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Abstract

Hydrate-bearing sediments may destabilize spontaneously as part of geological processes,
unavoidably during petroleum drilling/production operations, or intentionally as part of gas
extraction from the hydrate itself. In all cases, high pore fluid pressure generation is
anticipated during hydrate dissociation. A comprehensive formulation is derived for the
prediction of fluid pressure evolution in hydrate-bearing sediments subjected to thermal
stimulation without mass transfer. The formulation considers pressure and temperature-
dependent volume changes in all phases, effective stress-controlled sediment
compressibility, capillarity, and the relative solubilities of fluids. Salient implications are
explored through parametric studies. The model properly reproduces experimental data,
including the PT evolution along the phase boundary during dissociation, and the effect of
capillarity. Pore fluid pressure generation is proportional to the initial hydrate fraction and
the sediment bulk stiffness; is inversely proportional to the initial gas fraction and gas
solubility and is limited by changes in effective stress that cause the failure of the sediment.
When the sediment stiffness is high, the generated pore pressure reflects thermal and
pressure changes in water, hydrate, and mineral densities. Comparative analyses for CO,
and CH4 highlight the role of gas solubility in excess pore fluid pressure generation.
Dissociation in small pores experiences melting point depression due to changes in water
activity, and lower pore fluid pressure generation due to the higher gas pressure in small gas
bubbles. Capillarity effects may be disregarded in silts and sands, when hydrates are present

in nodules and lenses, and when the sediment experiences hydraulic fracture.



1. Introduction

Hydrate-bearing sediments are found in continental margins and permafrost where pressure
and temperature satisfy stability conditions. At the pore scale, hydrates exist in
disseminated form in coarse-grained sediments, or are concentrated in nodules and lenses in

fine-grained silty or clayey deposits [Dillon and Max, 2000].

Hydrate-bearing sediments may destabilize spontaneously as part of geological processes,
unavoidably during petroleum drilling/production operations [Briaud and Chaouch, 1997],
or intentionally as part of gas extraction from the hydrate itself. Potential gas production
methods include depressurization, inhibitor injection, thermal stimulation, and their

combinations [Holder et al., 1984; Moridis, 2003; Pawar et al., 2005].

High pore fluid pressure generation is anticipated during hydrate dissociation. One unit
volume of methane hydrate Vj dissociates at a constant pressure of 10 MPa to occupy a
combined volume of 2.62V, (where water and gas volumes are Vyw = 0.79Vy and Vg =

1.83Vp). Assuming the final pressure and temperature to be 1 atm and 20°C, the final

combined volume would be 183.95Vy (Vw = 0.79Vp and Vg = 183.16Vy). Such a large
volume expansion would cause the development of high fluid pressure and/or large fluid
flux. Furthermore, the effective stress-dependent sediment stiffness, shear strength and fluid
conduction would be affected by changes in the pore fluid pressure [Briaud and Chaouch,

1997; Birchood et al., 2005; Nixon and Grozic, 2007].

Clearly, pressure generation depends on the initial volume fraction of the phases (including



gas, e.g., at the base of the gas hydrate stability zone), the rates of fluid flow, heat flux and
pressure generation, and the global volume change experienced by the hydrate-bearing
sediment [Ullerich et al., 1987, Kayen and Lee, 1991; Sultan et al., 2004; Xu and

Germanovich, 2006].

Reliable predictions of gas production, pressure evolution and fluid flow are required in
relation to any possible dissociation event. The purpose of this study is to derive a
comprehensive formulation to predict the evolution of fluid pressure as a result of hydrate
dissociation in sediments subjected to thermal stimulation. The formulation is extended to
take into consideration sediment compressibility and capillary effects. It is then applied in a
comparative analysis of methane and carbon dioxide hydrate bearing sediments, and is
validated with experimental data. The manuscript starts with a discussion of concurrent

events taking place during hydrate dissociation in sediments.

2. Underlying Processes

Consider a mass of gas hydrate within the stability zone, away from the phase
transformation boundary, subjected to a gradual increase in temperature. The following

processes develop as temperature increases (refer to Figure 1).

Gas solubility. In the absence of hydrates, gas solubility in water increases as temperature
decreases and pressure increases, as prescribed in Henry’s law [Lide, 1997; Osegovic et al.,

2006]. The presence of hydrates facilitates further hydrate formation, and hence the



equilibrium concentration of gas in water decreases and gas solubility in water increases
with temperature [Handa, 1990; Aya et al., 1997; Davie et al., 2004; Servio and Englezos,
2001; Duan and Mao, 2006]; this observation applies to the A-B path in the stability
"H+L," zone in Figure 1. Eventually, gas solubilities in water with and without hydrate
converge at the phase boundary P-T. Accordingly, Henry’s law applies along the B-C-D

path in Figure 1.

Dissolution. The increase in temperature within the stability zone (A-to-B in Figure 1)
causes an initial breakdown of the hydrate structure due to the increased gas solubility in
the surrounding pore water. "Hydrate dissolution" generates water and dissolved gas; there
is no free gas produced. A significant, yet relatively small pore pressure change

accompanies dissolution [Sultan et al., 2004; Sultan, 2007; Xu and Germanovich, 2007].

Dissociation. Hydrate dissociation starts when the PT state reaches the equilibrium
boundary (point B in Figure 1). During isochoric heating, the PT state remains on the phase
boundary until all hydrate dissociates (B-to-C in Figure 1); this response has been
conveniently used to identify the phase boundary [Marshall et al., 1964; Schroeter et al.,
1983]. Dissociation produces free gas, gas-saturated water, and water vapor saturated gas.
The pronounced volume expansion during dissociation translates into high excess fluid
pressure when expansion is constrained. The dissociation rate is proportional to the specific
surface area of the hydrate, and to the difference in fugacity between methane at the

equilibrium pressure and at the decomposition pressure [Kim et al., 1987].

Self preservation. The increase in pressure along the PT boundary during thermally-driven



dissociation under constrained volume expansion hinders further dissociation. The
complementary effect takes place during dissociation under adiabatic conditions whereby
the endothermic reaction leads to a decrease in temperature, which slows hydrate

dissociation.

In addition, if the temperature drops below 273 K, ice forms on the outer surface of
dissociating hydrate further preserving the encapsulated hydrate phase. The ice shield is
particularly effective between 240 K and 273 K—at atmospheric pressure—as the new
hexagonal ice is able to anneal This serves to heal defects and stacking faults, and gas
transport is thereby severely diminished [Stern et al., 2001; Kuhs et al., 2004; Circone et al.,
2005]. Isochoric, adiabatic and the ice-shield self-preservation responses aid sample
recovery from natural hydrate-bearing sediments in both standard and pressure coring

operations, and may hinder methane production (e.g., see Moridis and Sloan, 2006).

Beyond hydrate dissociation. Water (with dissolved gas), free gas (with water vapor), and
the mineral phase remain once the gas hydrate has completely dissociated. Thereafter, an
additional increase in temperature under constrained volume expansion causes an increase

in pressure, which is induced by the thermal expansion of the phases (C-to-D in Figure 1).

P and T dependent volume change in the phases. Thermal and pressure induced volumetric
strains take place in all components throughout the different stages of heating (A-to-B, B-

to-C, and C-to-D).

P-dependent global volume change. Excess pore pressure generation implies a decrease in



effective stress and expansion of the sediment skeletal structure, i.e., an increase in the total

volume of the sediment. Temperature itself has a very small effect on the skeletal volume.

Phase boundary for hydrate in small pores. Water is thermodynamically preferred over the
hydrate phase on mineral surfaces. Therefore, water wets the mineral surface at the hydrate-
water interface and encloses the hydrate mass within a concave surface, which exerts an

additional confinement AP =2y/r beyond the fluid pressure (where y is the interfacial

tension between hydrate and water, and r is the pore size in radius). The higher pressure in
the hydrate mass does not mean stability to higher temperatures. On the contrary, the
mineral preference for water prevails, water activity decreases, and there is a shift in the
hydrate phase boundary towards lower temperatures, i.e., freezing/melting point depression,
which is most noticeable in small pores (see data in Uchida et al., 2002 and Anderson et al.,

2003b; discussion in Christenson, 2001).

3. Analytical Formulation

The evolution of the pore fluid pressure during gas hydrate dissociation in sediments is
analyzed in detailed next, taking into consideration the phenomena described above. We
relax some of the a-priori assumptions made in previous studies and seek to derive general
expressions that facilitate identifying the interplay among various parameters and processes.
In particular, we take into consideration dissolved gas, the stiffness of the sediment (related

to depth of sediments and effective stress), and the volume change in all phases as a



function of temperature and pressure (parameters are listed in Table 1).

Hydrate and water—without a free gas phase—are in equilibrium within the stability zone
above the base of the stability zone [Handa, 1990; Clennell et al., 1999]. However, water-
limited conditions may be locally encountered in natural sediments subjected to high gas
transport. Therefore, the generic formulation developed next includes all phases: gas, water,

hydrate, and mineral.

Assumptions and Governing Equations. The P and T dependent volume change in mineral,

water, and hydrate phases is computed assuming an additive contribution of thermal and
elastic deformations (Table 2):

dvzdp(a_V] +dT[5_Vj
oP ), ot ),

1 ()
=dP(—E-V0j+dT(B-VO)

The response of real materials for large P and T changes deviates from the additive rule;

however, this simple assumption helps identify their separate contributions. Alternatively,
empirically determined p = f(P,T) functions can be used instead. Note that there is

partial cancellation between thermal expansion and elastic contraction of the phases during

thermal stimulation.

The pore water is assumed to be gas saturated, and the solubility of gas in water is
computed using Henry’s law. We disregard the solubility of water vapor in gas (the water

vapor pressure is much smaller than the methane gas pressure), and the density change of



water due to the dissolved gas.

The mass of each species is conserved within the boundaries; that is, we assume no material
flux during the thermal stimulation of the hydrate-bearing sediments. In particular, the total

mass of hydrate-forming gas (HFG) remains constant:

HFG HFG HFG HFG

N7 =Ny + Ny +Ngo initial
o (2)
=™ +nf® +n!e  after some dissociation

G

The moles of hydrate-forming gas n"™® in each phase are captured using expressions listed

in Table 3.

The total volumetric expansion of the hydrate-bearing sediment is the sum of the volume
change experienced by each constituent, and is equal to the volume expansion of the
granular skeleton associated with the increase in pore fluid pressure. As the effective stress

o'=o0, — P, the change in effective stress for a constant overburden is ~Ac'= AP ; then

the volumetric strain is

Ao’ Ay
Bsk VtO (3)
AP AV, AV, AV, AV,

= — = + + +
Bsk VtO VtO VtO VtO

Conditions before and after partial dissociation. The sediment has an initial porosity

0=V, / Vi, - The hydrate phase is in equilibrium before heating (PR, = PP, To), and it

q !

occupies a pore volume fraction Spo; water Sy and free gas Sy fill the rest of the pore
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volume so that Spo + Swo + Sgo = 1. The initial volume of each phase is expressed as a

function of volume fractions in Table 4-a.

Gas hydrate partially dissociates during heating (i.e., —AM,, T =T, +AT ), contributing
both water to the water phase and gas to the gas phase (Note: The sign of AM, is negative

during dissociation). The final volume and corresponding volume change for each phase
after partial dissociation are given in Table 4-b. Initial and final masses are summarized in

Table 4-c.

General Equation. Expressions in Table 4 are replaced into Equation 3 to obtain a general

expression:

e=(1-¢)e,
+P(Spo&n + Swobu)
+ AM, | 1+¢, _(1+EW)(1_Rm)
Vio | Pno Puwo
AV

L

V,

to

(4)

The last term AV /V,, is the volume change of gas normalized by the initial volume of the

hydrate-bearing sediment. It can be expressed as follows:

AV, niFeRT

g = -S 5
VR - Sqo (5)

to

Then, we replace n;"° by equations in Table 3 to obtain
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AV _
Yy _AM, RT[(ng)kL 7R, | }
Vio Vio Pw  MP
+¢SW0RT[kLO%—(1+gW)kL} ©)

TP
+¢Sgo (T—Fo—lj
0

As long as hydrate remains in the system, the pressure P for a given temperature T is the
corresponding equilibrium pressure P! on the phase boundary. The increase in pressure

eq

AP, when all the hydrate in the system is consumed can be evaluated using Equations 4-

to-6 for AM, =-M,,.

Volumetric fractions during thermal stimulation. Volumetric and gravimetric quantities of

any phase can be evaluated using the equations in Table 4, including the molar quantity of
methane in the gas phase or the volume fraction of free gas in pores. These quantities help
assess the evolution of the system during dissociation; for example, the volume fraction of
free gas Sq relative to the gas percolation threshold plays a critical role on multiphase flow

in porous media, such as reservoirs.

Of particular interest is the hydrate mass change AM, during dissociation (BC path in
Figure 1). It can be computed using Equations 4-to-6 for a given PT state on the phase

boundary ( Peg , T). The remaining gas hydrate volume fraction Sy, is related to AM, through

the mass density, with proper consideration of volumetric strains
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S, (AM,)) = (7)

4. Discussion — Implications

4.1. Initial hydrate and gas fractions.

Thermal stimulation of hydrate-bearing sediments can cause a very large increase in the
fluid pressure within sediments under constrained volume expansion with high skeletal
stiffness Bg. Numerical results in Figure 2 show that the excess fluid pressure during partial
dissociation is primarily determined by the increase in temperature, while the excess fluid
pressure after complete dissociation is strongly dependent on the initial volume fractions of
hydrate Spo and free gas Sg. The existence of a gas phase acts as a cushion against the
pressure increase, diminishes self preservation and allows for faster gas hydrate
dissociation with increasing temperature (Figure 2b). In the absence of fluid flux, a

significantly high increase in temperature would be required to attain complete dissociation.

Experimental data were gathered with a transparent reaction cell (volume 3.17 cm’; internal
diameter 6.35 mm; height 100 mm) packed with water saturated sand at a porosity ¢ = 0.4
(Ottawa F110; uniform grain size; mean diameter = 0.1 mm). Water and CO, gas were
sequentially flushed through the specimen (P = 3.2 MPa and T = 2°C) and left to stabilize

for 3 days. Then, the cell was slowly heated at 0.5°C/hour without allowing fluid flux. The
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measured temperature and pressure evolution denoted as Test 1 in Figure 3 was fitted with
the analytical solution to infer the initial volume fractions in the system: Spo = 5%, Swo =
16%, Sgo = 79%. The high pressure that develops during hydrate dissociation can cause
liquefaction of CO;; Test 2 demonstrates this situation (Figure 3 — Note: the model can be

readily extended to accommodate gas liquefaction).

4.2. Effective stress and sediment stiffness — depth effect.

The stiftness of uncemented sediments is determined by the effective stress B, = a(a')ﬂ

[Santamarina et al., 2001]. Accordingly, low stiffness shallow sediments will experience
larger volumetric deformation and lower excess pore pressure than the same sediments at

greater depth, as shown in Figure 4. Still, high excess fluid pressures are anticipated.

Eventually, the fluid pressure is limited by the effective stress dependent sediment failure
boundary. The red and blue dash lines superimposed on Figure 4a indicate the extent of
dissociation when the excess pore pressure equals the initial effective stress, i.e., "soil
liquefaction". Low initial effective stress corresponds to low skeletal stiffness and
decreased pore pressure generation during dissociation; however, it also implies low pore
pressure required to reach failure. In fact, shallow sediments fail at lower hydrate
dissociation than do deep sediments. Non-plastic soils develop higher bulk stiffness than
plastic soils at the same effective stress. Therefore, sandy soils could reach failure
conditions before clayey sediments; however, effective fluid flow in sands with high

hydraulic conductivity leads to the opposite trend in most field situations. Uncemented
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sediments in the upper 1000 mbsf may reach failure conditions with less than 6% hydrate

dissociation in the absence of a gas phase and fluid flux.

4.3. Shallow Sediments — Simplification.

Low sediment stiffness in shallow formations and partial cancellation between thermal
expansion and elastic contraction of the phases during thermal stimulation can be invoked

to obtain the following simplified form of Equation 4:

- AV
AM{ 11 Rm}r ] ®)

Pho Pwo V

to to

As a general guideline, this simplification is valid when the sediment bulk stiffness is Bg <

1 GPa, which typically includes uncemented sediments in the upper 1000 mbsf.

4.4. Changes in density.

Pore pressure generation is affected by density changes in the components in stiff
formations with high hydrate volume fraction, as shown in Figure 5 (i.e., B > 1GPa).

Otherwise, the simplified Equation 8 applies.

4.5. Dissolved gas.

The solubility of gas in water can have a distinct effect on excess pore pressure generation
in stiff systems (Figure 5). The effect of gas solubility in water is highlighted by comparing
the excess pore pressure produced by the dissociation of carbon dioxide CO, and methane

hydrates (Figure 6 — Note: CO;, is ~10 times more soluble in water than CH4). The
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reduction in excess fluid pressure generation by gas dissolution in water should not be
disregarded a priori for all applications. In particular, the dissociation of CO, hydrate may

produce less than one-third the excess pore pressure generated by CHy4 hydrate dissociation.

4.6. Pore size — Capillarity.

Capillarity in fine-grained sediments manifests through two mechanisms: freezing-melting

point depression and increased gas pressure. First, the melting point depression AT, from

the equilibrium temperature in unconfined conditions Tpyk is computed using the Gibbs-
Thomson equation with consideration of the total curvature of the solid surface in terms of
the effective pore size d [Everett, 1961; Williams and Smith, 1989; Jallut et al., 1992;

Anderson et al., 2003a].

AT dep = —2 M Touk Cylindrical hydrate shape (9a)
d PaoLs

AT, = _ 4] YoMy cOSO Tou«  Spherical hydrate shape (9b)
d Prol

where L is the latent heat of dissociation of gas hydrate (53.2 kJ/mol from Anderson et al.,
2003b), and y,, is the surface tension between methane hydrate and water (~0.032 N/m
after Uchida et al., 1999 and Anderson et al., 2003b; and for ice in Clennell et al., 1999).
Capillary effects on excess pore pressure generation along the phase boundary are shown in
Figure 7, where the analytical solution is superimposed on previously published

experimental data (we disregard changes in pore size during dissociation and consider the
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contact angle between the water and the pore wall to be & = 0 by assuming that minerals
are coated by a water film). The results suggest that the hydrate surface can be presumed to
be cylindrical when gas hydrate occupies most of the pore space (solid lines denoted as
CYL in Figure 7). On the other hand, disseminated gas hydrate crystals may be
encapsulated by spherical water films and experience higher capillary pressure and melting
point depression (dash lines denoted as SPH in Figure 7). Therefore, the dissociation

temperature for a given pore size is affected by the hydrate fraction.

Second, the increase in gas pressure inside spherical bubbles Py relative to the surrounding
water pressure Py is computed using Laplace's equation to take into consideration the

additional confinement exerted by the surface tension between gas and water y,, ~ 0.072

N/m [Clennell et al., 1999],

2 4
P =P+ 0 _p 4 o

r

(10)

Figure 8 shows the pressure and temperature evolution of disseminated gas hydrate with
20% of hydrate fraction in pores. The water pressure evolves along the shifted phase
boundary (Figure 8a). The pressure at the end of dissociation decreases in finer sediments

due to the smaller volume occupied by the gas phase subjected to higher pressures in small

bubbles (Figure 8b).

The effects of pore size on melting point depression and pressure reduction vanish as pores

exceed ~100 nm. Therefore, sands, silts and even kaolinites do not experience capillary
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effects. On the other, one should expect pronounced capillary effects in very fine clays,
such as illite and montmorillonite, where the excess pore pressure may be as low as half the
value of that in sands. However, capillary effects will vanish when hydrates are found in
nodules, veins, and lenses, and when the high excess pore pressure causes the hydraulic

fracture of the sediment, which is associated with a large increase in local pore size.

5. Conclusions

A comprehensive analytical solution was derived to explore the evolution of hydrate-
bearing sediments during thermal stimulation, with an emphasis on excess pore pressure
generation under constrained volume conditions in the absence of fluid flux. The
formulation captures the effects of sediment stiffness, the cushioning effect of an initial gas
phase, change in the density of the phases, variation in gas solubility, the relevance of initial

hydrate content, and capillary effects. The most important findings are as follows:

= Partial dissociation during thermal stimulation is characterized by a pressure-
temperature evolution along the phase boundary until all hydrate has dissociated.
Higher gas hydrate concentration causes higher fluid pressure generation during
dissociation and extends self preservation behavior during thermal stimulation. In
addition to fluid flux, the presence of a gas phase, low skeletal stiffness and capillary

effects reduce pressure generation.

= Eventually, excess fluid pressure generation is limited by failure conditions. For a given
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hydrate concentration, lower excess pore pressure generation develops in shallow
sediments due to lower sediment stiffness. However, shallower sediments require lower
amounts of hydrate dissociation to reach failure than do deeper sediments, and hence
they need a smaller increase in temperature. Less than 6% volume fraction dissociation
may be sufficient to cause the failure of uncemented sediments in the upper 1000 mbsf,

in the absence of fluid flux.

Thermal and pressure induced density changes in water, hydrate, and mineral can be
disregarded in most applications (uncemented sediments in the upper 1000 mbsf),

except in deep sediments with high initial stiffness.

Gas solubility in water diminishes pore pressure generation. The reduction in excess
fluid pressure generation by gas dissolution in water should not be disregarded a priori
for all applications. For example, the dissociation of CO, hydrate may produce less than

one-third the excess pressure that is generated by CH4 hydrate dissociation.

Hydrate dissociation in small pores is affected by melting point depression and lower
fluid pressure generation due to the additional confinement the water-gas interface
exerts on small gas bubbles. Therefore, lower excess pore water pressure develops in
finer sediments with disseminated hydrates. Capillary effects vanish when pores exceed
~100 nm (sands and silts), when hydrates are present in nodules and lenses, and after

the development of hydraulic fractures.
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Table 1.Parameters used in this study.
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Parameter Definition [Dimension] Values selected for this study
B Bulk modulus [GPa]
By of gas hydrate 5.6 for methane hydrate *
By of water 2°
B of minerals 67 for quartz "
B of sediments -
d pore size in diameter [m]
solution Enthalpy of the solution [J mol™] -39580 for CH, © and -19960 for CO, ¢
KT Gas solubility at temperature T kT =K -exp “AHguon [ 11
H Henry’s law [mol L™ atm™] HooH R T Tooisk
kg Henry’s constant at 298 K [mol m™ atm™] 0.599 for CH, © and 35 for CO, ¢
Ls Latent heat of dissociation [kJ mol™] 53.2° for methane hydrate
m Molecular weight [g mol™]
my of gas hydrate 119.5 for CH45.75H,0
my of water 18
n"Fe Mole of hydrate-forming gas [mole]
Ny in hydrate phase
Nag in aqueous phase
Ng in gas phase
P Fluid pressure — gas or water [Pa]
e: Equilibrium pressure on the hydrate Pe; [kPa] = exp (a + b/ T [K])
stability boundary at temperature T a=40.234, b= 8860 for CH, |
a=41.235, b=-9317 for CO,
R Gas constant [J mol™ K™'] 8.315
S Volume fraction in pores [-] Sho + Swo + Sgo =1
Sh of gas hydrate Sho = Vo / Vo
Sw of water Swo = Vuo / Vo
Sq of free gas Sg0 = Vgo !/ Vo
T Absolute temperature [K]
V Volume [m’]
B Thermal expansivity [K™'] AV = BATV,
el of gas hydrate 2.57x107 for methane hydrate *
B of water 2.0x104"
LS of minerals 2.1x10%°
4 Surface tension [N/m] 0.032 ° for water-hydrate interface
0.072 *¢ for water-gas interface
£ Volumetric strain [-]
@ Porosity of the sediment [-]
P Mass density [kg m™]
Fn of gas hydrate 910 for methane hydrate *
P of water 998 for pure water ”
4 Hydration number [-] 5.75 for methane hydrate *

References: a. Sloan [1998]; b. Santamarina et al. [2001]; c. The solubility coefficients for methane are modified
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using data from Duan and Mao [2006]; d. Lide [1997]; e. Anderson et al [2003b]; f. The expressions for the phase
boundary of methane hydrate and CO, hydrate from Sloan [1998] are modified using data computed with

HWHYD software [2001]; g. Clennell et al. [1999].

Table 2. Density as a function of temperature and pressure.

Phase I(I;iti;ol gzgs_ll_?)’ (a?lgr;sri:lyT) Volumetric strain
Mineral Prmo P = li—mgom m = —g—l: + [, AT
Hydrate Pho Pn = li—h;h g, = —AB—I: + B, AT

Water Puwo Pw = I/—Z—Wgow Ey = —é—l:: + B,AT

Table 3. Hydrate-forming gas HFG content in each phase before and after dissociation — In moles.

Before dissociation

After partial dissociation

Phase
(at Py and Tp) (atPand T)
M M,, +AM
HFG h HFG h h
Hydrate phase Npy ~ =—2° n, = =——-2>"
my,
Aqueous phase H;T)G =k>-P,-V,, n:qFG =
P -V n" " from mass conservation:
Gas phase HFG - 0199 ’ '
go _ A HFG HFG HFG HFG HFG
R-T, 0=n. " +ng~ +Ngy” =N —ng™ —ng

(Note that the P-T state falls on the phase equilibrium after partial dissociation, i.e., P, = Pl and

P=Pg)

eq ?
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Table 4. Volume, volume change and mass before and after partial dissociation.

(@) Initial volume (at Py and Ty) Volume after partial dissociation (at P and T)
M
Mineral | V,, =(1-¢)-V,, vV, =—"m
Pnm
M, +AM
Hydrate | Vi, =¢-S,-V, Vi = %
h
M ,—-AM (1-R
Water Vwo :¢( _Sho_sgo)'vto Vw: e o h( m)
HFG
n, RT
Gas Vgo=0-S4 Vi Vo=
‘ P
(b) Volume change from (Py, To) to (P, T)
Mineral | AV, =(1-¢)V, &,
AM
Hydrate | AV, =¢-S, -V, -&, + : (1+5h)
ho
AM
Water AV, :¢'(1_sho _Sgo)'vto "Gy T 0 : '(1+€w)'(1_ Rm)
W0
nHFG RT
Gas Avg :gT_¢'Sg0’Vt0
c Initial mass (at Py and Tp) Mass after partial dissociation (at P and T)
itial Poand T fi ial di iati Pand T
Mineral | M, = (l - ¢5)-VIO * Pro M, =M_,
Hydrate Mo =@ Sk -Vig * Pho M, =M, +AM,
Water Mo = 8- (1= S = Sg0) Vi Puo M, =M, —AM,-(1-R,)

(Note that the P-T state falls on the phase equilibrium after partial dissociation, i.e., Py = Pl and

P=Pg)

eq ?
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Figure Captions

Figure 1. Pressure and temperature evolution during thermal stimulation. Ly: liquid water. H: hydrate.
V: CHy in vapor phase. The phase boundary PB shown corresponds to pure methane hydrate in Table 1:
P [kPa] = exp (40.234 — 8860/T [K]); this expression is modified from Sloan [1998] using data
computed with HWHYD software [2001].

Figure 2. Thermal stimulation of methane hydrate-bearing sediments. Initial conditions: T = 4°C, P =
4.9 MPa, and sediment stiffness B« = 100 MPa. (a) Pressure evolution (b) Change in hydrate volume
fraction. Dissociation begins at temperature of 6°C. Note: PB represents the phase boundary of pure
methane hydrate in Table 1: P [kPa] = exp (40.234 — 8860/T [K]); this expression is modified from
Sloan [1998] using data computed with HWHYD software [2001].

Figure 3. Measured pressure-temperature response during isochoric heating of CO, hydrate. The solid
line represents the theoretical prediction curve for Test 1. Ly: liquid water. H: hydrate. Vco,: CO, in
vapor phase. Lcoy: CO» in liquid phase. The phase boundaries Ly—H-Vco2, H-V—Lco2, Lw—Vecor—Lcoz,
and Ly—H-Vco are computed using the HWHYD software [2001].

Figure 4. The effect of the sediments stiffness on pressure evolution during the thermal stimulation of
methane hydrate-bearing sediments. Initial condition at the beginning of dissociation: T = 6°C, P = 4.9
MPa, initial hydrate fraction Spg = 20%, and initial gas fraction Sy = 0%. The dashed lines show
sediment failure conditions (excess pore pressure equal to the initial effective stress): the blue line
applies to low plasticity soils and red line to high plasticity clayey soils. All cases computed using

values listed in Table 1.

Figure 5. The effects of density changes in components and gas dissolution on pressure evolution
during the thermal stimulation of methane hydrate-bearing sediments in stiff formations (Bg = 10'° Pa).
All cases computed using values listed in Table 1. Initial condition at the beginning of dissociation: T =

6°C, P =4.9 MPa, initial hydrate fraction Spp = 20%, and initial gas fraction Sq = 0%.

Figure 6. Dissociation of CH; and CO, hydrates. Initial conditions: sediment stiffness By = 100 MPa,
initial hydrate fraction Spg = 20%, initial gas fraction Sy = 0%, initial temperature T = 6°C, and the

initial equilibrium pressure for CH4 hydrate Pcpgy = 4.9 MPa, and for CO, hydrate Pco, = 2.6 MPa.
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Figure 7. Capillary effects on phase boundary: Pore size and pore geometry. Published data and
simulations. Initial conditions: sediment stiffness By = 100 MPa, initial hydrate fraction Spo = 80%,
initial gas fraction Sy = 0%, initial fluid pressure at the beginning of dissociation P = 5.5 MPa for pore
size d = 10 nm and P = 3.0 MPa for pore size d = 30 nm. Note: The phase boundary PB shown
corresponds to pure methane hydrate in unconfined sediments in Table 1: P [kPa] = exp (40.234 —
8860/T [K]); this expression is modified from Sloan [1998] using data computed with HWHYD
software [2001].

Figure 8. Effect of pore size on pore pressure generation. Initial conditions: sediment stiffness By = 100
MPa, initial hydrate fraction Sy = 20%, initial gas fraction Sqy = 0%, initial temperature T = -3C, and
the initial fluid pressure P = 4.9 MPa. (a) Pressure-temperature trace in PT plane. (b) Pressure evolution
during dissociation. Note: The phase boundary PB shown corresponds to pure methane hydrate in
unconfined sediments in Table 1: P [kPa] = exp (40.234 — 8860/T [K]); this expression is modified from
Sloan [1998] using data computed with HWHYD software [2001].
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Figure 1. Pressure and temperature evolution during thermal stimulation. Lw: liquid water. H: hydrate.
V: CHy4 in vapor phase. The phase boundary PB shown corresponds to pure methane hydrate in Table 1:
P [kPa] = exp (40.234 — 8860/T [K]); this expression is modified from Sloan [1998] using data
computed with HWHYD software [2001].
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Figure 2. Thermal stimulation of methane hydrate-bearing sediments. Initial conditions: T = 4°C, P =
4.9 MPa, and sediment stiffness Bgx = 100 MPa. (a) Pressure evolution (b) Change in hydrate volume
fraction. Dissociation begins at temperature of 6°C. Note: PB represents the phase boundary of pure
methane hydrate in Table 1: P [kPa] = exp (40.234 — 8860/T [K]); this expression is modified from
Sloan [1998] using data computed with HWHYD software [2001].
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Figure 3. Measured pressure-temperature response during isochoric heating of CO, hydrate. The solid
line represents the theoretical prediction curve for Test 1. Ly: liquid water. H: hydrate. V¢, CO, in
vapor phase. Lcgy: CO; in liquid phase. The phase boundaries Ly—H-Vco,, H-V—Lco2, Lw—Veor—Lcoz,
and Ly—H—Vco; are computed using the HWHYD software [2001].
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Figure 4. The effect of the sediments stiffness on pressure evolution during the thermal stimulation of
methane hydrate-bearing sediments. Initial condition at the beginning of dissociation: T = 6°C, P = 4.9
MPa, initial hydrate fraction Spp = 20%, and initial gas fraction Sy = 0%. The dashed lines show
sediment failure conditions (excess pore pressure equal to the initial effective stress): the blue line
applies to low plasticity soils and red line to high plasticity clayey soils All cases computed using

values listed in Table 1.
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Figure 5. The effects of density changes in components and gas dissolution on pressure evolution
during the thermal stimulation of methane hydrate-bearing sediments in stiff formations (Bg = 10'° Pa).
All cases computed using values listed in Table 1. Initial condition at the beginning of dissociation: T =

6°C, P =4.9 MPa, initial hydrate fraction Spp = 20%, and initial gas fraction Sq = 0%.
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Figure 6. Dissociation of CH4 and CO, hydrates. Initial conditions: sediment stiffness Bgx = 100 MPa,
initial hydrate fraction Spg = 20%, initial gas fraction Sgp = 0%, initial temperature T = 6°C, and the

initial equilibrium pressure for CH, hydrate Pcys = 4.9 MPa, and for CO, hydrate Pco, = 2.6 MPa.
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Figure 7. Capillary effects on phase boundary: Pore size and pore geometry. Published data and
simulations. Initial conditions: sediment stiffness By = 100 MPa, initial hydrate fraction Spg = 80%,
initial gas fraction Sy = 0%, initial fluid pressure at the beginning of dissociation P = 5.5 MPa for pore
size d = 10 nm and P = 3.0 MPa for pore size d = 30 nm. Note: The phase boundary PB shown
corresponds to pure methane hydrate in unconfined sediments in Table 1: P [kPa] = exp (40.234 —
8860/T [K]); this expression is modified from Sloan [1998] using data computed with HWHYD
software [2001].
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Figure 8. Effect of pore size on pore pressure generation. Initial conditions: sediment stiffness By = 100
MPa, initial hydrate fraction Sy = 20%, initial gas fraction Sqy = 0%, initial temperature T = -3C, and
the initial fluid pressure P = 4.9 MPa. (a) Pressure-temperature trace in PT plane. (b) Pressure evolution
during dissociation. Note: The phase boundary PB shown corresponds to pure methane hydrate in
unconfined sediments in Table 1: P [kPa] = exp (40.234 — 8860/T [K]); this expression is modified from
Sloan [1998] using data computed with HWHYD software [2001].



