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7 Abstract
8
9 Large quantities of methane hydrate are present in marine sediment. When methane hydrate is exposed or released

10 to seawater, it dissolves in seawater or dissociates into methane gas and water. There was some confusion in the
11 literature about the kinetics of these processes. It is critical to realize that dissolution and dissociation are two
12 different processes. Dissolution is due to instability in the presence of seawater (similar to dissolution of NaCl in
13 water) and is controlled by mass transfer. Dissociation is due to inherent instability (similar to melting of ice) with or
14 without water (although presence of warm water may increase the dissociation rate). Dissociation of methane hydrate
15 into gas and water is similar to ice melting and is controlled by heat transfer. Hence dissolution is relatively slow and
16 dissociation is rapid. In this work, we extend previous theory on convective crystal dissolution and melting to greater
17 Reynolds numbers. We carry out laboratory experiments on the dissolution and descent of NaCl, KCl, NaBr and
18 KBr in water to verify the applicability of our theory. We then apply our models as well as previous ones to estimate
19 methane hydrate dissolution and dissociation rates for several cases, including dissolution of exposed methane hydrate
20 floor, dissolution and dissociation of hydrate as it rises through seawater. The results show: (i) convective dissolution
21 rate of exposed hydrate floor is of the order 0.07 m/yr; (ii) convective dissolution rate of a rising hydrate crystal is
22 0.2^0.3 Wm/s and a crystal of 5 mm radius is able to survive the rise through an 1800 m seawater column; and (iii)
23 convective dissociation rate is high and depends on the difference between the ambient water temperature and the
24 equilibrium dissociation temperature of hydrate. Starting from a depth when hydrate just reaches dissociation
25 instability, a hydrate sphere of 5 mm radius would survive only a 47 m water column. Because hydrate is unstable in
26 the surface ocean and would undergo rapid dissociation, only very large hydrate chunks (greater than about 0.09 m
27 radius) would be able to survive a 530 m surface water column.
28 > 2003 Published by Elsevier Science B.V.
29
30 Keywords: Sherwood number; crystal dissolution; methane hydrate dissociation
31

32Notation list

33a Crystal radius
34C Concentration (in mol/l) of the principal component of the
35dissolving crystal
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36 CD Drag coe⁄cient
37 c Heat capacity
38 D Di¡usivity of the dissolving component in seawater (m2/s)
39 g Acceleration due to the Earth’s gravity (9.8 m/s2)
40 h Survival distance of a dissolving crystal
41 k Heat conductivity of water (0.54 W/m/K)
42 L Latent heat for crystal melting or dissociation
43 l Length scale
44 Nu Nusselt number (can be simpli¢ed to 2a/Nt)
45 P Pressure
46 Pec Compositional Peclet number ( = 2au/D)
47 Pet Thermal Peclet number ( = 2au/U)
48 Re Reynolds number ( = 2aubf /W)
49 S Solubility (kg of solute per 100 kg of water)
50 Sc Schmidt number ( =W/(bfD) =Pe/Re)
51 Sh Sherwood number (can be simpli¢ed to 2a/Nc)
52 T Temperature (in K)
53 t Time, or survival time of dissolving crystals
54 u Velocity of crystal relative to seawater
55 V Dissolution rate
56 Xdis Dissolution distance
57 K The parameter K is related to L through
58

ffiffiffi
Z

p
KexpðK 2Þerfcð3K Þ ¼ L

59 Lc (Csat3Cr)/(Cs3Csat) where Csat is the concentration in
60 water at the interface (assumed to be the saturation con-
61 centration), Cr is the concentration in the starting water,
62 and Cs is the concentration of the component in the solid
63 Lt bfcf (Tr3T0)/[bscs(T03Ts)+bsL] where Tr is the tempera-
64 ture in water far away from the interface, T0 is the temper-
65 ature in water at the crystal^water interface, Ts is the tem-
66 perature in crystal far away from the interface
67 Nc Average compositional boundary layer thickness
68 Nt Average thermal boundary layer thickness
69 U Heat di¡usivity of water (1.26U1037 m2/s)
70 V Ostwald solubility coe⁄cient ( =Csat/Cbubble where C is in
71 mol/l)
72 W Viscosity (Pa s)
73 b Density (kg/m3)
74 bf Liquid density (kg/m3)
75 vb Density di¡erence (kg/m3)

76 1. Introduction

77 Huge quantities of methane are stored in ma-
78 rine sediment in the form of methane hydrate,
79 methane bubbles, and dissolved methane in pore
80 water [1^3]. Various processes and conditions can
81 lead to the release of methane hydrate into ocean
82 water. For example, methane hydrate may be ex-
83 posed onto the ocean £oor, or released into sea-
84 water due to disturbance of marine sediment or
85 oceanographic changes, such as methane bursting,
86 landslide, faulting, or a rise in ocean bottom

87water temperature. Once hydrate is exposed to
88seawater, it becomes unstable with respect to ei-
89ther dissolution or dissociation. How long would
90an exposed layer of massive hydrate survive? How
91long would a piece of hydrate survive as it buoy-
92antly rises through seawater? Would a piece of
93hydrate be able to survive the whole ocean col-
94umn and reach the atmosphere? Would methane
95in hydrate dissolve in seawater or vent into the
96atmosphere? In this report, we investigate the ki-
97netics and dynamics of the unstable hydrate de-
98composing to methane and water.
99Methane can exist in the marine environment as
100hydrate, free gas or dissolved species in water. In
101order to understand the kinetics, it is necessary to
102¢rst understand the stability of methane phases in
103the marine environment. Fig. 1 is a phase diagram
104of the CH4^H2O system at a constant tempera-
105ture of 4‡C (see ¢gure caption for references). Fig.
1062 is a phase diagram for the methane^seawater
107system constructed along a marine temperature
108and pressure pro¢le, i.e., along a geotherm [4].
109Because methane hydrate limits it, the solubility
110of CH4 in seawater at a given depth is that cor-
111responding to the smaller of the pressure for hy-
112drate formation or the hydrostatic pressure (Fig.
1132; see Appendix 1 for more comments). For this

 

 

11Fig. 1. A calculated phase diagram of CH4^H2O at 4‡C. The
2pressure to stabilize methane hydrate is 4.31 MPa, calculated
3from [27]. The solubility of CH4 in water (line connecting
4solid dots) as a function of P is calculated from [28] and is
5limited by hydrate formation above 4.31 MPa. The solubility
6of CH4 in water is too low to be clearly seen (see Fig. 2 for
7the solubilities).
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114 given geotherm, hydrate is a stable phase (as long
115 as CH4 concentration is high) from 537 m depth
116 to 3225 m depth (450 m below sea£oor). At water
117 depths shallower than 537 m, or at sediment
118 depths greater than 450 m, methane hydrate is
119 not a stable phase anymore, and would dissociate
120 into methane and water.
121 For other locations, the corresponding phase
122 diagram can be similarly constructed and is in
123 general di¡erent because the temperature^depth
124 pro¢le depends on location. For example, if the
125 sea£oor depth is only 400 m and other conditions
126 are the same, there would be no hydrate stability
127 ¢eld. The phase diagram along a geotherm (such
128 as that in Fig. 2) is essential in understanding the
129 distribution of methane hydrate and gas in sedi-
130 ment, as well as the kinetic processes.
131 To understand the kinetics of heterogeneous
132 reactions involving methane hydrate, it is neces-
133 sary to distinguish di¡erent reaction regimes be-
134 cause the kinetic controls are very di¡erent. The
135 di¡erent reaction regimes are introduced here,
136 and some terms are de¢ned below (also along
137 the phase boundaries in Fig. 2) for convenience
138 of reference. Methane hydrate instability can be
139 either by dissolution into water without formation
140 of gas bubbles, or by dissociation into CH4 gas
141 phase (bubbles) and water. Dissolution occurs
142 when methane hydrate is inherently stable at the
143 P^T conditions (e.g., when no water is present)
144 but is undersaturated in seawater (similar to
145 NaCl or CaSO4W2H2O dissolution in water). Be-
146 cause this instability is due to the presence of an
147 external phase (seawater), it may be called exter-
148 nal instability. The opposite process to dissolution
149 is methane hydrate precipitation when dissolved
150 CH4 concentration in water is oversaturated
151 with respect to hydrate.
152 Dissociation occurs when methane hydrate is
153 inherently unstable at the P^T conditions (similar
154 to ice melting). (Methane hydrate dissociation
155 into gas and ice is not similar to melting, can be
156 slow, and will not be discussed in this work.) Dis-
157 sociation does not require the presence of water,
158 although the rate may depend on whether water is
159 present. Because in this case the phase is unstable
160 regardless of external phases, this instability may
161 be called inherent instability. The opposite pro-

162cess is condensation of CH4 gas and liquid water
163to hydrate.
164The kinetic control for dissolution is mass
165transfer and that for dissociation is heat transfer.
166Because the heat transfer rate is much greater
167than that of mass transfer, dissociation is ex-
168pected to be much more rapid than dissolution.
169Both dissolution and dissociation are encoun-
170tered in the ocean environment (Fig. 2). Some
171authors confuse dissolution and dissociation and
172wonder why massive gas hydrate would not sub-
173lime and dissociate when it comes into contact
174with deep water [5]. As shown in Fig. 2, in deep
175water (s 537 m depth), methane hydrate is inher-
176ently stable but externally unstable, and would
177undergo dissolution (instead of dissociation). Be-

 

11Fig. 2. A calculated phase diagram for the CH4^seawater
2system in the oceanic environment. Both T and P vary with
3depth corresponding to water and sediment temperature and
4pressure along a marine geotherm [4]. Sea£oor depth (at
52775 m corresponding to Blake Ridge) is marked by dotted
6ticks. Solid curves indicate phase boundaries. The solubility
7of CH4 in seawater as a function of T and P is calculated
8from [28]. The stable phase assemblage in each ¢eld is shown
9in outline face. The phase ‘water’ means seawater plus dis-
10solved CH4. The kinetic processes across each major bound-
11ary are marked in plain text. MH=methane hydrate. The
12long-dashed curves show two possible pro¢les of total CH4

13concentration (including dissolved CH4, CH4 in methane hy-
14drate, and CH4 in gas phase) in pore water before any modi-
15¢cation by mass transport or compaction. See [31] for actual
16total CH4 concentration pro¢le in pore water. Adapted from
17[4].
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178 cause dissolution is relatively slow, massive hy-
179 drate on the ocean £oor may survive for many
180 years. On the other hand, dissociation is rapid.
181 Hence hydrate reaching shallow water (e.g.,
182 9 537 m depth in Fig. 2) is expected to disappear
183 rapidly. Dissolution and dissociation rates will be
184 quanti¢ed in this work. In the following sections,
185 we ¢rst review theories of crystal dissolution and
186 melting (dissociation) under various conditions.
187 Then we extend previous theoretical analyses to
188 greater Reynolds numbers. We then carry out ex-
189 periments to verify our new theories. We ¢nally
190 apply previous and our new theories to calculate
191 methane hydrate dissolution and dissociation
192 rates in seawater for several cases. The behavior
193 of methane bubbles will be discussed in a future
194 contribution.

195 2. General considerations and review of crystal
196 dissolution in liquid

197 Crystal dissolution in a liquid requires both
198 mass transfer (which includes di¡usive and con-
199 vective mass transfer) and interface reaction [6^
200 15]. That is, the crystal dissolution rate may be
201 controlled by either interface reaction, or mass
202 transfer, or a combination of the two. When
203 mass transfer controls the dissolution rate, i.e.,
204 when mass transfer is slow and interface reaction
205 is rapid, there is a concentration gradient in the
206 liquid (dashed curve in Fig. 3), and the interface
207 liquid is roughly at equilibrium with the crystal,
208 with very small undersaturation driving the disso-
209 lution. In this case, stirring the solution would
210 increase the dissolution rate. When interface reac-
211 tion controls the dissolution rate, i.e., when inter-
212 face reaction rate is slow compared to mass trans-
213 fer, the concentration gradient in the liquid is zero
214 and the interface is undersaturated (solid horizon-
215 tal line in Fig. 3). In this case, stirring the solution
216 would not increase the dissolution rate. When
217 both processes control the dissolution rate, the
218 concentration pro¢le would be between the
219 dashed curve and the solid line in Fig. 3.
220 Because di¡usion coe⁄cients of di¡erent solute
221 species in water do not vary greatly (V1039 m2/s
222 [16]), whether the dissolution of a crystal in water

223is controlled by interface reaction or by mass
224transfer is primarily determined by the interface
225reaction rate, which is primarily controlled by
226bond strength of the crystal. If the bonds in the
227crystal are weak and hence easy to break, then
228interface reaction rate would be high, and disso-
229lution would be controlled by mass transfer. If the
230bonds are strong and hence di⁄cult to break,
231then interface reaction rate would be low and dis-
232solution would be controlled by the interface re-
233action rate. Since ice melting is controlled by heat
234transfer (e.g., [17]), it is expected that methane
235hydrate dissociation is also controlled by heat
236transfer, and hence dissolution (which is much
237slower than dissociation) is controlled by mass
238transfer.

2392.1. Some dimensionless numbers

240Some dimensionless numbers that are necessary
241for the theoretical development in this paper are
242summarized here.
243The Reynolds number (Re) is de¢ned as:

244Re ¼ ð2aÞub f

W

ð1Þ

245where a is the radius of the dissolving crystal (or
246e¡ective radius for a nonspherical crystal), u is the

11Fig. 3. Sketch of the concentration pro¢les during crystal
2dissolution controlled either by mass transfer (dashed curve,
3with the interface only slightly undersaturated) or by inter-
4face reaction (solid horizontal line, with constant concentra-
5tion and large undersaturation at the interface). The concen-
6tration C is that of the main component in the dissolving
7crystal. The unit of concentration is arbitrary.
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247 ascent or descent velocity of the crystal, bf is the
248 density of the £uid (water or seawater in this
249 study), and W is the viscosity of the £uid. The
250 Notation list explains the variables and parame-
251 ters.
252 The Rayleigh number is de¢ned as:

253 Ra ¼ 8ga3MvbM
WD

ð2Þ

254 where g is acceleration due to Earth’s gravity,
255 MvbM is the absolute density di¡erence between
256 far-¢eld liquid and the gravitationally unstable
257 liquid at the crystal^liquid interface, and D is
258 the di¡usivity of the solute in the liquid.
259 The compositional Peclet number (Pec), charac-
260 terizing the relative importance of £ow versus dif-
261 fusion, is de¢ned as:

262 Pec ¼ 2au=D ð3Þ

263 The thermal Peclet number (Pet), characterizing
264 the relative importance of £ow versus heat con-
265 duction, is de¢ned as:

266 Pet ¼ 2au=U ð4Þ

267 where U is the heat di¡usivity.
268 The Schmidt number (Sc) is de¢ned as:

269 Sc ¼ ðW=b fÞ=DrPe=Re ð5Þ

270 2.2. Dissolution rates under various conditions

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

276 Xdis ¼ 2K
ffiffiffiffiffiffi
Dt

p
ð6Þ

277 where Xdis is the dissolution distance, t is the time,
278 and K is solved from the following equation:

279
ffiffiffi
Z

p
KeK

2
erfcð3K Þ ¼ L c ð7Þ

280where erfc is the complementary error function,
281and Lc is de¢ned as:

282L c ¼ ðCsat3CrÞ=ðCcrystal3CsatÞ ð8Þ

283where Csat is the concentration of the solute (e.g.,
284CH4 for methane hydrate) at the interface liquid
285at saturation, Cr is the solute concentration in
286liquid far away from the crystal dissolution sur-
287face (if it is much smaller than Csat, Cr may be
288taken as zero), and Ccrystal is the solute concentra-
289tion in the crystal to be dissolved; all concentra-
290tions are in mol/l.
291The rate of dissolution (V) is :

292V ¼ 3da=dt ¼ dX dis=dt ¼ K

ffiffiffiffiffiffiffiffi
D=t

p
ð9Þ

293where a is thickness or radius of the crystal.
294In addition to di¡usive dissolution, crystal dis-
295solution may be aided by convection. Convection
296may arise due to various kinds of buoyancy insta-
297bility (free convection, or natural convection), or
298due to motion of the crystal relative to the far-
299¢eld liquid (forced convection) [15]. Convective
300dissolution of a solid £oor or roof under free
301convection has been investigated [11]. Convective
302dissolution of a solid £oor under forced convec-
303tion due to £uid £ow over it can be solved similar
304to heat transfer [19], leading to the following dis-
305solution rate at high Re:

306V ¼ 0:03L cD2=3u4=5ðW=b fÞ37=15l31=5 ð10Þ

307where l is the length scale of the system.
308Convective dissolution of a crystal freely (buoy-
309antly) rising or falling through a liquid has been
310investigated by Kerr [12]. His analysis is restricted
311to Re9 1. Since Re for methane hydrate rising
312through seawater is often much greater than 1,
313we extend the theoretical analysis to Re9 105 in
314Section 3. We also verify the theoretical results by
315experiments.
316Mathematically, melting can be treated in a
317similar fashion as dissolution except that mass
318transfer is replaced by heat transfer (including re-
319placement of Nc by Nt, Pec by Pet, Sherwood num-
320ber by Nusselt number, etc.). Kerr [10] and
321McLeod and Sparks [20] investigated convective
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322 melting of a falling or rising solid sphere in a £uid
323 for Re9 1. We also extend the analysis to
324 Re9 105. Since both melting and dissociation
325 are controlled by heat transfer, we will use the
326 theory for melting to treat hydrate dissociation.

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

329 For convective dissolution of a crystal as it
330 buoyantly rises or falls through water, mass trans-
331 fer is enhanced and typically dominated by forced
332 convection due to buoyant descent or ascent of a
333 crystal. The motion of the crystal induces a £ow
334 ¢eld, and the £ow removes the liquid next to the
335 crystal, resulting in a thin compositional bound-
336 ary layer next to the dissolving crystal. The
337 boundary layer thickness is thin on the leading
338 side of the crystal and thick on the trailing side
339 [21]. Although the thickness of the boundary layer
340 is variable on di¡erent sides of the moving crystal,
341 an average boundary layer thickness (Nc) is de-
342 ¢ned to characterize the average mass £ux
343 through the layer:

344 N c ¼ DvC=F c ð11Þ

345 where vC=Csat3Cr is the solute concentration
346 di¡erence between the interface liquid and far-
347 away liquid, and Fc is the compositional £ux
348 from the dissolving crystal.
349 Using this de¢nition, convective dissolution
350 rate can be modeled as [9,12] :

351 3da=dt ¼ L cD=N c ð12Þ

352 Di¡usive crystal dissolution may also be treated
353 using the concept of boundary layer thickness. By
354 comparing Eqs. 9 and 12, it can be seen that
355 di¡usive crystal dissolution can be treated by
356 Eq. 12 with a time-dependent boundary layer
357 thickness:

358 N c;dif ¼
L c

K

ffiffiffiffiffiffi
Dt

p
ð13Þ

359 From Eq. 12, if D has been measured and Lc

360 can be estimated (see Appendix 1), the problem of

361obtaining the dissolution rate becomes the prob-
362lem of obtaining the average boundary layer
363thickness Nc. As outlined by Kerr [12], for forced
364convection, Nc can be estimated from the Sher-
365wood number (Sh), which in turn can be esti-
366mated from Pec. Sh is de¢ned to be the ratio of
367the compositional £ux (Fc) from the dissolving
368crystal to the mass £ux scale:

369Sh ¼ F c

DvC=ð2aÞ ð14Þ

370Combining Eqs. 11 and 14, Sh can be written as:

371Sh ¼ 2a=N c ð15Þ

372Kerr [12] developed the theory for convective
373crystal dissolution in which both the crystal as-
374cent/descent velocity and Sh are obtained using
375relations applicable only for Re9 1. In this sec-
376tion, we extend the analyses to cover Re9 105.
377Below, we ¢rst develop a unifying relation for
378the dependence of Sh on Pec and Re. We then
379present the analyses of convective crystal dissolu-
380tion at both low and high Re. We then present
381laboratory experimental data to verify the theo-
382retical analyses. Methane hydrate dissolution
383upon buoyant ascent in seawater will be modeled
384in Section 3.3.

3853.1. A simple unifying expression for Sh for forced
386convection

387We ¢rst develop a simple expression for Sh for
388a large range of Re to simplify the theory for
389convective crystal dissolution. The expressions of
390Sh under various conditions have been parameter-
391ized by Clift et al. [22] as follows:

392For Re61; Sh ¼ 1þ ð1þ PecÞ1=3 ð16aÞ

393For 19Re9100; Sh ¼ 1þ ZRe0:41 ð16bÞ

394For 1009Re92000; Sh ¼ 1þ 0:752ZRe0:472 ð16cÞ

395For 20009Re9100000;

396¼ 1þ Zð0:44Re0:5 þ 0:034Re0:71Þ ð16dÞ

397where Z= [(1+1/Pec)Sc]1=3. Eq. 16a is accurate to
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398 within 3% when Re9 1 and is the equation used
399 by Kerr [12]. Eqs. 16b, 16c and 16d ¢t the exper-
400 imental data (from di¡erent laboratories) well but
401 the data themselves show substantial scatter [22].
402 The above four expressions for Sh are compli-
403 cated and we simplify them below. The ¢rst step is
404 to eliminate Sc in Z. Because Sc=Pe/Re,
405 Z= [(1+1/Pec)Sc]1=3 = [(1+Pec)/Re]1=3, Eqs. 16a,
406 16b, 16c and 16d can be rewritten as:

407 For Re61; Sh ¼ 1þ ð1þ PecÞ1=3 ð17aÞ

408 For 19Re9100;

409 Sh ¼ 1þ ð1þ PecÞ1=3Re0:4131=3 ð17bÞ

410 For 1009Re92000;

411 Sh ¼ 1þ ð1þ PecÞ1=30:752Re0:47231=3 ð17cÞ

412 For 20009Re9100000; Sh ¼ 1þ

413 ð1þ PecÞ1=3ð0:44Re0:531=3 þ 0:034Re0:7131=3Þ ð17dÞ

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

418 Sh ¼ 1þ ð1þ PecÞ1=3 1þ 0:096Re1=3

1þ 7Re32

� �
ð18Þ

419 Eq. 18 reproduces Eqs. 16a, 16b, 16c and 16d in
420 their respective range to within 3%. Hence it is an
421 excellent expression of Sh for Re9 105 and is rec-
422 ommended for future use.

423 3.2. Convective dissolution rate upon crystal ascent
424 or descent in a large range of Re

425 For Res 1, crystal ascent or descent velocity
426 can no longer be calculated from Stokes’ law,
427 and the expression of Sh using Eq. 16a must be
428 replaced by Eq. 18. The following is an outline of
429 our new model extending the model of Kerr [12] :
430 1. Given the radius of the crystal, calculate the
431 ascent or descent velocity u. For Stokes £ow
432 (Re6 1), u=2ga2vb/(9W). If Res 1, the Stokes
433 law is no longer applicable; a more compli-
434 cated formulation must be used. For

435Re9 3U105, one formulation is to solve the
436three unknowns (u, Re, drag coe⁄cient CD)
437iteratively from Eq. 1 and the following two
438equations:

439CD ¼ 24
Re

ð1þ 0:15Re0:687Þþ

440
0:42

1þ 42500Re31:16 ð19Þ

441u ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8gavb

3bwaterCD

r
: ð20Þ

442Eq. 19 is from Cli¡ et al. [22] and the relative
443error is +6% to 34% for Re6 3U105 ; Eq. 20
444is from the de¢nition of CD and can be found
445in £uid dynamics books (e.g., eq. 6-230 in
446[23]). In the above formulation, the e¡ect of
447denser interface £uid on descent velocity is
448ignored.
4492. Knowing u from above, Pec can be calculated
450using Eq. 3. With Re (from Eq. 1) and Pec, Sh
451for forced convection can be calculated from
452Eq. 18.
453As shown by Kerr [12], for very tiny crystals
454(usually 6 0.05 mm radius), free convection
455may be more important than forced convec-
456tion. Sh for free convection is expressed as
457[12] :

458Sh ¼ 2þ 0:6Ra1=4 ð21Þ

459where Ra is the Rayleigh number (Eq. 2). The
460above equation applies for Ra9 1010. For cal-
461culation of convective crystal dissolution rate,
462we calculate Sh for free convection and Sh for
463forced convection, and the greater value is
464used as Sh of the process. Only for very tiny
465crystals is Sh for free convection greater than
466that for forced convection and hence used in
467the calculation.
4683. The value of Nc is calculated from Nc = (2a)/Sh
469(Eq. 15).
4704. Then, the right-hand side of Eq. 12 is obtained,
471and a is solved from the di¡erential equation
472(Eq. 12). Depth is solved by integrating u with
473respect to t(vudt).
474Because of the interdependence of a, u, Re, Pec,
475Sh, and Nc, the di¡erential equation (Eq. 12) can
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476 only be integrated numerically. The integration is
477 carried out with a spreadsheet program.
478 Because we have extended the analyses of Kerr
479 [12] from small Re (Re9 1) to a large range of Re
480 (Re9 105), and because there are some simplify-
481 ing assumptions and approximate equations, be-
482 low we report laboratory experiments to verify

483the calculated results and assess the applicability
484of the model.

4853.3. Experimental data on convective crystal
486dissolution to high Re

487We carried out convective dissolution experi-
488ments in water using NaCl, KCl, NaBr, and

11 Fig. 4. Experimental convective crystal dissolution data for NaCl at three temperatures. The curves are best ¢t to the data (not
2 calculated from theory). The function to ¢t a (mm) vs. t (s) is : a= Qt0:88 where Q=0.0211 at 16.5^17‡C, 0.0228 at 20.5^21‡C, and
3 0.0251 at 25‡C. The function for h vs. a is h= Oa2:3 where O=11.3 at 16.5^17‡C, 10.7 at 20.5^21‡C, and 9.8 at 25‡C. The simple
4 expressions of the ¢t functions are obtained from model calculations and are not general (they are only applicable to the data
5 range shown in the ¢gure).
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Table 1
Experimental data for convective crystal dissolution

M ts hs M ts hs M ts hs M ts hs1
mg s m mg s m mg s m mg s m2

NaCl (16.5^17‡C) KCl (21‡C) NaBr (17‡C) KBr (21‡C)3
0.103 15.5 0.383 0.043 7.06 0.117 0.309 8.3 0.420 0.085 4.29 0.1394
0.120 15.5 0.418 0.061 7.47 0.137 0.342 8.5 0.435 0.135 5.50 0.1895
0.135 15.4 0.455 0.083 8.84 0.194 0.429 9.5 0.540 0.253 6.84 0.27856
0.158 17.3 0.530 0.115 10.1 0.251 0.454 9.9 0.567 0.357 7.72 0.3627
0.206 20.4 0.635 0.121 10.47 0.270 0.648 10.5 0.720 0.417 7.96 0.37858
0.217 20.1 0.684 0.160 11.35 0.310 0.723 11.3 0.791 0.641 8.91 0.55859
0.219 20.0 0.645 0.207 12.15 0.385 0.821 11.8 0.854 0.755 9.35 0.658510
0.291 20.9 0.844 0.272 13.44 0.465 1.025 12.7 1.000 0.863 9.65 0.67511
0.301 21.6 0.871 0.291 13.81 0.498 1.092 13.5 1.008 0.996 10.75 0.77912
0.364 24.0 0.999 0.340 14.85 0.516 1.225 14.0 1.125 1.343 12.12 0.968513
0.397 23.5 1.033 0.386 15.06 0.546 1.426 14.6 1.245 1.700 12.5 1.053514
0.409 24.9 1.070 0.420 15.88 0.630 NaBr (21‡C) 1.785 12.62 1.098515
0.426 26.1 1.119 0.490 16.32 0.655 0.112 6.1 0.198 KBr (25‡C)16
0.496 26.1 1.205 0.519 16.93 0.706 0.622 9.7 0.660 0.135 4.75 0.18317
0.513 27.1 1.204 KCl (25‡C) 0.702 10.0 0.711 0.208 5.84 0.22718
0.537 27.7 1.210 0.047 6.75 0.120 0.920 11.2 0.870 0.311 6.91 0.31319
0.540 26.5 1.239 0.053 6.44 0.131 1.264 12.8 1.087 0.600 7.60 0.51020
NaCl (21‡C) 0.076 8.19 0.179 1.294 12.5 1.067 0.603 7.69 0.44021
0.031 8.40 0.133 0.100 8.62 0.197 NaBr (25‡C) 0.603 7.78 0.45322
0.053 11.1 0.216 0.110 9.31 0.215 0.082 4.6 0.153 0.790 8.40 0.59623
0.064 12.2 0.253 0.122 9.56 0.241 0.097 4.7 0.1615 0.887 9.47 0.67524
0.092 14.2 0.338 0.134 9.69 0.259 0.116 5.1 0.1815 0.997 9.59 0.74925
0.139 16.1 0.476 0.164 9.50 0.282 0.161 5.7 0.2435 1.245 10.50 0.80326
0.170 16.9 0.556 0.176 9.90 0.313 0.262 6.3 0.3255 1.639 11.41 0.98027
0.224 18.7 0.665 0.200 10.38 0.340 0.345 6.9 0.403528
0.316 20.8 0.829 0.264 11.88 0.447 0.430 8.0 0.471529
0.373 22.5 0.955 0.335 13.22 0.517 0.505 8.3 0.5275 NaCl (20.5‡C)30
0.457 22.8 1.059 0.373 12.84 0.509 0.738 9.5 0.6795 0.010 5.32 0.04131
0.539 23.7 1.190 0.380 13.66 0.536 0.967 10.4 0.8215 0.015 6.22 0.06732
NaCl (25‡C) 0.410 13.72 0.557 1.122 11.1 0.933 0.039 8.78 0.15133
0.081 10.9 0.263 1.181 11.7 0.923 0.041 8.62 0.15134
0.105 11.7 0.321 1.216 11.2 0.902 0.070 11.78 0.23435
0.130 13.9 0.408 1.446 12.0 1.0635 0.085 12.41 0.30636
0.180 14.7 0.514 1.479 12.3 1.1035 0.113 13.87 0.36637
0.251 17.1 0.646 1.719 12.6 1.2115 0.140 14.43 0.46338
0.279 17.9 0.721 1.950 13.2 1.2715 0.148 15.69 0.46939
0.322 19.3 0.791 2.035 13.5 1.3635 0.164 16.36 0.48740
0.336 19.4 0.816 0.226 17.86 0.65641
0.423 20.2 0.943 0.266 18.53 0.68342
0.521 21.4 1.089 0.273 19.43 0.71043
0.563 22.2 1.133 0.314 20.03 0.78644
0.661 24.9 1.270 0.346 21.53 0.94945

Crystals are cubic. M is the mass of the crystal; ts is the survival time, and hs 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 e¡ective radius (a) is used instead of the mass and is calculated from the
mass and density of the crystal using a= [3M/(4Zb)]1=3.

46
47
48
49
50

EPSL 6708 16-6-03

Y. Zhang, Z. Xu / Earth and Planetary Science Letters 6708 (2003) 1^21 9



ARTICLE IN PRESS

UNCORRECTED P
ROOF

489 KBr crystals. The experimental apparatus consists
490 of a glass cylinder 1.5 m long and 0.10 m in inner
491 diameter. The experimental procedure follows
492 that of Walker and Kiefer [8]. The experimental
493 temperature (water temperature in the apparatus)
494 is controlled by setting the room temperature to
495 be either 17, 21 or 25‡C, and waiting for v 24 h
496 until measured water temperature in the cylinder
497 reaches the room temperature. Crystals that are
498 close to cubic and appear to be free of cracks and
499 inclusions (but inspection is di⁄cult due to sur-
500 face pits) are used for experiments. We use cubic
501 crystals (rather than prepare them into spheres) to
502 assess the accuracy of the spherical model on cu-
503 bic crystals because hydrate crystals are our focus
504 and they are not spherical. A cubic crystal is
505 weighed with a microbalance. From the mass an
506 e¡ective radius (a) of equal volume is calculated.
507 The crystal is dropped into water and is watched
508 as it descends and dissolves. The duration from
509 the moment the crystal is dropped into water until
510 it disappears in water is recorded as the surviving
511 time (ts). The total vertical distance that the crys-
512 tal travels in water is recorded as the surviving
513 distance (hs). Because we require the crystal to
514 be completely dissolved before it reaches the bot-
515 tom and because the height of the water column is
516 limited, the maximum Re number of the experi-
517 ments is limited to 9 350.
518 Some experiments were classi¢ed to be unsuc-
519 cessful and discarded. (i) For a couple of experi-
520 ments, a £oating bubble appeared (presumably
521 from a bubble inclusion in the crystal) as the crys-
522 tal was dissolved. The results of these experiments
523 were discarded. (ii) The larger the crystal, the
524 more sideways wiggling there is as it falls down.
525 We discarded the results if the crystal came very
526 close (within a few mm by the naked eye) to the
527 glass wall of the apparatus during its descent.
528 The uncertainty for the crystal mass is 0.002
529 mg, that for the surviving time is 0.2 s (larger
530 than the reading accuracy to account for human
531 response time), and that for the surviving distance
532 is 0.001 m. The scatter of the data in ¢gures is
533 greater than these uncertainties due to other ex-
534 perimental uncertainties, such as deviation from
535 cubic shape, imperfection of a crystal (e.g., inclu-
536 sions and cracks), etc.

537All experimental data are listed in Table 1.
538Some data are shown in Figs. 4 and 5. Fig. 4
539shows all experimental data on NaCl, as well as
540¢ts to the data. It also compares experimental
541data of Walker and Kiefer [8] with our data.
542The agreement between the two data sets is very
543good. The slightly larger scatter in the data of
544Walker and Kiefer [8] can be attributed to the
545unairconditioned July temperature (V30‡C) in
546their laboratory.
547Experimental data and calculated results (see
548Fig. 5) show that the e¡ective radius (a) and the
549surviving time (ts) are roughly (but not exactly)
550proportional to each other over the experimental
551conditions of this study. To extend the results to
552zero crystal size, a better form is a= kt0:88s where k
553is a constant (see ¢ts in Fig. 4). To extend to
554greater crystal size, a is roughly linear to ts. To
555cover both small and large crystal sizes, the fol-
556lowing two-parameter equation, a= k1t

1=2
s +k2ts,

557¢ts the calculated results very well. For the rela-
558tion between a and the surviving distance (hs), a
559rough relation is that hs is proportional to a2. To
560extend to zero crystal size, a better form is
561hs = qa2:3 where q is a constant (see ¢ts in Fig.
5624). To extend to greater crystal size, hs is roughly
563linear to a2. To cover both small and large crystal
564sizes, the following two-parameter equation,
565a= q1h

1=5
s +q2h

1=2
s , ¢ts calculated results very well.

566Although the above two-parameter ¢tting func-
567tions can ¢t our a vs. ts data and a vs. hs data
568very well, we still primarily focus on the compar-
569ison between our model calculation and experi-
570mental data because there is no free parameter
571in the model calculation.
572Fig. 5 compares all experimental data at 25‡C
573with calculation using our model developed in
574Section 3.2. The constants necessary for the cal-
575culations are summarized in Appendix 2. For
576KCl, the calculated a vs. ts curve and hs vs. a
577curve are in good agreement with experimental
578data. For NaBr, the calculated a vs. ts curve is
579in agreement with data, but the calculated hs vs. a
580curve is above the data by up to 25% relative. For
581NaCl, the calculated a vs. ts curve is above the
582data by up to 20% relative, and the calculated hs
583vs. a curve is below the data by up to 15% rela-
584tive. For KBr, the calculated a vs. ts and hs vs. a
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11 Fig. 5. Comparison of experimental data and calculated results on convective crystal dissolution. Note the curves are calculated
2 (see Section 3.2) without any ¢tting parameters.
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585 curves are both above the data by up to 20% rel-
586 ative.
587 Because there are no ¢tting parameters at all,
588 this level of agreement for Re9 350 and for sev-
589 eral types of crystals is good and implies that our
590 model for crystal dissolution and descent captures
591 the main controlling factors. Possible causes for
592 the small disagreements include (in order of de-
593 creasing importance) :
594 1. Some minor factors are ignored. Near the dis-
595 solving interface, the solute concentration is
596 very high, and the e¡ects on viscosity, density
597 and di¡usivity can be signi¢cant. There is also
598 a minor thermal e¡ect due to heat of solution.
599 The e¡ect of solute concentration on the di¡u-
600 sivity is small and complicated for these halides
601 (usually ¢rst decreases and then increases with
602 concentration). Viscosity of salt-bearing water
603 strongly increases with NaCl and NaBr con-
604 centration (by about a factor of 2), but only
605 depends weakly on KCl and KBr concentra-
606 tion (Appendix 2). The density of halide-satu-
607 rated water is greater than that of pure water
608 by 199 kg/m3 for NaCl, 176 kg/m3 for KCl,
609 533 kg/m3 for NaBr, and 380 kg/m3 for KBr
610 (Appendix 2). A high viscosity would reduce
611 the descent velocity, whereas a dense boundary
612 layer would increase it, a¡ecting the surviving
613 distance. A change in the descent velocity
614 would in turn a¡ect Re, Sh, Nc, and the disso-
615 lution rate.
616 It appears that among the factors not incorpo-
617 rated into our model, viscosity and density var-
618 iations in the boundary layer are the most im-
619 portant. For KCl, both e¡ects are small, and
620 calculations agree well with experimental re-
621 sults. For NaBr, the two e¡ects (higher viscos-
622 ity and higher density) tend to cancel each oth-
623 er. For NaCl, the viscosity e¡ect dominates.
624 For KBr, the density e¡ect dominates. Incor-
625 porating the viscosity and density e¡ects is dif-
626 ¢cult because they vary across the boundary
627 layer. Hence we recognize the problems but
628 choose to tolerate them.
629 2. Both Eqs. 18 and 19 have some uncertainties.
630 Expressions for other parameters used in the
631 calculations, such as di¡usivity and solubility,
632 also have small uncertainties. These uncertain-

633ties may lead to 10% relative uncertainties in
634the calculation.
6353. The shape of crystals used for experiments is
636roughly cubic and some are prolate, whereas
637the calculation is done for spherical geometry.
638Because the theory is general to high Re num-
639ber, and because there is good agreement between
640experimental data and theoretical calculation, we
641expect the theory to be approximately applicable
642to Re up to 105. In Section 5.2, we apply the
643theory to calculate convective dissolution rate of
644methane hydrate upon free ascent in seawater.

6454. Convective dissociation of a crystal rising or
646falling in water

647In the regime of methane hydrate dissociation
648(e.g., at water depth less than 530 m in Fig. 2), the
649controlling factor is heat transfer instead of mass
650transfer. Kinetics of methane hydrate dissociation
651is expected to be similar to that of ice melting
652except for the generation of bubbles whose buoy-
653ant rise from the interface may enhance convec-
654tion. Hence we use the theory for convective melt-
655ing to approximate the theory for dissociation,
656but noting that the theory may only give a mini-
657mum dissociation rate.
658Theory for crystal melting under forced convec-
659tion as a crystal is falling or rising through a liq-
660uid can be developed by analogy with that for
661crystal dissolution under forced convection [12].
662For Re6 1, the theory of convective melting has
663been developed by Kerr [10] and McLeod and
664Sparks [20]. Following Section 3.3 on convective
665dissolution, we extend the analysis of convective
666dissociation (or melting) to Re number up to 105.
667As a crystal melts, the necessary thermal £ux is
668[10,20] :

669F t ¼ ð3da=dtÞ½b scsðT03T sÞ þ b sL� ð22Þ

670where (3da/dt) is the melting rate, subscript ‘s’
671means the solid phase, c is heat capacity, L is
672the latent heat for crystal melting or dissociation,
673T0 is the interface temperature (assumed to be the
674equilibrium melting or dissociation temperature
675[17]), Ts is the temperature inside the crystal far
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676 away from the interface. This heat must be con-
677 ducted to the melting surface from the £uid. That
678 is:

679 F t ¼ 3kðDT=D rÞr¼aþ ¼ 3kðTr3T0Þ=N t ð23Þ

680 where k is heat conductivity of the liquid, Tr is
681 temperature in far-away liquid, and Nt is the aver-
682 age thickness of the thermal boundary layer
683 around the melting crystal. (Similar to the com-
684 positional boundary layer thickness, the thermal
685 boundary layer thickness is also thin on the lead-
686 ing side of the sphere and thick on the trailing
687 side of the sphere.) The above equation de¢nes
688 Nt. Combining Eqs. 22 and 23 leads to:

689 3da=dt ¼ L tU =N t ð24Þ

690 where U is heat di¡usivity in the liquid and equals
691 k/(bfcf ), and the dimensionless parameter Lt is
692 de¢ned as:

693 L t ¼
b fcfðTr3T0Þ

b scsðT03T sÞ þ b sL
ð25Þ

694 where subscript ‘f’ means the liquid. The param-
695 eter Lt can be identi¢ed to be St31 where St is the
696 Stephan number. Since L is usually large, the de-
697 nominator in the above equation can usually be
698 approximated by bsL. Similarity between Eqs. 12
699 and 24 is obvious.
700 To ¢nd Nt, one uses dimensionless relations
701 through the Nusselt number. The Nusselt number
702 (Nu) is de¢ned to be the ratio of the total thermal
703 £ux (Ft) from the dissolving crystal to the heat
704 £ux scale k(Tr3T0)/(2a) :

705 Nu ¼ F t

kðTr3T0Þ=ð2aÞ
ð26Þ

706 Combining Eqs. 23 and 26 leads to:

707 Nu ¼ 2a=N t ð27Þ

708 which is similar to Eq. 15. By analogy to the
709 relation between Sh, Pec, and Re (Eq. 18), for
710 Re9 105, Nu can be related to Pet (Eq. 4) and
711 Re as:

712 Nu ¼ 1þ ð1þ PetÞ1=3 1þ 0:096Re1=3

1þ 7Re32

� �
ð28Þ

713With the above relations, the melting or disso-
714ciation rate can be calculated as follows. For a
715rising crystal of radius a, Eqs. 1, 19 and 20 are
716used to solve for u, Re and CD simultaneously as
717long as Re is 9 3U105. Then Pet can be calcu-
718lated from Eq. 4. Then Nu can be calculated from
719Eq. 28. Then Nt can be calculated from 2a/Nu
720(Eq. 27). Finally the melting rate can be calcu-
721lated from Eq. 24.
722By comparing the dissolution and dissociation
723rates (Eqs. 12 and 24), the ratio of dissociation
724rate to dissolution rate is :

725
ðda=dtÞdissociation
ðda=dtÞdissolution

¼ U

D
L t

L c

N c

N t
ð29Þ

726where U/D=LeW100 where Le is the Lewis num-
727ber. Mainly due to the large U/D ratio, the disso-
728ciation rate is usually much greater than the dis-
729solution rate.

7305. Dissolution and dissociation of methane hydrate
731as it rises through seawater

732The primary motivation of this study is to
733understand methane hydrate dissolution and dis-
734sociation under various conditions although the
735above theories are general. In the following treat-
736ment, a piece of hydrate is assumed to behave as a
737perfect crystal. That is, the e¡ects of grain bound-
738aries, bubbles and other inclusions, cracks, and
739other defects of hydrate on dissolutions rates are
740ignored. The necessary parameters needed for cal-
741culation are summarized in Appendix 1. Below,
742we consider dissolution of exposed hydrate £oor,
743dissolution of a rising hydrate, and dissociation of
744a rising hydrate. We do not consider the unlikely
745case of dissociation of an exposed hydrate £oor.
746It is unlikely because if hydrate is inherently un-
747stable on the ocean £oor, it is also inherently un-
748stable in sediment due to temperature increase in
749sediment.

7505.1. Dissolution of exposed hydrate £oor

751An exposed hydrate £oor may stay at the ocean
752£oor (that is, not rising through seawater) due to
753cohesion with sediment underneath or due to mix-

EPSL 6708 16-6-03

Y. Zhang, Z. Xu / Earth and Planetary Science Letters 6708 (2003) 1^21 13



ARTICLE IN PRESS

UNCORRECTED P
ROOF

754 ing of hydrate with sediment so that the overall
755 density of hydrate and sediment is greater than
756 that of seawater. In this section, we estimate the
757 dissolution rates of such an exposed hydrate £oor.
758 The value of Lc (Eq. 8) does not change much
759 with water depth (Table A1). For a deep ocean
760 £oor temperature of 277.15 K, Lc = 0.0094, and D
761 for methane in water is roughly 1.09U1039 m2/s
762 (Appendix 1). The value of K can be solved from
763 Eq. 7 to be 0.0053. From Eq. 6, the di¡usive dis-
764 solution distance Xdis (in m) is 3.5U1037

ffiffi
t

p

765 (where t is in s), 0.10 mm in a day, 2.0 mm in a
766 year, and 2 m in a million years. That is, di¡usive
767 dissolution is extremely slow.
768 The above dissolution rates are a minimum be-
769 cause dissolution of massive methane hydrate on
770 the ocean £oor is aided by convection, either free
771 convection driven by the density di¡erence be-
772 tween methane-bearing interface seawater and
773 normal seawater, or forced convection due to oce-
774 anic current. Kerr [11] modeled £oor dissolution
775 controlled by free convection. Compared to far-
776 ¢eld seawater, the boundary layer above a hy-
777 drate £oor is slightly colder (which makes it
778 more dense), and contains slightly higher CH4

779 content (which makes it less dense). As estimated
780 by Kerr (personal communication), the thermal
781 e¡ect that stabilizes the boundary layer is greater
782 than the compositional e¡ect. Hence there would
783 be no free convection.
784 Hydrate £oor dissolution rate under forced
785 convection due to oceanic current can be esti-
786 mated using Eq. 10. For hydrate £oor exposed
787 at Hydrate Ridge (44.57‡N, 125.19‡W), ocean
788 current velocity u is about 0.03 m/s (David Rea,
789 personal communication), seawater viscosity at
790 277.15 K is about 0.00167 Pa s, the length scale
791 l is roughly taken as 1000 m (the dependence of
792 dissolution on the length scale l is weak). Hence
793 the calculated dissolution rate V is 0.00228 Wm/s,
794 or 0.072 m per year. A 100 m thick massive hy-
795 drate layer may survive for more than 1000 years.

796 5.2. Convective dissolution of methane hydrate
797 upon free ascent

798 We now calculate convective dissolution rate as
799 methane hydrate rises buoyantly through sea-

800water (Table 2). Because the saturation concentra-
801tion of CH4 in water is low (Fig. 2), dissolved
802CH4 is not expected to signi¢cantly a¡ect the den-
803sity, di¡usivity and viscosity in the boundary
804layer. Hence we expect the theoretical calculation
805to have better accuracy than the case for NaCl
806and KBr descent and dissolution (Fig. 5). Since
807dissolution only occurs in deep water (dissociation
808occurs in shallow water) where temperature is
809roughly constant, for simplicity, a constant tem-
810perature of 277.15 K for deep water with a con-
811stant value of Lc (0.0094) is used.
812Fig. 6 shows some calculated results. The as-
813cent velocity of methane hydrate increases with
814its size. The calculated ascent velocity of a hydrate
815with 50 mm radius is 0.53 m/s. Brewer et al. [24]
816observed the ascent velocity of natural hydrate of
817similar size to be 0.24 m/s. The di¡erence is prob-

11Fig. 6. Calculated relation between e¡ective radius and sur-
2viving time, and between e¡ective radius and surviving dis-
3tance for methane hydrate dissolution and ascent in sea-
4water.
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818 ably due to: (i) impurity in natural hydrate that
819 increases its density, (ii) di⁄culty in determining
820 the size, and (iii) non-spherical shape of natural
821 hydrate.
822 The dissolution rate decreases with increasing
823 e¡ective radius of the crystal (a). The dissolution
824 rate is 0.16 Wm/s for a=50 mm, 0.24 Wm/s for
825 a=5 mm, and 0.30 Wm/s for a=1 mm. Brewer
826 et al. [24] used variation in the ascent velocity to
827 estimate the variation in the size of hydrate, and
828 obtained a dissolution rate of 31 Wm/s, about two
829 orders of magnitude greater than our results. This
830 clearly shows that hydrate size cannot be esti-
831 mated from ascent velocity. (Furthermore, there
832 is an error in their eq. 1.) In another part of their
833 paper [24], they argued that the dissolution rate is
834 less than 6.7 Wm/s, consistent with our calculation.
835 The inconsistency between the two parts of their
836 paper is not explained [24] but they have another
837 submitted manuscript on the topic (Brewer, per-
838 sonal communication).
839 A larger hydrate piece rises more rapidly but
840 dissolves more slowly. Hence per unit depth, dis-
841 solution distance is smaller for larger hydrate
842 pieces. For the oceanic depth corresponding to
843 Fig. 2, a piece of hydrate with radius greater
844 than 5.5 mm would be able to survive the rise
845 and dissolution from the ocean £oor (2775 m)
846 to reach the depth of 530 m where hydrate begins
847 to dissociate. Solid curves in Fig. 7 show the size
848 variation with depth for methane hydrate dissolu-
849 tion. As will be seen later, because hydrate disso-
850 ciates in shallow seawater and the dissociation
851 rate is much greater, only very large chunks of

852hydrate can survive dissociation and £oat to
853ocean surface.
854Many hydrate grains may be released in a par-
855cel of water. In this case the collective rise of
856hydrate-laden water must be considered. For ex-
857ample, consider a parcel of water 10 m in radius
858and containing 1 vol% of roughly uniformly dis-
859tributed methane hydrate, lowering its density by
8600.1% relative. The rising velocity of the parcel
861obtained from iterations of Eqs. 1 and 20 and
862the numerical standard drag curve (CD vs. Re)
863[22] (more general than Eq. 19) is 1.2 m/s. The
864parcel would rise by 2000 m in 0.47 h. Hydrate
865with radius greater than 0.5 mm would be able to
866survive such a rise. As hydrate reaches shallow
867depth, it becomes unstable and dissociates, which
868is discussed next.

8695.3. Convective dissociation of methane hydrate
870upon free ascent

871Using the theory in Section 4, methane hydrate
872dissociation rate can be calculated numerically.
873During methane hydrate dissociation, bubbles
874are produced at the dissociation interface. Buoy-
875ant rise of bubbles would intensify convection and
876hence increase the dissolution rate, but the e¡ect
877is di⁄cult to quantify. Hence the calculation using
878our theory only gives a minimum of the dissocia-
879tion rate.
880Before modeling the full process of ascent and
881dissociation, we ¢rst compare dissociation and
882dissolution rates. If vT=Tr3T0 = 1 K in Eq.
88325, using the relevant parameters, the dissociation

Table 2
Experimental and calculated dissolution rates

Experimental conditions Range of a Experimental da/dt Calculated da/dt Relative di¡erence1
mm Wm/s Wm/s %2

NaCl, 17‡C 0.22^0.39 13.1 16.4 253
NaCl, 21‡C 10.15^0.39 14.7 18.2 244
NaCl, 25‡C 0.20^0.42 15.8 19.4 235
NaBr, 17‡C 0.30^0.55 33.7 31.7 366
NaBr, 25‡C 0.20^0.60 43.7 40.0 387
KCl, 21‡C 0.19^0.40 22.6 20.7 388
KCl, 25‡C 0.18^0.37 26.2 23.5 3109
KBr, 21‡C 0.20^0.62 41.7 32.6 32210
KBr, 25‡C 0.22^0.67 45.7 35.9 32111

Note: a is the initial radius of a sphere with a volume equivalent to the halide grain used for experiments.12
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884 rate is about 30 times the dissolution rate (Eq.
885 29). If vT=10 K, then the dissociation rate is
886 about 300 times the dissolution rate (Eq. 29).
887 The conclusion is that the dissociation rate is
888 much greater than the dissolution rate as long
889 as vT is large enough, consistent with expecta-
890 tions.
891 Methane hydrate dissociation as it rises
892 through seawater would begin when water pres-
893 sure is smaller than the pressure to stabilize hy-
894 drate, which is equivalent to when water temper-
895 ature is higher than the dissociation temperature
896 of hydrate. Dissociation would begin when
897 Tr3T0 (Eq. 25) begins to exceed zero. Therefore,
898 our numerical modeling starts with a hydrate at
899 the depth of 530 m (the boundary between
900 water+gas and water+hydrate in Fig. 2) where
901 Tr3T0 = 0 and a water temperature of 279.36
902 K. As hydrate rises, water temperature Tr in-
903 creases, and the pressure decreases so that the
904 dissociation temperature T0 decreases. The com-
905 bined e¡ect is that the di¡erence Tr3T0 increases
906 and hydrate dissociation rate increases (Eqs. 24

907and 25). In the model, T0 is calculated from the
908pressure (depth), and Tr is calculated by assum-
909ing it increases linearly upward with a gradient of
9100.03 K/m so that the surface temperature is 295.15
911K. After a rise of about 0.6 m (from the starting
912point of 530 m), vT increases to 0.033 K and the
913dissociation rate equals the dissolution rate. With
914further rise of hydrate, dissociation rate becomes
915greater and greater. Fig. 7 (dashed curve) shows
916some calculated results for hydrate dissociation in
917the surface water. Methane hydrate with an e¡ec-
918tive radius of 5 mm would dissociate completely
919in 370 s and with a survival distance of only 47 m.
920To survive the whole 530 m column, the hydrate
921sphere must have an initial radius of 0.09 m or
922more. Because bubbles produced during dissocia-
923tion intensify convection and hence dissociation
924rate, and because large chunks of hydrate likely
925have grain boundaries and pores (hence not be-
926having as a single perfect crystal), to survive the
927surface layer would require larger hydrate pieces.
928Brewer et al. [24] observed that at Hydrate
929Ridge, pieces of hydrate with 0.04^0.05 m radius
930can survive a 410 m surface column. Because the
931hydrate is not pure methane hydrate, there is not
932enough information to do the calculation. How-
933ever, because the depth is shallower than our cal-
934culation above, and the temperature in surface
935water is only 287 K [25] leading to a temperature
936gradient of 0.02 K/m (smaller than 0.03 K/m we
937used above), a simple scaling of our calculated
938result roughly agrees with Brewer et al.’s observed
939result. Although temperature pro¢les in surface
940ocean vary with location, there is always a surface
941seawater layer where methane hydrate is unstable
942with respect to dissociation. Hence only large hy-
943drate chunks (greater than about 50 mm radius
944depending on the local temperature pro¢le) would
945be able to survive dissociation through this layer
946and reach the surface. Smaller hydrate grains and
947pieces would rapidly dissociate into bubbles and
948water. Hence if many methane hydrate grains (1^
94910 mm in radius) are released into ocean bottom
950water, many (depending on whether they rise in-
951dividually or collectively) would likely survive dis-
952solution in deep water, especially if the hydrate-
953bearing water parcel rises collectively. Upon
954reaching inherent instability depth, hydrate would

11 Fig. 7. Calculated hydrate size variation as a function of
2 depth as hydrate rises and dissolves/dissociates through sea-
3 water. The initial depth is 2775 m (corresponding to Blake
4 Ridge o¡ North and South Carolina). There is dissolution
5 between 2775 and 530 m depth, and dissociation at depth
6 6 530 m (Fig. 2). Three cases are shown for di¡erent initial
7 radii: 6 mm, 50 mm, and 100 mm. Starting from 2775 m
8 depth, the time to ascent to 530 m depth is 4.19 h for a0 = 6
9 mm, 1.18 h for a0 = 50 mm, and 0.84 h for a0 = 100 mm; the

10 time to be completely dissolved is 4.27 h for a0 = 6 mm, and
11 1.39 h for a0 = 50 mm; and the time to reach surface for
12 a0 = 100 mm is 1.07 h.
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955 dissociate rapidly into methane gas and water in
956 shallow water, producing a bubble plume, which
957 might power a methane-driven oceanic eruption
958 [4]. This would be an e⁄cient way to transport
959 a large amount of CH4 gas rapidly to the atmo-
960 sphere.

961 6. Uncited references

962 [32]
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975 Appendix 1. Values of various parameters for hy-
976 drate

977 In this appendix, we summarize estimation of
978 various parameters. Assuming an ideal formula
979 for methane hydrate, CH4(H2O)5:75, the molecular
980 mass of hydrate is 0.11963 kg/mol and the con-
981 centration of CH4 in hydrate is 13.4 wt%. The
982 density of methane hydrate is taken to be that
983 of ice, 920 kg/m3. Hence the molar volume of
984 hydrate is 0.130 l/mol, and concentration of
985 CH4 in methane hydrate is Chydrate = 7.69 mol/l.
986 The di¡usivity of CH4 in seawater is assumed
987 to be the same as that in pure water, and is ex-
988 pressed as [26] :

989 DCH4 ¼ expð315:06631545=TÞ ðA1Þ

990 where DCH4 is in m2/s and T is in K. Note that D
991 at 25‡C from the above equation is 1.61U1039

992m2/s, which does not agree with 1.49U1039 m2/s
993[16]. The small inconsistency (8% relative) is not
994important to the results presented in this work.
995The pressure for hydrate formation in seawater
996is based on data from Dickens and Quinby-Hunt
997[27], and is given as a function of temperature as
998follows:

999P ¼ expð30:718þ 8103:4=TÞ ðA2Þ

1000where T is in K and P is in MPa.
1001The latent heat of dissociation of methane hy-
1002drate (L in Eqs. 22 and 25) is taken to be that for
1003ice melting, 333.6 kJ/kg. The heat capacity of
1004methane hydrate (cs in Eqs. 22 and 25) is taken
1005to be that of ice, 2100 J/kg/K.
1006The solubility of CH4 in seawater in equilibri-
1007um with methane gas is calculated from the model
1008of Duan et al. [28]. For approximate calculation,
1009the Ostwald solubility coe⁄cient is assumed to be
1010a function of T only and is roughly expressed as:

1011V ¼ expð331:25þ 14450=T31849000=T2Þ ðA3Þ

1012When hydrate is stable, CH4 solubility is limited
1013by hydrate formation. In order to calculate the
1014solubility at a given P and T, we examine the
1015following solubility reaction:

1016CH4ðH2OÞ5:75 ðsolidÞ ¼

1017CH4 ðaqÞ þ 5:75H2O ðliqÞ ðA4Þ

1018The equilibrium constant for the above reaction is
1019K ¼ Csat

CH4
, where Csat

CH4
is CH4 solubility in sea-

1020water in equilibrium with methane hydrate. To
1021calculate Csat

CH4
at a given T and hydrate forma-

1022tion pressure, we recognize that at the pressure of
1023hydrate formation, the chemical potential of CH4

1024in the hydrate, in the gas phase at P, and in sea-
1025water must be the same. Hence the CH4 solubility
1026of hydrate equals the solubility of methane gas in
1027water at the same T and P. At the same T and
1028higher P, lnK would change with pressure as
10293vvVdP/(RT). According to the solubility model
1030of Duan et al. [28], the partial molar volume of
1031CH4 in water at 273.15 K is about 32 cc/mol. vV
1032of the above reaction (Eq. A4) is hence about 6
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1033 cc, meaning that K would decrease with P. From
1034 1 to 30 MPa (about 3000 m depth), lnK would
1035 decrease by 0.08. The accuracy of this calculation
1036 is not certain but it shows that the e¡ect of pres-
1037 sure on hydrate solubility is small and can be
1038 ignored. Thus, at a given T, hydrate solubility at
1039 any P is roughly the same as that at P of hydrate
1040 formation. That is, the solubility of hydrate is
1041 only a function of T and roughly independent
1042 of P. Fitting the calculated solubility of hydrate
1043 (from gas solubility) at various temperatures, we
1044 have the following expression for CH4 solubility
1045 of methane hydrate:

1046 Csat
CH4

¼ expð10:06334674:1=TÞ ðA5Þ

1047 where Csat
CH4

is mass fraction.
1048 The estimation of the parameter Lc =
1049 (Csat3Cr)/(Chydrate3Csat) (Eq. 8), where Cr =0,
1050 Csat =Csat

CH4
, and Chydrate = 7.69 mol/l, is shown in

1051 Table A1 at the depth of 537 m where hydrate
1052 becomes stable to the depth of ocean £oor. The
1053 value of L does not change much with depth. For
1054 rough calculation, Lc can be taken as a constant.

1055 Appendix 2. Values of various parameters for
1056 water, seawater, NaCl, KCl, NaBr,
1057 and KBr

1058 . Pure water

1059 Density of water (bwater) in the temperature
1060 range of 310 to 40‡C [29] is:

1061 bwater ¼ 1000þ 0:0063vT3

1062 0:00822ðvTÞ2 þ 0:0000576ðvTÞ3 ðA6Þ

1063 where vT=T3277.13 with T in K. For most cal-
1064 culations, bwater is simply taken as 1000 kg/m3.

1065The viscosity of water (W in Pa s) [29] is parame-
1066terized as follows:

1067lnW ¼ 316:34073þ 6:4877x3

10681:991x2 þ 0:26384x3 ðA7Þ

1069where x=1000/T. Thermal conductivity (k) of
1070water is 0.54 W/m/K. The heat di¡usivity (U) of
1071water [29] is :

1072U ¼ k=ðbwatercÞ ¼ 1:29U1037 m2=s ðA8Þ

1073where c is heat capacity of water and is 4184 J/kg/
1074K.

1075. Seawater

1076The salinity of seawater is taken to be 35x.
1077For simplicity, density of seawater (bseawater) is
1078taken to be 1.0263 times that of pure water, and
1079viscosity of seawater is taken to be 1.067 times
1080that of pure water [29]. At 4‡C, viscosity of sea-
1081water is 0.00167 Pa s. The pressure e¡ect on den-
1082sity and viscosity of seawater is ignored. The sur-
1083face tension, thermal conductivity and heat
1084di¡usivity of seawater are approximated by those
1085of pure water.

1086. NaCl

1087The solubility of NaCl in water (S in kg of
1088NaCl per 100 kg of water [30]) at 273.15^373.15
1089K is parameterized as follows:

1090S ¼ 35:7þ 0:00515ðT3273:15Þþ

10910:000295ðT3273:15Þ2 ðA9Þ

1092The solubility in terms of mass fraction of dis-

Table A1
Estimation of L (density of hydrate is assumed to be 920 kg/m3)

Temperature Depth Solubility Csat Chydrate Lc1
K m wt% of CH4 mol/l mol/l2

279.5 537 0.128 0.082 7.69 0.01083
276.7 2775 0.108 0.069 7.69 0.00914
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1093 solved NaCl is w=S/(100+S). The density of
1094 NaCl-bearing water at 298.15 K is assumed to
1095 be the same as that at 293.15 K [29], depending
1096 linearly on w as:

1097 bNaCl solution ¼ bwater þ 749:6wNaCl ðA10Þ

1098 where bwater = 998.21 kg/m3. The density of the
1099 saturated solution (bsat) can hence be calculated.
1100 The solubility in terms of mol/kg is w/W where W
1101 is molar mass of NaCl. The solubility in terms of
1102 mol/l (Csat) is Csat = 0.001bsatw. Then, the param-
1103 eter L= (Csat3Cr)/(Ccrystal3Csat) can be estimated
1104 to be 0.171 (Table A2) for Cr =0. Because the
1105 solubility of NaCl does not vary much with tem-
1106 perature, the value of Lc is roughly constant (it
1107 varies from 0.170 to 0.172 between 0 and 40‡C).
1108 The di¡usivity of NaCl (D in m2/s) is [31] :

1109 DNaCl ¼ expð313:72531950=TÞ ðA11Þ

1110 Viscosity of NaCl solution at 293 K increases by
1111 98.6% as NaCl concentration increases from 0 to
1112 26 wt% [29]. The ratio of the viscosity of the
1113 saturated solution at 25‡C to that of pure water
1114 (Wsat/W0) is obtained by extrapolation to be about
1115 2.0.

1116 . KCl

1117 The solubility of KCl in water at 273.15^373.15
1118 K is parameterized as follows:

1119 S ¼ 27:6þ 0:309ðT3273:15Þ3

1120 0:000209ðT3273:15Þ2 ðA12Þ

1121The density of KCl-bearing water at 298.15 K is
1122assumed to be the same as that at 293.15 K [29],
1123which depends linearly on wKCl and is parameter-
1124ized as follows:

1125bKCl solution ¼ bwater þ 670:6wKCl ðA13Þ

1126From the above information, the parameter
1127L= (Csat3Cr)/(Ccrystal3Csat) can be estimated
1128(Table A2) for Cr =0. The value of Lc for KCl
1129dissolution depends on temperature as follows:
1130Lc = 0.643136/T. The di¡usivity of KCl is [31] :

1131DKCl ¼ expð313:90631831:5=TÞ ðA14Þ

1132Viscosity of KCl solution at 293 K ¢rst decreases
1133by about 1% and then increases to 4% greater
1134than viscosity of pure water as KCl concentration
1135increases to 24 wt% [29].

1136. NaBr

1137The solubility of NaBr in water [30] at 273.15^
1138313.15 K is parameterized as follows:
1139

1140S ¼ 80:3þ 0:403ðT3273:15Þþ

11410:00661ðT3273:15Þ2 ðA15Þ

1142where T is in K. The density of NaBr-bearing
1143water at 298.15 K is assumed to be the same as
1144that at 293.15 K [29], which depends on wNaBr and
1145is parameterized as follows:

1146bNaBr solution ¼ bwater þ 732wNaBr þ 752w2
NaBr ðA16Þ

Table A2
Crystal properties, solubility and L value at 25‡C

Phase W molar
mass

Crystal
density

Ccrystal S w bsat Csat Lc Wsat/W0

2
1

kg/mol kg/m3 mol/l kg per 100 kg
water

wt% kg/m3 mol/l
4
3

NaCl 0.058443 2165 37.04 36.0 26.5 1197 5.42 0.171 2.05
KCl 0.074551 1984 26.61 35.5 26.2 1174 4.12 0.183 1.066
NaBr 0.102894 3205 31.15 94.5 48.6 1531 7.23 0.302 2.77
KBr 0.119002 2752 23.13 67.8 40.4 1378 4.68 0.254 1.018
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1147 The value of Lc for NaBr dissolution depends on
1148 temperature as follows:
1149 Lc = 0.2579+0.00133(T3273.15)+0.0000172(-
1150 T3273.15)2 where T is in K. The di¡usivity of
1151 NaBr in water at 25‡C is 1.62U1039 m2/s
1152 [16,29]. Assuming the activation energy is the
1153 same as that for NaCl, the di¡usivity of NaBr
1154 can be expressed as:

1155 DNaBr ¼ expð313:7031950=TÞ ðA17Þ

1156 Viscosity of NaBr solution at 293 K increases by
1157 86% as NaBr concentration increases from 0 to 40
1158 wt% [29].

1159 . KBr

1160 The solubility of KBr in water [30] as a func-
1161 tion of temperature can be expressed as:

1162 S ¼ 160:34lnðT=195:35Þ ðA18Þ

1163 The density of KBr-bearing water at 298.15 K is
1164 assumed to be the same as that at 293.15 K [29],
1165 which depends on w as:

1166 bKBr solution ¼ bwater þ 684wKBr þ 632w2
KBr ðA19Þ

1167 The value of Lc for KBr dissolution depends on
1168 temperature as follows: Lc = 0.6023ln(T/195.77)
1169 where T is in K. The di¡usivity of KBr in water
1170 at 25‡C is 2.02U1039 m2/s [16,29]. Assuming the
1171 activation energy is the same as that for KCl, the
1172 di¡usivity of KBr can be expressed as:

1173 DKBr ¼ expð313:87731831:5=TÞ ðA20Þ

1174 Viscosity of KBr solution at 293 K ¢rst decreases
1175 by 5.9% as KCl concentration increases from 0 to
1176 23 wt% and then increases to pure water viscosity
1177 at 39 wt% KCl [29].
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