentration pro-
file. Hydrate dissociation could be induced by various meth-
ods, such as depressurization, temperature increase, and
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inhibitor addition.2 Hydrate becomes thermodynamically un-
stable during dissociation. It can be anticipated that the phe-
nomenological dissociation rate equation can be generally
applied to the dissociation processes induced by other meth-
ods when the molar Gibbs free energy changes contingent on
the dissociation processes are incorporated as the driving
force. In addition, the dissociation rate constant, the constant
of proportionality between the dissociation rate and the driv-
ing force, could be generally applied to the dissociation pro-
cess by different methods. Then, the dissociation constant
can be confirmed to be ‘‘intrinsic,’’ in the same meaning as
described by Bishnoi’s group.3–8

In Part II of this study, dissociation rate equations for
various methods, such as depressurization, temperature
increase, and simultaneous changes in temperature and pres-
sure, will be derived on the basis of the Gibbs free energy
difference between the unstable hydrate phase and the final
stable phases of aqueous solution and vapor as the driving
force for the dissociation. The Gibbs free energy changes in
the rate equation are expressed in terms of the chemical
potentials of methane, of which the terms can be converted
to the solubility terms of methane in the aqueous solutions,
which can be handled more easily. The dissociation equa-
tion was then applied to the process of dissociation by
depressurization. Experimental studies on the dissociation of
a methane hydrate ball under water flow by depressurization
were conducted under various conditions. The experimen-
tally observed dissociation rates were then compared with
the values predicted by the dissociation rate equation with
the dissociation rate constant, kbl, which was determined in
Part I of this study, to examine the applicability of the pre-
sent treatment.

Simple Thermodynamic Treatment of the
Dissociation Process Induced by
Depressurization or Temperature Change

Dissociation of hydrate by depressurization

Consider a pressure (P)–mole fraction of methane (x) dia-
gram for the methane–water system as shown in Figure 1.
Suppose a stable hydrate phase of which the pressure, P1, is
higher than that for the three-phase (H-LW-V) coexisting
pressure, PT, for a given temperature, T1. The thermody-
namic state of the hydrate is denoted by point N in Figure 1.
When the pressure is dropped abruptly to P2 (\PT) from P1,
while keeping the temperature constant, the state of the
hydrate would be moved from point N to point Q, located in
the two-phase (V-LW) coexisting region. The hydrate phase
under such conditions becomes thermodynamically unstable.
The hydrate will dissociate into two phases of vapor (denoted
by point S) and aqueous solution (denoted by point U),
which will finally reach in thermodynamic equilibrium under
the dissociation pressure, P2. During the hydrate dissociation
process, three phases of unstable hydrate, vapor, and the
aqueous solution would coexist for a given pressure and tem-
perature, but they are not in thermodynamic equilibrium. It
might be quite difficult to follow the detail path of the irre-
versible dissociation processes. In this study, we took a sim-
ple and convenient approach to formulate the dissociation
rate. We paid attention only to the initial state (unstable

hydrate, denoted by Q in Figure 1) and final state (vapor–liq-
uid mixture, denoted by the points S and U, in Figure 1,
which is stable under the dissociation condition), and it is
assumed that the dissociation rate is in proportional to the
difference in the molar Gibbs free energy between the initial
state and the final state. Thus, the following linear relation-
ship is assumed between the molar Gibbs free energy differ-
ence and the dissociation rate, FP, namely,

FP ¼ kPDGP; (1)

where DGP is the free energy difference as the driving force,
kP is the rate constant for dissociation induced by the pres-
sure reduction.

Driving Force for the Dissociation. The next step is the
formulation of the driving force for the dissociation in the
terms of free energy. For this purpose, we assumed that
the unstable hydrate phase will dissociate at an isobaric and
isothermal condition of the dissociation pressure, P2 and the
temperature, T1. The state of the dissociating hydrate phase
can be denoted by the condition at point Q in Figure 1. The
isobaric condition may be rationalized by the rapid transfer
of the pressure change in the hydrate phase. And the isother-
mal condition can be rationalized when the ambient water
flow rate is high enough to supply the heat of dissociation.
When 1 mole of the unstable hydrate phase is converted into
the stable two-phases of vapor and liquid, the change of the
Gibbs free energy, DGP, may be given by,

DGP ¼ GHðQÞ � fGLðSÞ þ GVðUÞg; (2)

where GH(Q) is the Gibbs free energy of 1 mole of the
hydrate at the dissociation pressure, P2, of which the state is
denoted by point Q in Figure 1. GV(U) and GL(S) are the
Gibbs free energies of the vapor (point U), and the aqueous
solution (point S), respectively, to which 1 mole of the
hydrate will be converted and partitioned by the dissociation.

Figure 1. Mole fraction-pressure (x-P) phase diagram
for methane-water-hydrate (temperature con-
stant).
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Note these two phases of the vapor and the aqueous solution
are stable and in equilibrium under the dissociation condition
at pressure, P2, and temperature, T1.

Since 1 mole of hydrate is consisting of 1 mole of meth-
ane and hw moles of water, where hw is the hydration num-
ber, the molar Gibbs free energy of the hydrate phase,
GH(Q), under the dissociation pressure, P2, is given by,

GHðQÞ ¼ lHMðQÞ þ hwl
H
WðQÞ; (3)

where lHMðQÞ, and lHWðQÞ are chemical potentials of methane
and water in the hydrate phase, respectively, under the disso-
ciation condition of P2, T1, of which the state is denoted by
point Q in Figure 1.

When 1 mole of the hydrate will be dissociated into 1
mole of methane and hw moles of water, each component
will be partitioned to the vapor (denoted by point U) and the
aqueous solution (denoted by point S). Because of the liq-
uid–vapor equilibrium,

lVMðUÞ ¼ lLMðSÞ : for methane; (4)

lVWðUÞ ¼ lLWðSÞ : for water; (5)

where lLMðSÞ, and lLWðSÞ are the chemical potentials of meth-
ane and water, respectively, in the aqueous solution at pres-
sure P2, denoted by point S, and lVMðUÞ, and lVWðUÞ are the
chemical potentials of methane and water, respectively, in
the vapor phase at pressure P2, denoted by point U. Because
of the phase equilibrium condition in Eq. 4, the sum of the
Gibbs free energies of methane in the vapor and that in the
aqueous solution is simply given by multiplying the total
mole number of methane (5 1 mole) and the chemical
potential of methane in either phase, namely,
1 3 lVMðUÞ ¼ 1 3 lLMðSÞ. Similarly, that of water is given
by, hW 3 lVWðUÞ ¼ hW 3 lLWðSÞ. Thus, the total Gibbs free
energy of the two phases of the vapor and the aqueous solu-
tion is given by,

GLðSÞ þ GVðUÞ ¼ lLMðSÞ þ hWlLWðSÞ ¼ lVMðUÞ þ hWlVWðUÞ:
(6)

Therefore, the driving force for the dissociation or the
Gibbs free energy difference between the hydrate phase and
the sum of the vapor and the aqueous solution is given by,

DGP ¼ GHðQÞ � fGLðSÞ þ GVðUÞg
¼ flHMðQÞ � lLMðSÞg þ hwflHWðQÞ � lLWðSÞg
¼ flHMðQÞ � lVMðUÞg þ hwflHWðQÞ � lVWðUÞg: (7)

Formulation of the Free Energy Difference in Terms of
the Solubilities. The Gibbs free energy terms in Eq. 7 can

be converted into to the terms of the solubility of methane in

aqueous phase by simple thermodynamic assumptions.
Hydrate Phase. When the hydrate phase is in equilibrium

with other stable phase such as vapor or liquid, the chemical
potentials of water and methane in the hydrate phase are
equal to those in the phase in equilibrium. When the hydrate
phase is in equilibrium with the aqueous solution phase, the

chemical potentials could be expressed in terms of the equi-
librium solubility of methane in water. Such expressions of
chemical potentials cannot be used for the hydrate under the
dissociation because no stable aqueous phase exists in equi-
librium with the unstable hydrate. In this study, a hypotheti-
cal aqueous solution phase was considered for the expression
of chemical potential of the unstable hydrate phase. The hy-
pothetical aqueous solution is assumed to be (hypothetically)
in equilibrium with the hydrate under the dissociation pres-
sure. Then, the chemical potentials in the hydrate phase
under the dissociation pressure were expressed in terms of
the solubility in the hypothetical aqueous solution phase. The
state of the hypothetical aqueous solution is denoted by point
R in Figure 1, which is located on the extrapolated equilib-
rium solubility curve, MM0, to the dissociation pressure, P2

from the three-phase coexisting pressure, PT. The solubility
terms can be calculated by extrapolation under the assumption
that the equilibrium relationship between the hydrate phase
and the aqueous solution phase above the three-phase coexist-
ing pressure, PT, is hold to the dissociation pressure, P2. The
extrapolation method of the solubility in the hypothetical aque-
ous solution will be discussed in the following section. It
should be noted that the hypothetical aqueous solution does
not exit or emerge during the dissociation process.

Because of the low solubility of methane in the aqueous solu-
tion, the hypothetical aqueous solution could be assumed to be
an ideally dilute solution with water as the solvent, and meth-
ane as the solute. Thus, the activity coefficients can be set at
unity for both components, the chemical potentials of methane
and water in the (unstable) hydrate phase can be expressed by,

For methane:

lHMðQÞ ¼ lLMðRÞ ¼ l�M þ RT1 ln xR; (8)

For water:

lHWðQÞ ¼ lLWðRÞ ¼ l0W þ RT1 lnð1� xRÞ; (9)

where l�M and l0W are the chemical potentials of the refer-
ence states, and xR is the equilibrium solubility of methane
in the hypothetical aqueous solution (denoted by R) in equi-
librium with the hydrate phase at the dissociation pressure,
P2. The reference state for water is the chemical potential of
pure water (xR 5 0). The reference state for methane is set
as xR ? 0, where the activity coefficient is unity.9

Aqueous Solution Phase. Stable aqueous solution under
the dissociation condition is assumed to be an ideally dilute so-
lution with water as the solvent, and methane as the solute and
the chemical potentials of the components can be expressed by,

For methane:

lLMðSÞ ¼ lVMðUÞ ¼ l�M þ RT1 ln xS; (10)

For water:

lLWðSÞ ¼ lVWðUÞ ¼ l0W þ RT1 lnð1� xSÞ; (11)

where l�M and l0W are the chemical potentials of the same
reference states as those in Eqs. 8 and 9, respectively, and xS
is the solubility of methane in the stable aqueous solution
(point S) in equilibrium with the vapor phase at the dissocia-
tion pressure, P2.
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Therefore, the free energy difference, DGP, can be given
by,

DGP ¼ GHðQÞ � fGLðSÞ þ GVðUÞg

¼ RT1 ln
xR
xS

þ hWRT1 ln
1� xR
1� xS

: (12)

Since the solubilities of methane in water, xR, xS, are
extremely low (in the order of 1026–1027), and the hydration
number, hw, is about 5–6, the second term in the right hand
side of Eq. 12 can be neglected in comparison to the first
term. Then, the free energy difference, DGP, can be approxi-
mated by,

DGP ¼ RT1 ln
xR
xS

: (13)

Note that Eq. 13 could be directly derived by considering
only the chemical potential difference of methane between in
the hydrate phase and in the aqueous solution. By inserting
Eq. 13 into Eq. 1, the rate equation can be written as,

FP ¼ kPRT1 ln
xR
xS

: (14)

Thus, the dissociation equation can be simply expressed
by the mole fraction of methane in the hypothetical solution
in equilibrium with the hydrate, xR, at the dissociation pres-
sure, and the equilibrium solubility of methane in the aque-
ous solution, xS, which is stable at the dissociation pressure.
Note that Eq. 14 is similar to Eq. 12 in the Part I of this
study. The ratio of the mole fractions can be replaced by the
ratio of the volumetric molar concentrations because of the
extremely low mole fractions of methane dissolved in water,
namely,

FP ¼ kPRT1 ln
CR

CS

; (15)

where CR and CS are the volumetric molar concentration of
methane [mol/m3] in the hypothetical aqueous solution equi-
librated with the hydrate under the dissociation condition and
that in the stable aqueous solution at the same condition,
respectively.

Estimation of the Solubility of Methane in the Hypothetical
Aqueous Solution, xR. To estimate the solubility of methane
in the hypothetical aqueous solution, xR, the following ther-
modynamics was used to extrapolate the solubility curve in
the H-LW region (MM0) to the LW-V region.

Suppose a stable hydrate (denoted by point N) in equilib-
rium with an aqueous solution (denoted by point M) at a
pressure, P1, of which the state is located in the H-LW

region. The equilibrium relation of methane between the
hydrate phase and the aqueous phase can be written as:

lHMðNÞ ¼ lHMðP1; T1; xHÞ ¼ lLMðMÞ ¼ lLMðP1; T1; xeqÞ; (16)

where xH is the molar ratio of the methane in the hydrate
phase, and xeq is the solubility of methane in the aqueous so-
lution equilibrated with the hydrate phase. When there is an
infinitesimal change in pressure on the equilibrium line under
an isothermal condition, Eq. 16 can be written as

lHMðP1; T1; xHÞ þ @lHM
@P

� �
T¼T1

dP

¼ lLMðP1; T1; xeqÞ þ @lLM
@P

� �
T¼T1

dP; (17)

On the equilibrium line, Eq. 17 becomes

@lHM
@P

� �
T¼T1

¼ @lLM
@P

� �
T¼T1

: (18)

On the other hand, with an assumption of the ideally dilute
solution, the chemical potential of methane in the aqueous
solution at pressure P and temperature T can be written as

lLMðP; T; xÞ ¼ l�MðP; TÞ þ RT ln x; (19)

Differentiating Eq. 18 with a constant temperature leads to

@lLM
@P

� �
T¼T1

¼ @l�M
@P

� �
T¼T1

þ RT
@ ln x

@P

� �
T¼T1

: (20)

From the thermodynamics,

@l�M
@P

� �
T¼T1

¼ vL; (21)

where vL is the molar volume of methane dissolved in water.
Neglecting the effect of pressure on the cage occupancy, xH,
in the hydrate phase, we have

@lHM
@P

� �
T¼T1

¼ vH; (22)

where vH is the molar volume of methane in the hydrate
phase. By combining Eqs. 18 and Eqs. 20–22, we obtain:

vH ¼ vL þ RT
@ ln x

@P

� �
T¼T1

: (23)

By integrating Eq. 23 from P1 to P2 under an isothermal
condition and rearranging, we have:

RT1 ln
xR
xeq

¼ ðvH � vLÞðP2 � P1Þ: (24)

Assuming that there is a very small change in the solubility,
and thus neglecting terms over the second order, we obtain

RT1 ln
xR
xeq

¼ RT1 ln

�
1þ xR � xeq

xeq

�
� RT1

xR � xeq
xeq

¼ ðvH � vLÞðP2 � P1Þ: (25)

Finally, the aqueous solubility of methane, xR, can be
expressed as a linear equation of pressure, P1:

xR ¼ xeq
ðvH � vLÞðP2 � P1Þ

RT1
þ 1

� �
: (26)
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Experimental results have demonstrated an almost linear
relationship between the solubility of methane and the pressure
in the H-LW region.10 Thus, it would be reasonable to extrapo-
late the solubility curve to the V-LW region based on Eq. 26.

Dissociation by temperature change

To consider the dissociation process that takes place on
changing the temperature, a temperature–mole fraction of
methane (x 2 T) phase diagram is useful for the methane–
water system as shown in Figure 2. Suppose a stable hydrate
of which the thermodynamic state is located in the two-phase
(V-LW) coexisting region denoted by point N in Figure 2.
The hydrate is stable because the temperature, T1, is below
the three-phase (H-LW-V) coexisting temperature, TT for a
given pressure, P1. When temperature is raised abruptly from
T1 to T2 ([TT) while keeping the pressure constant (P 5
P1), the state of the hydrate moved to point Q, which is
located in the V-LW two-phase coexisting region, and the
hydrate will become unstable. Hence, the hydrate will be dis-
sociated into two phases of vapor (denoted by point U) and
aqueous solution (denoted by point S), which are stable and
in equilibrium under the dissociation condition. Note the
thermodynamic states of denoted by points, S, U are different
from those in the previous section.

A linear phenomenological relationship is assumed
between the dissociation rate, FT and the free energy differ-
ence, DGT, between the unstable hydrate phase (denoted by
Q) and the stable two-phase of liquid (denoted by S) and
vapor (denoted by U). Then the dissociation rate can be
expressed by,

FT ¼ kTDGT; (27)

where kT is the rate constant for the dissociation due to the
temperature change.

Driving force for the dissociation: It is assumed that the
temperature and the pressure conditions of the hydrate phase
are constant during the dissociation process, which is equal
to the dissociation pressure, P1, and temperature T2. The
driving force for the hydrate dissociation is assumed to be
the change of the Gibbs free energy when the hydrate at tem-
perature T2 (denoted by point Q) is dissociated into two
phases of vapor (denoted by point U) and aqueous solution
(denoted by point S). When 1 mole of the hydrate consisting
1 mole of methane and hw moles of water (hw is the hydra-
tion number) under the dissociation temperature, T2, is disso-
ciated into the two phases of vapor and aqueous solution, the
Gibbs free energy change, DGT, can be expressed by the fol-
lowing equation,

DGT ¼ GHðQÞ � fGLðSÞ þ GVðUÞg
¼ flHMðQÞ � lLMðSÞg þ hwflHWðQÞ � lLWðSÞg
¼ flHMðQÞ � lVMðUÞg þ hwflHWðQÞ � lVWðUÞg; (28)

where lHMðQÞ and lHWðQÞ are chemical potentials of methane
and of water, respectively, in the hydrate phase under the
dissociation condition of P1, T2, denoted by point Q; lLMðSÞ
and lLWðSÞ are the chemical potentials of methane and of
water, respectively, in the aqueous solution, denoted by point
S; lVMðUÞ and lVWðUÞ are the chemical potentials of methane
and water, respectively, in the vapor phase, denoted by point
U. Note a similar treatment to that used in the previous sec-
tion was applied for summing the Gibbs free energies of the
two phases of vapor and aqueous solution to derive Eq. 28.
Equation 28 is essentially the same form as Eq. 7 in the pre-
vious section, except the thermodynamic condition assigned
to each term.

Formulation of the Free Energy Difference in Terms of
the Solubilities. Similar treatment used in the previous sec-
tion can be applied for the present system with the assump-
tion of the ideally dilute solutions.

Hydrate Phase. The chemical potential of methane and
water in the hydrate phase at the dissociation temperature, T2
(denoted by point Q in Figure 2), is assumed to be repre-
sented by that in the hypothetical aqueous solution (denoted
by point R), which is in equilibrium with the hydrate phase
at the dissociation temperature, T2. The equilibrium solubility
of methane in the hypothetical aqueous solution, xR, can be
obtained by extrapolating the solubility curve (MM0) from
the H-LW region to the V-LW region under an isobaric condi-
tion. The aqueous solution is assumed to be an ideally dilute
solution with water as the solvent, and methane as the solute.
The molar Gibbs free energy of the hydrate phase at the dis-
sociation temperature can be expressed by,

GHðQÞ ¼ GLðRÞ ¼ ðl�M þ RT2 ln xRÞ
þ hwfl0W þ RT2 lnð1� xRÞg; (29)

where l�M and l0M are the chemical potentials of the reference
states, which are same as in Eqs. 8 and 9, respectively.

The Aqueous Phase. The aqueous solution is approxi-
mated with an ideally dilute solution with water as the sol-
vent, and methane as the solute, and the total Gibbs free
energy of the two phases can be expressed by,

Figure 2. Mole fraction-pressure (x-T) phase diagram
for methane-water-hydrate (pressure con-
stant).
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GLðSÞ þ GVðUÞ ¼ ðl�M þ RT2 ln xSÞ
þ hwfl0W þ RT2 lnð1� xSÞg; (30)

where l�M and l0M are the chemical potentials of the same
reference states same as them in Eqs. 8 and 9, respectively,
and xS is the equilibrium solubility of methane in water at
the dissociation temperature, T2. Therefore, the free energy
difference, DGT, can be given by,

DGT ¼ GHðQÞ � fGLðSÞ þ GVðUÞg
¼ GLðRÞ � fGLðSÞ þ GVðUÞg
¼ RT2 ln

xR
xS

þ hwRT2 ln
1� xR
1� xS

: (31)

Since the solubilities of methane in water, xR, xS are
extremely low (in the order of 1026 – 1027), and the hydration
number, hw, is about 5–6, the second term in the right hand side
of Eq. 31 can be neglected in comparison to the first term. Then
the free energy difference, DGT, can be approximated by,

DGT ¼ RT2 ln
xR
xS

: (32)

Equation 32 is essentially the same as Eq. 13. By inserting
Eq. 32 into Eq. 28, the rate equation can be rewritten as,

FT ¼ kTRT2 ln
xR
xS

: (33)

The ratio of the mole fractions is equivalent to the ratio of
the volumetric molar concentrations because of the extremely
low mole fractions of methane dissolved in water, namely,

FT ¼ kTRT2 ln
CR

CS

; (34)

where CR and CS are the volumetric molar concentrations of
methane [mol/m3] in the hypothetical aqueous solution equi-
librated with the hydrate at the dissociation temperature, T2,
and that in the aqueous solution that is stable at the same
temperature, respectively.

Extrapolation of the Solubility Curve. The aqueous solu-
bility curve of methane in the H-LW region can be extrapo-
lated to the LW-V region by the thermodynamic method sim-
ilar to that used in the previous section. In the H-LW region,
the equilibrium relation for methane between the hydrate
phase and the aqueous phase is given by,

lHMðNÞ ¼ lHMðP1; T1; xHÞ ¼ lLMðMÞ ¼ lLMðP1; T1; xeqÞ: (35)

When there is an infinitesimal change in temperature with
keeping the pressure on the equilibrium line, Eq. 35 can be
written as

lHMðP1; T1; xHÞ þ @lHM
@T

� �
P¼P1

dT

¼ lLMðP1; T1; xeqÞ þ @lLM
@T

� �
P¼P1

dT: (36)

On the equilibrium line, Eq. 36 becomes

@lHM
@T

� �
P¼P1

¼ @lLM
@T

� �
P¼P1

: (37)

On the other hand, the chemical potential of methane in
the water phase at temperature T is given by assuming an
ideally dilute solution,

lLMðP; T; xÞ ¼ l�MðP; TÞ þ RT ln x: (38)

Differentiating Eq. 38 with respect to T, we obtain

@lLM
@T

� �
P¼P1

¼ @l�M
@T

� �
P¼P1

þ @ðRT ln xÞ
@T

� �
P¼P1

: (39)

Neglecting the effect of temperature on the cage occu-
pancy in the hydrate phase, we have

@lHM
@T

� �
P¼P1

¼ �sH; (40)

where sH is the molar entropy of methane in the hydrate.
From thermodynamics,

@l�M
@T

� �
P¼P1

¼ �sL; (41)

where sL is the molar entropy of methane in the aqueous
phase.

Equations 37 and 39–41 can be combined to give

sH ¼ sL � @ðRT ln xÞ
@T

� �
P¼P1

: (42)

Integrating Eq. 42 from (T1, xeq) to (T2, xR) with respect to
T gives,

RT2 lnxR �RT1 lnxeq ¼�ðsH � sLÞðT2 � T1Þ; P¼ P1: (43)

Equation 43 can be rearranged to

ln xR ¼ 1

T2

T1
R
fR ln xeq þ ðsH � sLÞg � 1

R
ðsH � sLÞ;

P ¼ P1:

(44)

Finally, the solubility, x, can be expressed as an exponen-
tial function of temperature T2:

xR ¼ x0 exp

�
a

T2

�
; (45)

where x0 and a are constants that are given by,

x0 ¼ exp

�
� 1

R
ðsH � sLÞ

�
; (46)

a ¼ T1
R

�
R ln xeq þ ðsH � sLÞ

�
; (47)

In this case, a linear extrapolation of the solubility curve
to the H-V region is not appropriate. Nonlinear curve fitting

AIChE Journal August 2007 Vol. 53, No. 8 Published on behalf of the AIChE DOI 10.1002/aic 2153



by two parameters based on Eq. 45 could be conducted based
on the real solubility curve in the H-LW region.

Dissociation by simultaneous changes in temperature
and pressure

In practical cases for the production of methane from the
methane hydrate layer, both depressurization and heating
would be used simultaneously to increase the production
rate. In this section, the dissociation process induced by si-
multaneous changes in the temperature and the pressure will
be discussed. For such cases, a three-dimensional P-T-x
phase diagram (not shown) should be used.

Suppose a stable hydrate (denoted by point N) at tempera-
ture, T1, and pressure, P1. When temperature and pressure are
changed to T2 and P2, respectively, which is located in the
two-phase (V-LW) region, the hydrate phase (denoted by point
Q) will become unstable and be dissociated into two phases of
vapor (denoted by point U) and aqueous solution (denoted by
point S), which are stable and in equilibrium under the dissoci-
ation condition. Again, the thermodynamic states associated
with points S, U are different from the ones in the previous
sections. The dissociation rate can be expressed by,

FS ¼ kSDGS ¼ kS½GHðQÞ � fGLðSÞ þ GVðUÞg�; (48)

where kS is the rate constant for the dissociation due to simul-
taneous changes in pressure reduction and temperature. GH(Q)
is the molar Gibbs free energy of the hydrate, consisting 1
mole methane and hw moles of water under the dissociation
condition. GV(U) and GL(S) are the Gibbs free energies in the
aqueous phase and the vapor phase, respectively, into which 1
mole of the hydrate will be dissociated and partitioned. The
terms of the Gibbs free energy in Eq. 48 can be reduced to the
chemical potential terms by a similar procedure to that used in
the previous section.

DGS ¼ GHðQÞ � fGLðSÞ þ GVðUÞg
¼ flHMðQÞ � lLMðSÞg þ hwflHWðQÞ � lLWðSÞg
¼ flHMðQÞ � lVMðUÞg þ hwflHWðQÞ � lVWðUÞg; (49)

which is essentially same as Eqs. 7 and 28. With the assump-
tion that the aqueous solutions are ideally dilute solutions, the
Gibbs free energy difference can be expressed by,

DGS ¼ GHðQÞ � fGLðSÞ þ GVðUÞg
¼ GLðRÞ � fGLðSÞ þ GVðUÞg
¼ RT2 ln

xR
xS

þ hwRT2 ln
1� xR
1� xS

;

(50)

where xR is the solubility of methane in the hypothetical aque-
ous solution, which is in equilibrium with the hydrate phase
under the dissoication condition. xS is the equilibrium solubil-
ity of methane in water under the same dissociation condition.
Equation 50 is similar to Eqs. 12 and 31 in the previous sec-
tions. Again, the terms for the water can be neglected and
finally, the driving force can be written,

DGS ¼ RT2 ln
xR
xS

; (51)

and the dissociation rate can be expressed by the volume
concentration terms,

FS ¼ kSRT2 ln
CR

CS

: (52)

In the same manner as for the previous cases, the aqueous
solubility curve of methane in the H-LW region can be
extended to the LW-V region and expressed as a function of
pressure and temperature:

x ¼ x00 exp
�
a0P
T

�
; (53)

where a0 and x00 are constants. In this case, the dependencies
of the solubility curve on the temperature and the pressure
are necessary to determine the hypothetical solubility curve
based on Eq. 53.

The dissociation rate for each dissociation method can be
expressed by product of the dissociation constant with the
logarithm of the ratio of the solubility methane in a hypothet-
ical aqueous solution that is in equilibrium with the hydrate
phase under the dissociation condition and the equilibrium
solubility of methane under the same dissociation condition.
The different dissociation constants were incorporated in the
different dissociation methods, such as kbl (concentration
change), kP (pressure change), kT (temperature change), kS
(simultaneous change in temperature and pressure). These
rate constants, however, should be independent of the disso-
ciation methods for a given temperature and pressure condi-
tion because all the rate equations were derived based on the
same principle that the Gibbs free energy difference between
the unstable hydrate phase and the stable phases of vapor
and aqueous solution is assumed to be the driving force for
the dissociation. In the following section, experimentally-
observed dissociation rates of methane hydrate by depressuri-
zation will be compared with the rates predicted by Eq. 14
with the dissociation rate constant, kbl, which was determined
in Part I of this study. In other words, the applicability of the
present treatment as well as the universality of the dissocia-
tion rate constant will be checked.

Experimental

Experimental apparatus

The same experimental system as in Part I of this study
was used for the depressurization experiments, with a modifi-
cation by installing an instrument for bubble size measure-
ment, as shown in Figure 3. The observed dissociation rates
by depressurization were much faster than those obtained in
Part I, and bubble formation near the hydrate ball was
observed because of the higher dissociation rate. The overall
dissociation rate is the sum of the dissolved methane in the
water flow and the gasified methane. The overall dissociation
rate was measured by measuring the flow rate of methane
bubbles after the dissolved methane was gasified by reducing
the pressure of the water flow to atmospheric pressure. Since
the solubility of methane at atmospheric pressure is negligi-
bly small, the dissociation rate can be determined by the
bubble flow rate with a sufficient accuracy. The measurement
of the flow rate of the methane bubbles in water was carried
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out using an instrument for particle size distribution measure-
ment by laser scattering (Shimadzu SALD-3100) installed
downstream of the pressure-regulating valve (Figure 3). To
remove the dissolved gas in the feed water to the dissociation
cell, a degassing unit (Yokohama Rika ERC-3000W) was in-
stalled before the hydraulic pump.

Experimental procedure

The methane hydrate ball was prepared by the same
method described in Part I. The ball was mounted in the
flow cell by holding it in a plastic net without wire, to pre-
vent the hydrate ball from detaching from the cell because of
the higher dissociation rate. After mounting the hydrate ball,
the water flow was started at a pressure and temperature con-
dition, at which the hydrate was thermodynamically stable.
Then, the system pressure was changed by adjusting the pres-
sure-regulating valve installed downstream of the observation
cell. The water flow was depressurized to the atmospheric
pressure after passing through the pressure-regulating valve,
and introduced to the instrument for bubble size measurement.
The detailed procedure for the bubble size measurement is
described in the next section. The flow rate was fixed at 1.78
3 1025 m3 s21 for all runs, the temperature was changed in

the range of 276.15–282.15 K and the dissociation pressure
was set to values from 0.3 to 0.9 MPa below the equilibrium
pressure.

Determination of the volumetric flow rate of methane
bubbles

When a laser beam is diffracted by a flow of bubbles, the
diffraction pattern is given by,

IðhÞ ¼ I0V
Xn
i¼1

ciðriÞI0iðh; riÞ; (54)

where I(h) is the diffraction intensity at the angle, h; V is the
total volumetric flow rate of the bubbles; ci(ri) is the volume-
based fractional size distribution of the bubbles with radius
ri; Ii

0(h, ri) is the nondimensional diffraction intensity per
unit volume of bubbles with radius, ri. Ii

0(h, ri) is given by
Eq. 55 under the conditions when diffusion and absorption of
the laser beam are ignored, and the bubble size is larger than
the wavelength of the beam11

I0iðh; riÞ ¼
n2

16p2r2i
biðriÞ4

2J1ðbiðriÞ sin hÞ
biðriÞ sin h

� �2
; (55)

Figure 3. Experimental apparatus for the measurement of the dissociation rate of methane hydrate with bubble
formation.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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where bi(ri) is a parameter defined by 2pri/n, where n is the
laser wavelength, and J1 is the first Bessel function. The pa-
rameter, I0, is an instrumental system-specific constant and
independent of the diffraction angle and the bubble radius.

The fractional size distribution of the bubbles, ci(ri), can
be determined from the experimentally observed diffraction
intensity pattern, I(h), by using the normalization condition
of

P
ci(ri) 5 1, without knowing the values of I0V in Eq. 54.

Figure 4 shows a typical distribution of the bubble size of
methane dispersed in water, ci(ri), which was determined
from the measured diffraction pattern, I(h). The product IV0

can be obtained as the proportionality constant in Eq. 54
with the known size distribution of the bubbles and the
measured intensity, I(h). To determine the volumetric flow
rate of the bubbles, V, equivalent to the dissociation rate of
methane hydrate, the system-specific parameter, I0, should be
determined separately. To obtain the value of I0 for the pres-
ent system, diffraction pattern was measured with the same
apparatus, but using glass beads with a uniform size at 60
lm dispersed in the water flow. The diffraction patterns were
measured for various volumetric flow rates of the glass
beads, V. In this case, Eq. 54 can be reduced to,

IðhÞ ¼ I0VI
0
60ðhÞ; (56)

Since the parameter, I60
0 (h), is constant for beads with a fixed

size at 60 lm, and it can be calculated based on Eq. 55, the
unknown parameter, I0, can be determined as the proportion-
ality constant of I(h) against the volumetric flow rate, V.
Only the intensity for a certain diffraction angle is necessary
to determine the parameter I0. In this study, the principal in-
tensity, Imax, the peak of the obtained diffraction pattern
against the diffraction angle, h, was used. In Figure 5, the
principal intensity, Imax was plotted against the volume flow
rate of the glass beads, and a linear relationship was
observed. Thus, the proportionality constant, I0, was deter-
mined from the slope of the line in Figure 5,

Imaxð~hÞ ¼ I0I
0
60ð~hÞV; (57)

where ~h is the diffraction angle giving the maximum inten-
sity. With a known value of the apparatus-specific parameter
I0, the volumetric flow rate of the methane bubbles can be
determined from the measured diffraction intensity and the
size distribution ci(ri) by,

V ¼ IðhÞ
I0
Pn
i¼1

ciðriÞI0iðh; riÞ
: (58)

Error analysis was conducted for the measurement of the
bubble flow rate by the laser diffraction method. Uncertain-
ties may mainly be originated in the calibration curve, Eq.
56, for the intensity with the volume flow rate of glass beads
with 60 lm diameter. It was assumed that the diameter of
the glass beads used for the calibration was uniform at
60 lm. We analyzed the error in the volume flow rate when
the size distribution of the glass beads is Gaussian with dif-
ferent variations, r 5 1, 2, 3, and 10 lm. As a result, the
error in the volumetric flow rate was estimated in the range
of 28% to 114%.

Results and Discussion

Dissociation rate equation for depressurization with
bubble formation

The dissociation rate equation by the depressurization is
given by Eq. 14, which represents the local dissociation rate
where the ambient water is saturated with methane. In the
dissociation experiments induced by depressurization, bubble
formation was observed in the vicinity of the methane
hydrate ball. This result indicates that the methane concentra-
tion in the vicinity of the methane hydrate ball is saturated,
and that excess methane was gasified due to the higher disso-
ciation rate. Therefore, it can be confirmed that Eq. 14 holds
for all locations on the hydrate surface, and the overall disso-
ciation rate, Fobs, is simply the product of the local flux, FP,

Figure 4. A typical bubble size distribution of the meth-
ane bubbles measured by the laser diffrac-
tion method.

Figure 5. Relationship between the principal laser dif-
fraction intensity, Imax, and the volumetric
flow rate of glass beads in water, of which
the diameter is uniform at 60 lm.
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and the surface area. Thus,

Fobs ¼ pd2kPRT1 ln
xR
xS

; (59)

where d is the diameter of the methane hydrate ball.
The equilibrium solubility of methane can be correlated by

the following empirical equation12

xS ¼ exp½�152:777þ 7478:8T�1
1 þ 20:6794 ln T1

þ 0:753161 lnð10�5PÞ�: (60)

The same equation as Eq. 28 in Part I can be used for the
extrapolation of the solubility curve in the three-phase (H-LW-
V) coexisting region to the two-phase (V-LW) coexisting region,

xR ¼ 1:0 3 10�3 3 ½�0:01Pþ ð2:23 3 10�4Þ
3 expð0:0319T1Þ�: (61)

If the rate constant, kbl, obtained in Part I of this study1

can be applied to the present case (Eq. 62),

kbl ¼ 3:89 3 1012 exp � 98300

RT1

� �
; (62)

The overall methane hydrate dissociation rate can be
expressed by Eq. 63 as a function of temperature only by
replacing kP in Eq. 59 with kbl in Eq. 62, then,

Fpred ¼ 3:89 3 1012 3 pd2RT ln
xR
xS

exp � 98300

RT1

� �
(63)

By comparing the experimentally observed dissociation
rate, Fobs, with the predicted value Fpred, with Eq. 63, the
applicability of the rate constant, kbl, to the dissociation pro-
cess induced by depressurization could be examined.

Comparison of the experimental results with the
predicted values

A typical measured diffraction intensity for methane bub-
ble flow in water is shown in Figure 6 at T1 5 276.15 K

with respect to the detector number, which is a function of
the diffraction angle h. With a decreasing dissociation pres-
sure, the diffraction intensity increased generally, indicating
an increasing dissociation rate, except that the diffraction in-
tensity at the pressure of 2.79 MPa is lower than one at the
pressure of 2.94 MPa. This discrepancy may be due to some
experimental errors cause by several reasons, e.g., bubbles
trapping in the dead volume of the experimental system and
the water condensation at the surface of the flow cell
(although nitrogen was flown at the surface) due to the low
temperature operations. To convert the diffraction intensity
to the total bubble volume, V, which is equivalent to the
overall dissociation rate of the methane hydrate ball, the
determined value of I0 based on the method described in the
previous section was used.

In Figures 7–9, the observed dissociation rates and the pre-
dicted values are plotted against the dissociation pressure for
temperatures of 276.15, 279.15, and 282.15 K, respectively.
The corresponding three-phase coexisting equilibrium pres-
sures were 3.54, 4.82, and 6.56 MPa, respectively. It is also
assumed that the temperature during the dissociation is con-
stant at the initial temperature. Note the error bars in the fig-
ures denoted the range of the experimental errors for the
bubble flow measurements due to the uncertainties in the cal-
ibration curve based on the assumption of uniform distribu-
tion of particles without overlapping. (Eq. 56). Generally,
good agreement was observed between the experimental
results and the predicted values for the dissociation rates for
all the conditions studied, although the predicted values are
slightly higher than the experimental results for a tempera-
ture of 276.15 K. The results indicate that the dissociation
rate constant, kbl, which was determined as the proportional-
ity rate constant for the dissociation process induced by a
fresh water flow, is applicable to the dissociation process
induced by depressurization.

Dotted lines in Figures 7–9 denote the values of the disso-
ciation rate predicted by the equation proposed by Kim
et al.,3 in which the fugacity difference between for the

Figure 6. Laser-diffraction intensity with respect to the
detectors for various dissociation pressures
at T 5 276.15 K.

Figure 7. Comparison of the predicted values with the
experimental results for the overall dissocia-
tion rate of methane hydrate under various
pressure conditions.

Water flow rate, Q 5 1.78 3 1025 m3 s21, T 5 276.15 K.
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three-phase (H-LW-V) coexisting equilibrium condition (pres-
sure, PT) and for the dissociation condition (pressure, P2) is
the driving force for the dissociation:

FKB ¼ k0KB exp
��DEKB

RT1

�
ff ðPT; T1Þ � f ðP2; T1Þg; (64)

where k0KB is a constant independent of the pressure and tem-
perature, and DEKB is the activation energy. The dissociation
rate constant in Eq. 64 can be claimed as intrinsic when it
was determined from dissociation experiments under such
conditions that neither mass nor heat transfer resistance were
the rate-determining step. The dissociation rates predicted by
the Kim–Bishnoi equation were slightly lower than the ex-
perimental results and the values predicted by Eq. 14 devel-
oped in this study at lower pressure conditions, but the dis-
crepancy became smaller when the pressure approached the
three-phase (H-LW-V) coexisting equilibrium pressure. The
experimental results were in better agreement with the values
predicted by Eq. 14 than those predicted by the Kim-Bishnoi
equation.

Equation 14 can be reduced to Eq. 64 with the following
approximation. The fugacity of the methane, fM, is given by
the following function of the chemical potential,

lVM ¼ lM
�ðTÞ þ RT ln fMðP; TÞ; (65)

where l�M is the chemical potential at a standard state where
fM 5 1. Inserting Eq. 65 into Eq. 14, we obtain

FP ¼ kPRT1 ln
fMðP2; T1Þ
fMðP1; T1Þ : (66)

The fugacity difference of methane between two pressure
conditions P2 and P1, DfM, can be expressed as

fMðP2; T1Þ ¼ fMðP1; T1Þ þ DfM: (67)

Then, Eq. 65 can be expressed as

FP ¼ kPRT1 ln
fMðP1; T1Þ þ DfM

fMðP1; T1Þ : (68)

When the fugacity difference is much smaller than fM (P1,
T), the logarithm term in Eq. 68 can be approximated by

FP ¼ kPRT1 ln 1þ DfM
fMðP1; T1Þ

� �

� kPRT1
DfM

fMðP1; T1Þ :
(69)

Hence the dissociation equation expressed in terms of the
chemical potential difference can be reduced to Eq. 64
expressed by the fugacity difference. The approximation can
be rationalized by the experimental results in Figures 7–9,
where both equations gave approximately linear dependences
of the dissociation rate on the dissociation pressure. In addi-
tion, the deviation between the values predicted by Eq. 14
and those predicted by Eq. 64 becomes lower for conditions
where the dissoication pressure were close to the three-phase
coexisting pressure.

It was shown that the linear phenomenological equation
for the hydrate dissociation based on the Gibbs free energy
difference can be applied to the dissociation processes driven
by pressure changes within the conditions tested in this
study. In addition, the rate constant, kbl, determined in Part I
of this study, which is obtained from the analysis of the dis-
sociation process induced by a fresh water flow, was found
to be applicable to a dissociation process with a different
driving force, i.e., depressurization. Although the applicabil-
ity of the dissociation rate constant as well as the dissocia-
tion equation was confirmed within the experimental condi-
tions studied in the present work, it can be anticipated that
they could be applied to other dissociation processes with
wider ranges of driving forces. For this purpose, additional
experimental work should be required to test the present
model covering wider ranges of the experimental conditions.

Figure 9. Comparison of the predicted values with the
experimental results for the overall dissocia-
tion rate of methane hydrate under various
pressure conditions.

Water flow rate 5 1.78 3 1025 m3 s21, T 5 282.15 K.

Figure 8. Comparison of the predicted values with the
experimental results for the overall dissocia-
tion rate of methane hydrate under various
pressure conditions.

Water flow rate 5 1.78 3 1025 m3 s21, T 5 279.15 K.
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Conclusions

Rate equations for the dissociation process of methane
hydrate, induced by various methods (depressurization, tem-
perature increase, simultaneous change in temperature and
pressure), were derived based on the Gibbs free energy dif-
ference as the driving force for the dissociation reaction. The
driving force for the dissociation can be expressed in a gen-
eral form with the logarithm of the ratio of the solubilities of
methane in water, xR and xS, where xR is the solubility of
methane in an hypothetical aqueous solution equilibrated
with the hydrate phase under the dissociation condition, and
xS is the equilibrium solubility of methane in water under the
dissociation condition. The proportionality constant in the
dissociation equation, of which the value was determined in
Part I from the dissociation process induced by a fresh water
flow, can be applied to predict the dissociation rate of
hydrate induced by the depressurization into the two-phase
(LW-V) coexisting region with a sufficient accuracy.
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Notation

a5parameter defined in Eq. 47, K
a0 5parameter defined in Eq. 53, K Pa21

C5volumetric molar concentration of methane dissolved in water,
mol m23

CR5volumetric molar solubility of methane in the hypothetical aqueous
solution equilibrated with the hydrate phase under the dissociation
condition, mol m23

CS5volumetric molar solubility of methane in the aqueous solution-
under the dissociation condition, mol m23

d5diameter of the methane hydrate ball, m
DE5 activation energy, J mol21

DEKB5 activation energy in Eq. 64, J mol21

f5 fugacity, Pa
F5dissociation flux, mol s21 m22

FP5dissociation flux by a pressure change, mol s21 m22

Fs5 dissociation flux by a simultaneous change in pressure and tem-
perature, mol s21 m22

FT5dissociation flux by a temperature change, mol s21 m22

G5Gibbs free energy per one mole of hydrate, J mol21

DG5 change of the Gibbs free energy when one mole of the hydrate
is dissociated into two phase of the vapor and the aqueous solution,
J mol21

hw5hydration number
I5diffraction intensity
I05non-dimensional parameter in Eq. 54

I60
0 5 non-dimensional diffraction intensity per unit volume of beads

with a uniform radius of 60 lm
Imax5principal intensity
Ii
0 5 non-dimensional diffraction intensity per unit volume of bubbles

with radius, ri
J15first Bessel function

k0KB5 rate constant for the dissociation in Eq. 64, mol s21 m22 Pa21

kbl5 rate constant for the dissociation by a fresh water flow, mol2 J21

s21 m22

kP5 rate constant for the dissociation by a pressure change defined in
Eq. 1, mol2 J21 s21 m22

ks5 rate constant for the dissociation by a simultaneous change in
pressure and temperature, defined in Eq. 48, mol2 J21 s21 m22

kT5 rate constant for the dissociation by a temperature change, defined
in Eq. 27, mol2 J21 s21 m22

P5pressure, Pa
PT5 three-phase (V-H-LW) coexisting pressure, Pa
R5gas constant, 5 8.314 J K21 mol21

ri5bubble radius, m
sH5molar entropy of methane in the hydrate, J K21 mol21

sL5molar entropy of methane in the aqueous phase, J K21 mol21

T5 absolute temperature, K
V5 total volumetric flow rate of the bubbles, m3 s21

vH5molar volume of methane in the hydrate, m3 mol21

vL5molar volume of methane in the aqueous phase, m3 mol21

x5mole fraction of methane
x05parameter defined in Eq. 46
x0
0 5parameter defined in Eq. 53

xeq5solubility of methane in the aqueous solution in equilibrium with
the stable hydrate phase

xH5mole fraction of methane in the hydrate
xR5solubility of methane in the hypothetical aqueous solution in

equilibriumwith the hydrate phase under the dissociation condition
xS5solubility of methane in the aqueous solution under the dissocia-

tion condition
xU5mole fraction of methane in the vapor phase under the dissocia-

tion condition

Greek letters

bi5parameter defined by 2pri/n
ci5volume-based fractional size distribution of bubbles with radius ri
l5 chemical potential, J mol21

l�5 chemical potential of methane in the vapor phase at the refer-
ence state, J mol21

l�M 5 chemical potential of methane at the reference state, J mol21

lHM 5 chemical potential of methane in the hydrate phase, J mol21

lLM 5 chemical potential of methane in the aqueous solution, J mol21

lVM 5 chemical potential of methane in the vapor, J mol21

lHW 5 chemical potential of water in the hydrate phase, J mol21

lLW 5 chemical potential of water in the aqueous solution, J mol21

lVW 5 chemical potential of water in the vapor, J mol21

l0W 5 chemical potential of water at the reference state, J mol21

h5diffraction angle, deg
~h5diffraction angle giving the maximum intensity, deg

r5deviation of the diameter of the glass beads, m
n5 laser wavelength, m

Superscripts

H5hydrate phase
L5 aqueous solution phase
V5vapor phase

Subscripts

15 initial state
25final state
eq5 equilibrium
M5methane
R5hypothetical aqueous solution equilibrated with the hydrate phase

under the dissociation condition
S5 aqueous solution phase which is stable under the dissociation

condition
U5vapor phase which is stable under the dissociation condition
W5water
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