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Abstract

Large quantities of methane hydrate are present in marine sediment. When methane hydrate is exposed or released
to seawater, it dissolves in seawater or dissociates into methane gas and water. There was some confusion in the
literature about the kinetics of these processes. It is critical to realize that dissolution and dissociation are two
different processes. Dissolution is due to instability in the presence of seawater (similar to dissolution of NaCl in
water) and is controlled by mass transfer. Dissociation is due to inherent instability (similar to melting of ice) with or
without water (although presence of warm water may increase the dissociation rate). Dissociation of methane hydrate
into gas and water is similar to ice melting and is controlled by heat transfer. Hence dissolution is relatively slow and
dissociation is rapid. In this work, we extend previous theory on convective crystal dissolution and melting to greater
Reynolds numbers. We carry out laboratory experiments on the dissolution and descent of NaCl, KCI, NaBr and
KBr in water to verify the applicability of our theory. We then apply our models as well as previous ones to estimate
methane hydrate dissolution and dissociation rates for several cases, including dissolution of exposed methane hydrate
floor, dissolution and dissociation of hydrate as it rises through seawater. The results show: (i) convective dissolution
rate of exposed hydrate floor is of the order 0.07 m/yr; (ii) convective dissolution rate of a rising hydrate crystal is
0.2-0.3 um/s and a crystal of 5 mm radius is able to survive the rise through an 1800 m seawater column; and (iii)
convective dissociation rate is high and depends on the difference between the ambient water temperature and the
equilibrium dissociation temperature of hydrate. Starting from a depth when hydrate just reaches dissociation
instability, a hydrate sphere of 5 mm radius would survive only a 47 m water column. Because hydrate is unstable in
the surface ocean and would undergo rapid dissociation, only very large hydrate chunks (greater than about 0.09 m
radius) would be able to survive a 530 m surface water column.
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1. Introduction

Huge quantities of methane are stored in ma-
rine sediment in the form of methane hydrate,
methane bubbles, and dissolved methane in pore
water [1-3]. Various processes and conditions can
lead to the release of methane hydrate into ocean
water. For example, methane hydrate may be ex-
posed onto the ocean floor, or released into sea-
water due to disturbance of marine sediment or
oceanographic changes, such as methane bursting,
landslide, faulting, or a rise in ocean bottom
water temperature. Once hydrate is exposed to
seawater, it becomes unstable with respect to ei-
ther dissolution or dissociation. How long would
an exposed layer of massive hydrate survive? How
long would a piece of hydrate survive as it buoy-
antly rises through seawater? Would a piece of
hydrate be able to survive the whole ocean col-
umn and reach the atmosphere? Would methane
in hydrate dissolve in seawater or vent into the
atmosphere? In this report, we investigate the ki-
netics and dynamics of the unstable hydrate de-
composing to methane and water.

Methane can exist in the marine environment as
hydrate, free gas or dissolved species in water. In
order to understand the kinetics, it is necessary to
first understand the stability of methane phases in
the marine environment. Fig. 1 is a phase diagram
of the CH4—H,O system at a constant tempera-
ture of 4°C (see figure caption for references). Fig.
2 is a phase diagram for the methane-seawater
system constructed along a marine temperature
and pressure profile, i.e., along a geotherm [4].
Because methane hydrate limits it, the solubility
of CHy in seawater at a given depth is that cor-
responding to the smaller of the pressure for hy-
drate formation or the hydrostatic pressure (Fig.
2)!. For this given geotherm, hydrate is a stable
phase (as long as CH4 concentration is high) from
537 m depth to 3225 m depth (450 m below sea-
floor). At water depths shallower than 537 m, or
at sediment depths greater than 450 m, methane

I See Appendix 1 in the online version of this paper for
more comments.
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Fig. 1. A calculated phase diagram of CH4—H,O at 4°C. The
pressure to stabilize methane hydrate is 4.31 MPa, calculated
from [27]. The solubility of CH4 in water (line connecting
solid dots) as a function of P is calculated from [28] and is
limited by hydrate formation above 4.31 MPa. The solubility
of CHy in water is too low to be clearly seen (see Fig. 2 for
the solubilities).

hydrate is not a stable phase anymore, and would
dissociate into methane and water.

For other locations, the corresponding phase
diagram can be similarly constructed and is in
general different because the temperature-depth
profile depends on location. For example, if the
seafloor depth is only 400 m and other conditions
are the same, there would be no hydrate stability
field. The phase diagram along a geotherm (such
as that in Fig. 2) is essential in understanding the
distribution of methane hydrate and gas in sedi-
ment, as well as the kinetic processes.

To understand the kinetics of heterogeneous
reactions involving methane hydrate, it is neces-
sary to distinguish different reaction regimes be-
cause the kinetic controls are very different. The
different reaction regimes are introduced here,
and some terms are defined below (also along
the phase boundaries in Fig. 2) for convenience
of reference. Methane hydrate instability can be
either by dissolution into water without formation
of gas bubbles, or by dissociation into CHy gas
phase (bubbles) and water. Dissolution occurs
when methane hydrate is inherently stable at the
P-T conditions (e.g., when no water is present)
but is undersaturated in seawater (similar to
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NaCl or CaS042H,0 dissolution in water). Be-
cause this instability is due to the presence of an
external phase (seawater), it may be called exter-
nal instability. The opposite process to dissolution
is methane hydrate precipitation when dissolved
CH4 concentration in water is oversaturated
with respect to hydrate.

Dissociation occurs when methane hydrate is
inherently unstable at the P—T conditions (similar
to ice melting). (Methane hydrate dissociation
into gas and ice is not similar to melting, can be
slow, and will not be discussed in this work.) Dis-
sociation does not require the presence of water,
although the rate may depend on whether water is
present. Because in this case the phase is unstable
regardless of external phases, this instability may
be called inherent instability. The opposite pro-
cess is condensation of CHy gas and liquid water
to hydrate.

The kinetic control for dissolution is mass
transfer and that for dissociation is heat transfer.
Because the heat transfer rate is much greater
than that of mass transfer, dissociation is ex-
pected to be much more rapid than dissolution.

Both dissolution and dissociation are encoun-
tered in the ocean environment (Fig. 2). Some
authors confuse dissolution and dissociation and
wonder why massive gas hydrate would not sub-
lime and dissociate when it comes into contact
with deep water [5]. As shown in Fig. 2, in deep
water (> 537 m depth), methane hydrate is inher-
ently stable but externally unstable, and would
undergo dissolution (instead of dissociation). Be-
cause dissolution is relatively slow, massive hy-
drate on the ocean floor may survive for many
years. On the other hand, dissociation is rapid.
Hence hydrate reaching shallow water (e.g.,
=537 m depth in Fig. 2) is expected to disappear
rapidly. Dissolution and dissociation rates will be
quantified in this work. In the following sections,
we first review theories of crystal dissolution and
melting (dissociation) under various conditions.
Then we extend previous theoretical analyses to
greater Reynolds numbers. We then carry out ex-
periments to verify our new theories. We finally
apply previous and our new theories to calculate
methane hydrate dissolution and dissociation
rates in seawater for several cases. The behavior
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Fig. 2. A calculated phase diagram for the CHj—seawater
system in the oceanic environment. Both 7" and P vary with
depth corresponding to water and sediment temperature and
pressure along a marine geotherm [4]. Seafloor depth (at
2775 m corresponding to Blake Ridge) is marked by dotted
ticks. Solid curves indicate phase boundaries. The solubility
of CH4 in seawater as a function of 7 and P is calculated
from [28]. The stable phase assemblage in each field is shown
in outline face. The phase ‘water’ means seawater plus dis-
solved CHy4. The kinetic processes across each major bound-
ary are marked in plain text. MH =methane hydrate. The
long-dashed curves show two possible profiles of total CHy
concentration (including dissolved CH4, CHy4 in methane hy-
drate, and CHy4 in gas phase) in pore water before any modi-
fication by mass transport or compaction. See [32] for actual
total CHy concentration profile in pore water. Adapted from

(4]

of methane bubbles will be discussed in a future
contribution.

2. General considerations and review of crystal
dissolution in liquid

Crystal dissolution in a liquid requires both
mass transfer (which includes diffusive and con-
vective mass transfer) and interface reaction [6—
15]. That is, the crystal dissolution rate may be
controlled by either interface reaction, or mass
transfer, or a combination of the two. When
mass transfer controls the dissolution rate, i.e.,
when mass transfer is slow and interface reaction
is rapid, there is a concentration gradient in the
liquid (dashed curve in Fig. 3), and the interface
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liquid is roughly at equilibrium with the crystal,
with very small undersaturation driving the disso-
lution. In this case, stirring the solution would
increase the dissolution rate. When interface reac-
tion controls the dissolution rate, i.e., when inter-
face reaction rate is slow compared to mass trans-
fer, the concentration gradient in the liquid is zero
and the interface is undersaturated (solid horizon-
tal line in Fig. 3). In this case, stirring the solution
would not increase the dissolution rate. When
both processes control the dissolution rate, the
concentration profile would be between the
dashed curve and the solid line in Fig. 3.
Because diffusion coefficients of different solute
species in water do not vary greatly (~ 107" m?/s
[16]), whether the dissolution of a crystal in water
is controlled by interface reaction or by mass
transfer is primarily determined by the interface
reaction rate, which is primarily controlled by
bond strength of the crystal. If the bonds in the
crystal are weak and hence easy to break, then
interface reaction rate would be high, and disso-
lution would be controlled by mass transfer. If the
bonds are strong and hence difficult to break,
then interface reaction rate would be low and dis-
solution would be controlled by the interface re-
action rate. Since ice melting is controlled by heat
transfer (e.g., [17]), it is expected that methane
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Fig. 3. Sketch of the concentration profiles during crystal
dissolution controlled either by mass transfer (dashed curve,
with the interface only slightly undersaturated) or by inter-
face reaction (solid horizontal line, with constant concentra-
tion and large undersaturation at the interface). The concen-
tration C is that of the main component in the dissolving
crystal. The unit of concentration is arbitrary.

hydrate dissociation is also controlled by heat
transfer, and hence dissolution (which is much
slower than dissociation) is controlled by mass
transfer.

2.1. Some dimensionless numbers

Some dimensionless numbers that are necessary
for the theoretical development in this paper are
summarized here.

The Reynolds number (Re) is defined as:

_ a)upy
Re = u (1)

where « is the radius of the dissolving crystal (or
effective radius for a nonspherical crystal), u is the
ascent or descent velocity of the crystal, p¢ is the
density of the fluid (water or seawater in this
study), and p is the viscosity of the fluid. The
Notation list explains the variables and parame-
ters.
The Rayleigh number is defined as:

B 8ga®|Ap |

Ra uD

(2)
where g is acceleration due to Earth’s gravity,
|Apl| is the absolute density difference between
far-field liquid and the gravitationally unstable
liquid at the crystal-liquid interface, and D is
the diffusivity of the solute in the liquid.

The compositional Peclet number (Pe.), charac-
terizing the relative importance of flow versus dif-
fusion, is defined as:

Pe, = 2au/D (3)

The thermal Peclet number (Pe;), characterizing
the relative importance of flow versus heat con-
duction, is defined as:

Pe, = 2au/x 4)

where « is the heat diffusivity.
The Schmidt number (Sc) is defined as:

Sc = (u/pr)/D=Pe/Re (3)

2.2. Dissolution rates under various conditions

Mass transfer can be accomplished by either
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diffusion or convection (and advection). When
mass transfer is by diffusion only (i.e., when con-
vection is negligible), the dissolution distance can
be modeled as follows [9,18]:

Xais = 20/ Dt (6)

where Xy is the dissolution distance, ¢ is the time,
and « is solved from the following equation:

Vrae® erfe(—a) = B (7)

where erfc is the complementary error function,
and f; is defined as:

ﬁc = (Csat_Cw)/(ccrystal_csat) (8)

where Cg, is the concentration of the solute (e.g.,
CHy for methane hydrate) at the interface liquid
at saturation, C, is the solute concentration in
liquid far away from the crystal dissolution sur-
face (if it is much smaller than Cg, C. may be
taken as zero), and Cysial is the solute concentra-
tion in the crystal to be dissolved; all concentra-
tions are in mol/l.
The rate of dissolution (V) is:

V = —da/dt = dXgs/dt = a\/D/t ©)

where « is thickness or radius of the crystal.

In addition to diffusive dissolution, crystal dis-
solution may be aided by convection. Convection
may arise due to various kinds of buoyancy insta-
bility (free convection, or natural convection), or
due to motion of the crystal relative to the far-
field liquid (forced convection) [15]. Convective
dissolution of a solid floor or roof under free
convection has been investigated [11]. Convective
dissolution of a solid floor under forced convec-
tion due to fluid flow over it can be solved similar
to heat transfer [19], leading to the following dis-
solution rate at high Re:

V =0.03B8.D¥u*5(u/ps) 15171/ (10)

where / is the length scale of the system.
Convective dissolution of a crystal freely (buoy-
antly) rising or falling through a liquid has been
investigated by Kerr [12]. His analysis is restricted
to Re=1. Since Re for methane hydrate rising
through seawater is often much greater than 1,
we extend the theoretical analysis to Re=<10° in

Section 3. We also verify the theoretical results by
experiments.

Mathematically, melting can be treated in a
similar fashion as dissolution except that mass
transfer is replaced by heat transfer (including
replacement of & by &, Pe. by Pe;, Sherwood
number by Nusselt number, etc.). Kerr [10] and
McLeod and Sparks [20] investigated convective
melting of a falling or rising solid sphere in a
fluid for Re=1. We also extend the analysis
to Re=10°. Since both melting and dissocia-
tion are controlled by heat transfer, we will use
the theory for melting to treat hydrate dissocia-
tion.

3. Convective dissolution of a crystal rising or
falling in water

For convective dissolution of a crystal as it
buoyantly rises or falls through water, mass trans-
fer is enhanced and typically dominated by forced
convection due to buoyant descent or ascent of a
crystal. The motion of the crystal induces a flow
field, and the flow removes the liquid next to the
crystal, resulting in a thin compositional bound-
ary layer next to the dissolving crystal. The
boundary layer thickness is thin on the leading
side of the crystal and thick on the trailing side
[21]. Although the thickness of the boundary layer
is variable on different sides of the moving crystal,
an average boundary layer thickness (&) is de-
fined to characterize the average mass flux
through the layer:

8. = DAC/F, (11)

where AC= Cy—Cs is the solute concentration
difference between the interface liquid and far-
away liquid, and F_ is the compositional flux
from the dissolving crystal.

Using this definition, convective dissolution
rate can be modeled as [9,12]:

—da/dt = .D/6. (12)
Diffusive crystal dissolution may also be treated

using the concept of boundary layer thickness. By
comparing Eqgs. 9 and 12, it can be seen that
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diffusive crystal dissolution can be treated by Eq.
12 with a time-dependent boundary layer thick-
ness:

Ocdif = %\/E (13)

From Eq. 12, if D has been measured and S
can be estimated!, the problem of obtaining the
dissolution rate becomes the problem of obtaining
the average boundary layer thickness &. As out-
lined by Kerr [12], for forced convection, &, can
be estimated from the Sherwood number (Sh),
which in turn can be estimated from Pe.. Sh is
defined to be the ratio of the compositional flux
(F;) from the dissolving crystal to the mass flux
scale:

Fe

Sh = DAC/(2a)

(14)

Combining Eqgs. 11 and 14, Sh can be written as:
Sh =2a/é, (15)

Kerr [12] developed the theory for convective
crystal dissolution in which both the crystal as-
cent/descent velocity and Sh are obtained using
relations applicable only for Re=<1. In this sec-
tion, we extend the analyses to cover Re=10°.
Below, we first develop a unifying relation for
the dependence of Sh on Pe. and Re. We then
present the analyses of convective crystal dissolu-
tion at both low and high Re. We then present
laboratory experimental data to verify the theo-
retical analyses. Methane hydrate dissolution
upon buoyant ascent in seawater will be modeled
in Section 3.3.

3.1. A simple unifying expression for Sh for forced
convection

We first develop a simple expression for Sh for
a large range of Re to simplify the theory for
convective crystal dissolution. The expressions of
Sh under various conditions have been parameter-
ized by Clift et al. [22] as follows:

For Re<1, Sh =1+ (1 +Pe,)'/? (16a)

For 1=Re=100, Sh = 1 + ZRe"4! (16b)

For 100=Re=2000, Sh = 1 + 0.752ZRe*4>  (16¢)
For 2000=Re=100000,

Sh = 1 + Z(0.44Re"5 + 0.034Re%7!) (16d)

where Z=[(1+1/Pe.)Sc]'/?. Eq. 16a is accurate to
within 3% when Re =<1 and is the equation used
by Kerr [12]. Egs. 16b, 16c and 16d fit the exper-
imental data (from different laboratories) well
but the data themselves show substantial scatter
[22].

The above four expressions for Sh are com-
plicated and we simplify them below. The first
step is to eliminate Sc in Z. Because Sc = Pe/Re,
Z=[(1+1/Pe.)Sc]'/? =[(1+Pe.)/Re]'/3, Eqgs. 16a,
16b, 16¢ and 16d can be rewritten as:

For Re<1, Sh =1+ (1 + Pe.)!/3 (17a)
For 1=Re=100,

Sh =1+ (1 + Pe,)!/3Re? 173 (17b)
For 100=Re=2000,

Sh =1+ (1 + Pe.)!'/30.752Re47271/3 (17¢)
For 2000=Re=100000, Sh = 1+

(1 + Pec)!/3(0.44Re%51/3 1 0.034Re*711/3) (17d)

The second step is to use one expression to rep-
resent the above four equations in their respective
applicable range. After many trials, the above
four equations can be combined as:

0.096Rel/3)

_ 1/3

Sh =1+ (1+ Pe,) (1+ I 7R (18)
Eq. 18 reproduces Egs. 16a, 16b, 16¢c and 16d in
their respective range to within 3%. Hence it is an
excellent expression of Sh for Re = 10° and is rec-

ommended for future use.

3.2. Convective dissolution rate upon crystal ascent
or descent in a large range of Re

For Re>1, crystal ascent or descent velocity
can no longer be calculated from Stokes’ law,
and the expression of Sh using Eq. 16a must be
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replaced by Eq. 18. The following is an outline

of our new model extending the model of Kerr

[12]:

1. Given the radius of the crystal, calculate the
ascent or descent velocity u. For Stokes flow
(Re <1), u=2ga’*Ap/(9u). If Re > 1, the Stokes
law is no longer applicable; a more compli-
cated formulation must be used. For
Re=3X%10°, one formulation is to solve the
three unknowns (u, Re, drag coefficient Cp)
iteratively from Eq. 1 and the following two
equations:

24
Cp = o= (1 +0.15Re" ) ¢

0.42
1 + 42500 Re~ 116

[ 8galAp
U=4|——- 20
3pwater CD ( )

Eq. 19 is from CIiff et al. [22] and the relative
error is +6% to —4% for Re <3Xx10°; Eq. 20
is from the definition of Cp and can be found
in fluid dynamics books (e.g., eq. 6-230 in [23]).
In the above formulation, the effect of denser
interface fluid on descent velocity is ignored.
2. Knowing u from above, Pe, can be calculated
using Eq. 3. With Re (from Eq. 1) and Pe., Sh
for forced convection can be calculated from
Eq. 18.
As shown by Kerr [12], for very tiny crystals
(usually < 0.05 mm radius), free convection
may be more important than forced convec-
tion. Sh for free convection is expressed as
[12]:

Sh =2+ 0.6Ra'/* (21)

where Ra is the Rayleigh number (Eq. 2). The
above equation applies for Ra = 10'°. For cal-
culation of convective crystal dissolution rate,
we calculate Sh for free convection and Sh for
forced convection, and the greater value is used
as Sh of the process. Only for very tiny crystals
is Sh for free convection greater than that for
forced convection and hence used in the calcu-
lation.

3. The value of &, is calculated from & = (2a)/Sh
(Eq. 15).

(19)

4. Then, the right-hand side of Eq. 12 is obtained,
and «a is solved from the differential equation
(Eq. 12). Depth is solved by integrating u with
respect to ¢, [udt.

Because of the interdependence of a, u, Re, Pe.,
Sh, and &, the differential equation (Eq. 12) can
only be integrated numerically. The integration is
carried out with a spreadsheet program.

Because we have extended the analyses of Kerr
[12] from small Re (Re < 1) to a large range of Re
(Re=10°), and because there are some simplify-
ing assumptions and approximate equations, be-
low we report laboratory experiments to verify
the calculated results and assess the applicability
of the model.

3.3. Experimental data on convective crystal
dissolution to high Re

We carried out convective dissolution experi-
ments in water using NaCl, KCI, NaBr, and
KBr crystals. The experimental apparatus consists
of a glass cylinder 1.5 m long and 0.10 m in inner
diameter. The experimental procedure follows
that of Walker and Kiefer [8]. The experimental
temperature (water temperature in the apparatus)
is controlled by setting the room temperature to
be either 17, 21 or 25°C, and waiting for =24 h
until measured water temperature in the cylinder
reaches the room temperature. Crystals that are
close to cubic and appear to be free of cracks and
inclusions (but inspection is difficult due to sur-
face pits) are used for experiments. We use cubic
crystals (rather than prepare them into spheres) to
assess the accuracy of the spherical model on cu-
bic crystals because hydrate crystals are our focus
and they are not spherical. A cubic crystal is
weighed with a microbalance. From the mass an
effective radius (a) of equal volume is calculated.
The crystal is dropped into water and is watched
as it descends and dissolves. The duration from
the moment the crystal is dropped into water until
it disappears in water is recorded as the surviving
time (75). The total vertical distance that the crys-
tal travels in water is recorded as the surviving
distance (hs). Because we require the crystal to
be completely dissolved before it reaches the bot-
tom and because the height of the water column is
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Fig. 4. Experimental convective crystal dissolution data for NaCl at three temperatures. The curves are best fit to the data (not
calculated from theory). The function to fit @ (mm) vs. ¢ (s) is: a= "% where y=0.0211 at 16.5-17°C, 0.0228 at 20.5-21°C, and
0.0251 at 25°C. The function for & vs. a is h=¢ea>> where e=11.3 at 16.5-17°C, 10.7 at 20.5-21°C, and 9.8 at 25°C. The simple
expressions of the fit functions are obtained from model calculations and are not general (they are only applicable to the data

range shown in the figure).

limited, the maximum Re number of the experi-
ments is limited to = 350.

Some experiments were classified to be unsuc-
cessful and discarded. (i) For a couple of experi-
ments, a floating bubble appeared (presumably
from a bubble inclusion in the crystal) as the
crystal was dissolved. The results of these experi-
ments were discarded. (i) The larger the crystal,
the more sideways wiggling there is as it falls
down. We discarded the results if the crystal
came very close (within a few mm by the naked
eye) to the glass wall of the apparatus during its
descent.

The uncertainty for the crystal mass is 0.002
mg, that for the surviving time is 0.2 s (larger

than the reading accuracy to account for human
response time), and that for the surviving distance
is 0.001 m. The scatter of the data in figures is
greater than these uncertainties due to other ex-
perimental uncertainties, such as deviation from
cubic shape, imperfection of a crystal (e.g., inclu-
sions and cracks), etc.

All experimental data are listed in Table 1.
Some data are shown in Figs. 4 and 5. Fig. 4
shows all experimental data on NaCl, as well as
fits to the data. It also compares experimental
data of Walker and Kiefer [8] with our data.
The agreement between the two data sets is very
good. The slightly larger scatter in the data of
Walker and Kiefer [8] can be attributed to the
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Table 1

Experimental data for convective crystal dissolution

M ts hy M ts hy M ts hy M 1s hy

mg s m mg s m mg s m mg s m
NaCl (16.5-17°C) KClI (21°C) NaBr (17°C) KBr (21°C)

0.103 15.5 0.383 0.043 7.06 0.117 0.309 8.3 0.420 0.085 4.29 0.139
0.120 15.5 0.418 0.061 7.47 0.137 0.342 8.5 0.435 0.135 5.50 0.189
0.135 15.4 0.455 0.083 8.84 0.194 0.429 9.5 0.540 0.253 6.84 0.2785
0.158 17.3 0.530 0.115 10.1 0.251 0.454 9.9 0.567 0.357 7.72 0.362
0.206 20.4 0.635 0.121 10.47 0.270 0.648 10.5 0.720 0.417 7.96 0.3785
0.217 20.1 0.684 0.160 11.35 0.310 0.723 11.3 0.791 0.641 8.91 0.5585
0.219 20.0 0.645 0.207 12.15 0.385 0.821 11.8 0.854 0.755 9.35 0.6585
0.291 20.9 0.844 0.272 13.44 0.465 1.025 12.7 1.000 0.863 9.65 0.675
0.301 21.6 0.871 0.291 13.81 0.498 1.092 13.5 1.008 0.996 10.75 0.779
0.364 24.0 0.999 0.340 14.85 0.516 1.225 14.0 1.125 1.343 12.12 0.9685
0.397 23.5 1.033 0.386 15.06 0.546 1.426 14.6 1.245 1.700 12.5 1.0535
0.409 24.9 1.070 0.420 15.88 0.630 NaBr (21°C) 1.785 12.62 1.0985
0.426 26.1 1.119 0.490 16.32 0.655 0.112 6.1 0.198 KBr (25°C)

0.496 26.1 1.205 0.519 16.93 0.706 0.622 9.7 0.660 0.135 4.75 0.183
0.513 27.1 1.204 KCl (25°C) 0.702 10.0 0.711 0.208 5.84 0.227
0.537 27.7 1.210 0.047 6.75 0.120 0.920 11.2 0.870 0.311 6.91 0.313
0.540 26.5 1.239 0.053 6.44 0.131 1.264 12.8 1.087 0.600 7.60 0.510
NaCl (21°C) 0.076 8.19 0.179 1.294 12.5 1.067 0.603 7.69 0.440
0.031 8.40 0.133 0.100 8.62 0.197 NaBr (25°C) 0.603 7.78 0.453
0.053 11.1 0.216 0.110 9.31 0.215 0.082 4.6 0.153 0.790 8.40 0.596
0.064 12.2 0.253 0.122 9.56 0.241 0.097 4.7 0.1615  0.887 9.47 0.675
0.092 14.2 0.338 0.134 9.69 0.259 0.116 5.1 0.1815 0.997 9.59 0.749
0.139 16.1 0.476 0.164 9.50 0.282 0.161 5.7 0.2435 1.245 10.50 0.803
0.170 16.9 0.556 0.176 9.90 0.313 0.262 6.3 0.3255 1.639 11.41 0.980
0.224 18.7 0.665 0.200 10.38 0.340 0.345 6.9 0.4035

0.316 20.8 0.829 0.264 11.88 0.447 0.430 8.0 0.4715

0.373 22.5 0.955 0.335 13.22 0.517 0.505 8.3 0.5275  NaCl (20.5°C)

0.457 22.8 1.059 0.373 12.84 0.509 0.738 9.5 0.6795 0.010 5.32 0.041
0.539 23.7 1.190 0.380 13.66 0.536 0.967 10.4 0.8215  0.015 6.22 0.067
NaCl (25°C) 0.410 13.72 0.557 1.122 11.1 0.933 0.039 8.78 0.151
0.081 10.9 0.263 1.181 11.7 0.923 0.041 8.62 0.151
0.105 11.7 0.321 1.216 11.2 0.902 0.070 11.78 0.234
0.130 13.9 0.408 1.446 12.0 1.0635  0.085 12.41 0.306
0.180 14.7 0.514 1.479 12.3 1.1035  0.113 13.87 0.366
0.251 17.1 0.646 1.719 12.6 1.2115  0.140 14.43 0.463
0.279 17.9 0.721 1.950 13.2 1.2715  0.148 15.69 0.469
0.322 19.3 0.791 2.035 13.5 1.3635 0.164 16.36 0.487
0.336 19.4 0.816 0.226 17.86 0.656
0.423 20.2 0.943 0.266 18.53 0.683
0.521 21.4 1.089 0.273 19.43 0.710
0.563 222 1.133 0.314 20.03 0.786
0.661 24.9 1.270 0.346 21.53 0.949

Crystals are cubic. M is the mass of the crystal; #; is the survival time, and /g is the survival distance. Note that experimental
data for NaCl dissolution at 20.5°C are shown in the last three columns. The uncertainty in temperature is less than 0.5°C. The
uncertainty in the mass is 0.002 mg. The estimated uncertainty for the survival time from a digital stopwatch is 0.2 s. The uncer-
tainty in the survival distance is 0.001 m. In plots, the effective radius (a) is used instead of the mass and is calculated from the
mass and density of the crystal using a =[3M/(4rp)]'/>.
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unairconditioned July temperature (~30°C) in
their laboratory.

Experimental data and calculated results (see
Fig. 5) show that the effective radius («¢) and the
surviving time (z;) are roughly (but not exactly)
proportional to each other over the experimental
conditions of this study. To extend the results to
zero crystal size, a better form is a = k238 where k
is a constant (see fits in Fig. 4). To extend to
greater crystal size, a is roughly linear to #;. To
cover both small and large crystal sizes, the fol-
lowing two-parameter equation, a=k1t§/ 2+k2ts,
fits the calculated results very well. For the rela-
tion between @ and the surviving distance (%), a
rough relation is that /g is proportional to a*. To
extend to zero crystal size, a better form is

s=qa*® where ¢ is a constant (see fits in Fig.
4). To extend to greater crystal size, A is roughly
linear to a*. To cover both small and large crystal
sizes, the following two-parameter equation,

_ 15 1/2
a=qihs'"+qxhs’", fits calculated results very well.

Although the above two-parameter fitting func-
tions can fit our a vs. t; data and « vs. /s data very
well, we still primarily focus on the comparison
between our model calculation and experimental
data because there is no free parameter in the
model calculation.

Fig. 5 compares all experimental data at 25°C
with calculation using our model developed in
Section 3.2. The constants necessary for the cal-
culations are summarized in Appendix 2>. For
KCl, the calculated a vs. t; curve and hg vs. a
curve are in good agreement with experimental
data. For NaBr, the calculated a vs. t; curve is
in agreement with data, but the calculated A5 vs. a
curve is above the data by up to 25% relative. For
NaCl, the calculated a vs. t; curve is above the
data by up to 20% relative, and the calculated A
vs. a curve is below the data by up to 15% rela-
tive. For KBr, the calculated a vs. t; and /g vs. a
curves are both above the data by up to 20% rel-
ative.

Because there are no fitting parameters at all,
this level of agreement for Re <350 and for sev-
eral types of crystals is good and implies that our

2 For Appendix 2 see the online version of this paper.

model for crystal dissolution and descent captures

the main controlling factors. Possible causes for

the small disagreements include (in order of de-
creasing importance):

1. Some minor factors are ignored. Near the dis-

solving interface, the solute concentration is
very high, and the effects on viscosity, density
and diffusivity can be significant. There is also
a minor thermal effect due to heat of solution.
The effect of solute concentration on the diffu-
sivity is small and complicated for these halides
(usually first decreases and then increases with
concentration). Viscosity of salt-bearing water
strongly increases with NaCl and NaBr con-
centration (by about a factor of 2), but only
depends weakly on KCI and KBr concentra-
tion (Appendix 22). The density of halide-satu-
rated water is greater than that of pure water
by 199 kg/m?® for NaCl, 176 kg/m? for KClI,
533 kg/m? for NaBr, and 380 kg/m*® for KBr
(Appendix 22). A high viscosity would reduce
the descent velocity, whereas a dense boundary
layer would increase it, affecting the surviving
distance. A change in the descent velocity
would in turn affect Re, Sh, &, and the disso-
lution rate.
It appears that among the factors not incorpo-
rated into our model, viscosity and density var-
iations in the boundary layer are the most im-
portant. For KCl, both effects are small, and
calculations agree well with experimental re-
sults. For NaBr, the two effects (higher viscos-
ity and higher density) tend to cancel each oth-
er. For NaCl, the viscosity effect dominates.
For KBr, the density effect dominates. Incor-
porating the viscosity and density effects is dif-
ficult because they vary across the boundary
layer. Hence we recognize the problems but
choose to tolerate them.

2. Both Egs. 18 and 19 have some uncertainties.
Expressions for other parameters used in the
calculations, such as diffusivity and solubility,
also have small uncertainties. These uncertain-
ties may lead to 10% relative uncertainties in
the calculation.

3. The shape of crystals used for experiments is
roughly cubic and some are prolate, whereas
the calculation is done for spherical geometry.
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Fig. 5. Comparison of experimental data and calculated results on

(see Section 3.2) without any fitting parameters.

Because the theory is general to high Re num-
ber, and because there is good agreement between
experimental data and theoretical calculation,
we expect the theory to be approximately appli-
cable to Re up to 10°. In Section 5.2, we apply
the theory to calculate convective dissolution
rate of methane hydrate upon free ascent in sea-
water.
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4. Convective dissociation of a crystal rising or
falling in water

In the regime of methane hydrate dissociation
(e.g., at water depth less than 530 m in Fig. 2), the
controlling factor is heat transfer instead of mass
transfer. Kinetics of methane hydrate dissociation
is expected to be similar to that of ice melting
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except for the generation of bubbles whose buoy-
ant rise from the interface may enhance convec-
tion. Hence we use the theory for convective melt-
ing to approximate the theory for dissociation,
but noting that the theory may only give a mini-
mum dissociation rate.

Theory for crystal melting under forced convec-
tion as a crystal is falling or rising through a lig-
uid can be developed by analogy with that for
crystal dissolution under forced convection [12].
For Re <1, the theory of convective melting has
been developed by Kerr [10] and McLeod and
Sparks [20]. Following Section 3.3 on convective
dissolution, we extend the analysis of convective
dissociation (or melting) to Re number up to 10°.

As a crystal melts, the necessary thermal flux is
[10,20]:

Fy = (—da/d0)[pses(To—T) + psL] (22)

where (—da/df) is the melting rate, subscript ‘s’
means the solid phase, ¢ is heat capacity, L is
the latent heat for crystal melting or dissociation,
Ty is the interface temperature (assumed to be the
equilibrium melting or dissociation temperature
[17]), Ts is the temperature inside the crystal far
away from the interface. This heat must be con-
ducted to the melting surface from the fluid. That
is:

Fo=—k(0T/0r)r—ar = —k(T=—T¢)/ 6. (23)

where k is heat conductivity of the liquid, 7T« is
temperature in far-away liquid, and & is the aver-
age thickness of the thermal boundary layer
around the melting crystal. (Similar to the com-
positional boundary layer thickness, the thermal
boundary layer thickness is also thin on the lead-
ing side of the sphere and thick on the trailing
side of the sphere.) The above equation defines
6. Combining Egs. 22 and 23 leads to:

—da/dt = Bk /8, (24)

where x is heat diffusivity in the liquid and equals
kl(peee), and the dimensionless parameter S; is
defined as:

prer(Tw—To)

ﬁt - psCS(TO_Ts) + psL

(25)

where subscript ‘f* means the liquid. The param-

eter fB; can be identified to be St™! where St is the
Stephan number. Since L is usually large, the de-
nominator in the above equation can usually be
approximated by psL. Similarity between Eqs. 12
and 24 is obvious.

To find &, one uses dimensionless relations
through the Nusselt number. The Nusselt number
(Nu) is defined to be the ratio of the total thermal
flux (F;) from the dissolving crystal to the heat
flux scale k(Tw—To)/(2a):

Fy

Ng=-—~+ 26
T k(T To)/(24) (26)

Combining Eqs. 23 and 26 leads to:

Nu = 2a/6, (27)

which is similar to Eq. 15. By analogy to the
relation between Sh, Pe., and Re (Eq. 18), for
Re=10°, Nu can be related to Pe; (Eq. 4) and
Re as:

(28)

0.096Re!/?
Nu=l+(l+Pet)'/3(l+ ¢ )

1+ 7Re™2

With the above relations, the melting or disso-
ciation rate can be calculated as follows. For a
rising crystal of radius a, Egs. 1, 19 and 20 are
used to solve for u, Re and Cp simultaneously as
long as Re is =3x10°. Then Pe; can be calcu-
lated from Eq. 4. Then Nu can be calculated from
Eq. 28. Then & can be calculated from 2a/Nu
(Eq. 27). Finally the melting rate can be calcu-
lated from Eq. 24.

By comparing the dissolution and dissociation
rates (Egs. 12 and 24), the ratio of dissociation
rate to dissolution rate is:

(da/d[)dissociation _ 5&& (29)
(da/dt)dissolution D ﬁc 5[

where x/D=Le~= 100 where Le is the Lewis num-
ber. Mainly due to the large x/D ratio, the disso-
ciation rate is usually much greater than the dis-
solution rate.

5. Dissolution and dissociation of methane hydrate
as it rises through seawater

The primary motivation of this study is to
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understand methane hydrate dissolution and dis-
sociation under various conditions although the
above theories are general. In the following treat-
ment, a piece of hydrate is assumed to behave as a
perfect crystal. That is, the effects of grain bound-
aries, bubbles and other inclusions, cracks, and
other defects of hydrate on dissolutions rates are
ignored. The necessary parameters needed for cal-
culation are summarized in Appendix 1'. Below,
we consider dissolution of exposed hydrate floor,
dissolution of a rising hydrate, and dissociation of
a rising hydrate. We do not consider the unlikely
case of dissociation of an exposed hydrate floor.
It is unlikely because if hydrate is inherently un-
stable on the ocean floor, it is also inherently un-
stable in sediment due to temperature increase in
sediment.

5.1. Dissolution of exposed hydrate floor

An exposed hydrate floor may stay at the ocean
floor (that is, not rising through seawater) due to
cohesion with sediment underneath or due to mix-
ing of hydrate with sediment so that the overall
density of hydrate and sediment is greater than
that of seawater. In this section, we estimate the
dissolution rates of such an exposed hydrate floor.
The value of B. (Eq. 8) does not change much
with water depth (Table Al!). For a deep ocean
floor temperature of 277.15 K, 3, =0.0094, and D
for methane in water is roughly 1.09 X 10™° m?/s
(Appendix 1'). The value of o can be solved from
Eq. 7 to be 0.0053. From Eq. 6, the diffusive dis-
solution distance Xy, (in m) is 3.5x1077y/7
(where ¢ is in s), 0.10 mm in a day, 2.0 mm in a
year, and 2 m in a million years. That is, diffusive
dissolution is extremely slow.

The above dissolution rates are a minimum be-
cause dissolution of massive methane hydrate on
the ocean floor is aided by convection, either free
convection driven by the density difference be-
tween methane-bearing interface seawater and
normal seawater, or forced convection due to oce-
anic current. Kerr [11] modeled floor dissolution
controlled by free convection. Compared to far-
field seawater, the boundary layer above a hy-
drate floor is slightly colder (which makes it
more dense), and contains slightly higher CHy

content (which makes it less dense). As estimated
by Kerr (personal communication), the thermal
effect that stabilizes the boundary layer is greater
than the compositional effect. Hence there would
be no free convection.

Hydrate floor dissolution rate under forced
convection due to oceanic current can be esti-
mated using Eq. 10. For hydrate floor exposed
at Hydrate Ridge (44.57°N, 125.19°W), ocean
current velocity u is about 0.03 m/s (David Rea,
personal communication), seawater viscosity at
277.15 K is about 0.00167 Pa s, the length scale
[ is roughly taken as 1000 m (the dependence of
dissolution on the length scale / is weak). Hence
the calculated dissolution rate V is 0.00228 um/s,
or 0.072 m per year. A 100 m thick massive
hydrate layer may survive for more than 1000
years.

5.2. Convective dissolution of methane hydrate
upon free ascent

We now calculate convective dissolution rate as
methane hydrate rises buoyantly through sea-
water. Because the saturation concentration of
CHy in water is low (Fig. 2), dissolved CHy is
not expected to significantly affect the density,
diffusivity and viscosity in the boundary layer.
Hence we expect the theoretical calculation to
have better accuracy than the case for NaCl and
KBr descent and dissolution (Fig. 5). Since disso-
lution only occurs in deep water (dissociation oc-
curs in shallow water) where temperature is
roughly constant, for simplicity, a constant tem-
perature of 277.15 K for deep water with a con-
stant value of S, (0.0094) is used.

Fig. 6 shows some calculated results. The ascent
velocity of methane hydrate increases with its size.
The calculated ascent velocity of a hydrate with
50 mm radius is 0.53 m/s. Brewer et al. [24] ob-
served the ascent velocity of natural hydrate of
similar size to be 0.24 m/s. The difference is prob-
ably due to: (i) impurity in natural hydrate that
increases its density, (ii) difficulty in determining
the size, and (iii) non-spherical shape of natural
hydrate.

The dissolution rate decreases with increasing
effective radius of the crystal (a). The dissolution
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Fig. 6. Calculated relation between effective radius and sur-
viving time, and between effective radius and surviving dis-
tance for methane hydrate dissolution and ascent in sea-
water.

rate is 0.16 um/s for ¢ =50 mm, 0.24 pm/s for
a=5 mm, and 0.30 um/s for =1 mm. Brewer
et al. [24] used variation in the ascent velocity to
estimate the variation in the size of hydrate, and
obtained a dissolution rate of 31 um/s, about two
orders of magnitude greater than our results. This
clearly shows that hydrate size cannot be esti-
mated from ascent velocity. (Furthermore, there
is an error in their eq. 1.) In another part of their
paper [24], they argued that the dissolution rate is
less than 6.7 um/s, consistent with our calculation.
The inconsistency between the two parts of their
paper is not explained [24] but they have another
submitted manuscript on the topic (Brewer, per-
sonal communication).

A larger hydrate piece rises more rapidly but
dissolves more slowly. Hence per unit depth, dis-
solution distance is smaller for larger hydrate

pieces. For the oceanic depth corresponding to
Fig. 2, a piece of hydrate with radius greater
than 5.5 mm would be able to survive the rise
and dissolution from the ocean floor (2775 m)
to reach the depth of 530 m where hydrate begins
to dissociate. Solid curves in Fig. 7 show the size
variation with depth for methane hydrate dissolu-
tion. As will be seen later, because hydrate disso-
ciates in shallow seawater and the dissociation
rate is much greater, only very large chunks of
hydrate can survive dissociation and float to
ocean surface.

Many hydrate grains may be released in a par-
cel of water. In this case the collective rise of
hydrate-laden water must be considered. For ex-
ample, consider a parcel of water 10 m in radius
and containing 1 vol% of roughly uniformly dis-
tributed methane hydrate, lowering its density by
0.1% relative. The rising velocity of the parcel
obtained from iterations of Egs. 1 and 20 and
the numerical standard drag curve (Cp vs. Re)
[22] (more general than Eq. 19) is 1.2 m/s. The
parcel would rise by 2000 m in 0.47 h. Hydrate
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Fig. 7. Calculated hydrate size variation as a function of
depth as hydrate rises and dissolves/dissociates through sea-
water. The initial depth is 2775 m (corresponding to Blake
Ridge off North and South Carolina). There is dissolution
between 2775 and 530 m depth, and dissociation at depth
<530 m (Fig. 2). Three cases are shown for different initial
radii: 6 mm, 50 mm, and 100 mm. Starting from 2775 m
depth, the time to ascent to 530 m depth is 4.19 h for qp=
6 mm, 1.18 h for ap=50 mm, and 0.84 h for ay=100 mm;
the time to be completely dissolved is 4.27 h for qp =6 mm,
and 1.39 h for ap =50 mm; and the time to reach surface for
ap =100 mm is 1.07 h.
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with radius greater than 0.5 mm would be able to
survive such a rise. As hydrate reaches shallow
depth, it becomes unstable and dissociates, which
is discussed next.

5.3. Convective dissociation of methane hydrate
upon free ascent

Using the theory in Section 4, methane hydrate
dissociation rate can be calculated numerically.
During methane hydrate dissociation, bubbles
are produced at the dissociation interface. Buoy-
ant rise of bubbles would intensify convection and
hence increase the dissolution rate, but the effect
is difficult to quantify. Hence the calculation using
our theory only gives a minimum of the dissocia-
tion rate.

Before modeling the full process of ascent and
dissociation, we first compare dissociation and
dissolution rates. If AT=T.—Tpy=1 K in Eq.
25, using the relevant parameters, the dissociation
rate is about 30 times the dissolution rate (Eq.
29). If AT=10 K, then the dissociation rate is
about 300 times the dissolution rate (Eq. 29).
The conclusion is that the dissociation rate is
much greater than the dissolution rate as long
as AT is large enough, consistent with expecta-
tions.

Methane hydrate dissociation as it rises
through seawater would begin when water pres-
sure is smaller than the pressure to stabilize hy-
drate, which is equivalent to when water temper-
ature is higher than the dissociation temperature
of hydrate. Dissociation would begin when
T«—Ty (Eq. 25) begins to exceed zero. Therefore,
our numerical modeling starts with a hydrate at
the depth of 530 m (the boundary between
water+gas and water+hydrate in Fig. 2) where
T«—Typ=0 and a water temperature of 279.36
K. As hydrate rises, water temperature 7. in-
creases, and the pressure decreases so that the
dissociation temperature 7 decreases. The com-
bined effect is that the difference T — T increases
and hydrate dissociation rate increases (Eqs. 24
and 25). In the model, 7Ty is calculated from the
pressure (depth), and 7. is calculated by assum-
ing it increases linearly upward with a gradient of
0.03 K/m so that the surface temperature is 295.15

K. After a rise of about 0.6 m (from the starting
point of 530 m), AT increases to 0.033 K and the
dissociation rate equals the dissolution rate. With
further rise of hydrate, dissociation rate becomes
greater and greater. Fig. 7 (dashed curve) shows
some calculated results for hydrate dissociation in
the surface water. Methane hydrate with an effec-
tive radius of 5 mm would dissociate completely
in 370 s and with a survival distance of only 47 m.
To survive the whole 530 m column, the hydrate
sphere must have an initial radius of 0.09 m or
more. Because bubbles produced during dissocia-
tion intensify convection and hence dissociation
rate, and because large chunks of hydrate likely
have grain boundaries and pores (hence not be-
having as a single perfect crystal), to survive the
surface layer would require larger hydrate pieces.

Brewer et al. [24] observed that at Hydrate
Ridge, pieces of hydrate with 0.04-0.05 m radius
can survive a 410 m surface column. Because the
hydrate is not pure methane hydrate, there is not
enough information to do the calculation. How-
ever, because the depth is shallower than our cal-
culation above, and the temperature in surface
water is only 287 K [25] leading to a temperature
gradient of 0.02 K/m (smaller than 0.03 K/m we
used above), a simple scaling of our calculated
result roughly agrees with Brewer et al.’s observed
result. Although temperature profiles in surface
ocean vary with location, there is always a surface
seawater layer where methane hydrate is unstable
with respect to dissociation. Hence only large hy-
drate chunks (greater than about 50 mm radius
depending on the local temperature profile) would
be able to survive dissociation through this layer
and reach the surface. Smaller hydrate grains and
pieces would rapidly dissociate into bubbles and
water. Hence if many methane hydrate grains (1-
10 mm in radius) are released into ocean bottom
water, many (depending on whether they rise in-
dividually or collectively) would likely survive dis-
solution in deep water, especially if the hydrate-
bearing water parcel rises collectively. Upon
reaching inherent instability depth, hydrate would
dissociate rapidly into methane gas and water in
shallow water, producing a bubble plume, which
might power a methane-driven oceanic eruption
[4]. This would be an efficient way to transport
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a large amount of CHy4 gas rapidly to the atmo-
sphere.
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