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Abstract: Methane gas extraction by a deep well installed in methane hydrate bearing sediments (MHBS) found in deep subsea
and permafrost regions is a coupled thermal-hydraulic-mechanical-chemical (THMC) process. The key processes include heat
convection between layers, local deformation due to compaction, and stress relaxation caused by damage of the bonded structure.
As improper production may induce formation compaction, sand production, and wellbore failures, a numerical code is needed to
simulate the THMC processes during methane gas production so that geomechanics and production risks can be quantified. In this
study, a nonlinear THMC model was implemented in the partial differential equations (PDE) and structural mechanics module of
the COMSOL Multiphysics® finite element code. This paper describes the non-linear coupled governing equations of the me-
chanical behavior during hydrate dissociation. In particular, it introduces a new thermodynamics-based constitutive model to
simulate the mechanical behavior of hydrate bearing sediments. The performance of the newly developed code was examined by
comparing the computed results with test data and other simulation results. The differences between fully coupled and
semi-coupled models were analyzed. For example, heterogeneous turbidite layers observed in the Nankai Trough were modeled,
and behaviors such as heat convection between different layers, shear stress and strain concentration were examined.
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1 Introduction an alternative energy resource to traditional fossil

fuels (Zhao et al., 2011; Song et al., 2013; Yang et al.,

Methane hydrate, a form of clean energy also
called “combustible ice”, has drawn global interest as
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2014). Currently, trials of hydrate gas production are
conducted using gas recovery methods of depressur-
ization, heat injection and/or chemical inhibition,
during which hydrate dissociates and generates me-
thane gas and water (Ruppel, 2011; Zhao et al., 2013,
2014, 2015; Song et al., 2015). The mechanical be-
havior of methane hydrate bearing sediment (MHBS)
changes during the process of hydrate dissociation,
which may induce catastrophic failures including
layer collapse (Hannegan et al., 2004), sliding
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(Mclver, 1982; Kayen and Lee, 1993; Paull et al.,
2007), and damage to infrastructure (Borowski and
Paul, 1997). Hyodo et al. (2014) studied the shear
strength and deformation behavior of MHBS during
hydrate decomposition by depressurization and
heating. Song et al. (2010) and Li et al. (2016a,
2016b) studied the effect of temperature, confining
pressure, strain rate, and mining methods on the shear
or creep properties of MHBS, which are valuable for
assessing the stability of the MHBS layer during hy-
drate production. However, few studies have focused
on the effect of gas production on the mechanical
behavior of the MHBS layer. It is important to build
a coupled thermal-hydraulic-mechanical-chemical
(THMC) model to investigate the influence of gas
production on the mechanical behavior of the MHBS
layer.

Many numerical coupled THMC models for
MHBS have been proposed to simulate the mechan-
ical behavior of MHBS during methane gas produc-
tion (Ahmadi et al., 2004; Moridis et al., 2004;
Kimoto et al., 2007; Kowalsky and Moridis, 2007;
Klar et al., 2010; Kakumoto et al., 2011b; Kim et al.,
2012; Uchida et al., 2016b). Uchida (2013) reported
that the impacts of the mechanical behavior of hydrate
bearing sediment include stress relaxation and soil
compaction due to hydrate dissociation, softening,
and dilatant behavior during shearing. Most models
are based on the finite differential method (FDM) or
finite volume method (FVM). Few models for MHBS
are based on the finite element method (FEM) even
though FEM is very robust for nonlinear deformation
and stress calculations. COMSOL provides a user-
friendly graphical user interface (GUI) that allows
researchers to build and modify the model easily. This
function is beneficial for improving the efficiency
of modeling and for quickly testing different
hypotheses.

The coupling system of the problem examined
in this study consists of governing equations and
auxiliary equations. The governing equations include
the conservation of energy, mass, and momentum.
All these equations are derived from the local balance
conditions. As MHBS 1is a four-phase four-
component composite, conservation equations should
be built for each component. Because of the com-
plexity of the problem, some simplifications may be
needed to ensure the efficiency of the code. For

example, chemical kinetics is used to describe hy-
drate dissociation. Auxiliary relationships, such as
the van Genuchten unsaturated soil seepage model,
thermodynamics-based constitutive model, and Biot’s
effective stress principle for unsaturated soil, are used
to describe the methane hydrate gas production sys-
tem in a relatively accurate way.

In this study, we used COMSOL to simulate the
behavior of MHBS during gas production. A coupled
THMC model was built upon the partial differential
equations (PDE) module and structure mechanical
module. A new feature called external material
interface in COMSOL 5.3 was used to develop a
thermodynamics-based methane hydrate constitutive
model (TMH) for MHBS. Several comparisons with
the models offered by other researchers were con-
ducted to validate this model. Triaxial test data were
used to validate the constitutive model. The differ-
ence between a fully coupled THMC model and a
semi-coupled THMC model was discussed. Finally,
we investigated the behavior of an MHBS turbidite
layer during depressurization using the fully coupled
THMC model.

2 Fully coupled THMC formulation
2.1 Definition of saturation

Mixture theory assumes that the behavior of a
mixture is a combination of the behavior of each
component and the interaction between these com-
ponents. A component fraction is introduced to dis-
tinguish them. In mixture theory, the volume ratio,
which is the ratio of component volume to mixture
volume, tends to be used as the fraction:

n =

a

v
-, a=s,w,gh, 1
7 g (1)

where V is the bulk volume of each component, and «
stands for soil (s), water (w), gas (g), or hydrate (h).
Hydrate saturation is defined by s,=ny/n, where
n is the volume ratio of the void in host sediments or
porosity. The rest of the void is filled with water, gas,
and hydrate following a similar definition, i.e. water
saturation sy=n/n, gas saturation s,=ny/n, and flow
saturation sy=sywtS;=ny/ntng/n=ngn. ne=l—ns—ny.
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Thus, the sum of hydrate, water, and gas saturation
equals 1:

Sy s, +s, =1, 2)

and the following equation can be derived:

ds
&+_g+%:0‘ (3)
de  dr dt

2.2 Methane hydrate dissociation

As suggested by Kim et al. (1987), the first-order
kinetics were used as the governing equation for the
dissociation process of hydrate; the rate of dissocia-
tion is proportional to the product of the specific
surface area and the fugacity difference:

R, =n(s, 4K, (f., = 1)), (4)

where R, is the rate of hydrate phase change ex-
pressed in hydrate moles, K; is the hydrate dissocia-
tion dynamics constant, Ay, is the hydrate surface area
for unit volume of hydrate, f, is the gas pressure at a
certain temperature, foq is the phase equilibrium
pressure dependent on this temperature, and ( ) are

Macaulay brackets describing the ramp function.

The phase equilibrium curve shows the condi-
tions of temperature and pressure for hydrate disso-
ciation. At a certain temperature 7, methane hydrate
forms when the pressure is higher than the equilib-
rium pressure. On the other hand, methane hydrate
dissociates when the pressure is lower than the equi-
librium pressure. The phase equilibrium pressure peq
can be obtained using a Kamath regression equation
(Kamath, 1998):

e
Peg = eXp(el —?Zj 6))

where e; and e, are two regression coefficients. In this
research, the two coefficients were ¢;=39.08 and
€,=8533 based on Kim et al. (1987).

According to Kim et al. (1987), the hydrate
dissociation constant Ky is dependent on the surface

activation energy and temperature:

AE
K, =K, ex d | 6

where AE~—78300 J/mol is the surface activation
energy of hydrate dissociation, Kg=1.24x10’
mol/(mz-Pa-s), and R is the ideal gas constant.

2.3 Mass conservation equations
In porous media mechanics, the differential form

of mass conservation equation can be written as

d(pana)+p L v.y 231
dt a a a

dta ’ ™

where p, is the density of material a, dm,/d¢ is the
increment of the mass of material «, and v, is the
velocity of material a. The mass conservation equa-
tions for soil, hydrate, gas, and water can be obtained
using the above equation.

For soils (s), the mass conservation equation
derived by chain rule, ignoring the influence of
pressure and temperature on the density of soil, is
given as

! @+V~vg=0. ®
1-n dt ;

If the soil is considered as the skeleton, i.e. deforma-
ble but immobile, the following equation can be used:

Vve=de,/dt, )

where &, is the volumetric strain of the soil skeleton.
The mass conservation equations for methane gas (g)
and water (w) can be derived using the following
expressions:

nds‘” +SW@+H—de‘”+nWV-vW=Lde, (10)
dt de  p, dt . dt
ds d d
n—g+sg%+n—g pg+ngV-vg=L mg, (11)
dt e p, dt Py

and for methane hydrate (h), the mass conservation
equation is
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(12)

As the skeleton is formed by both soil and hydrate, we
assumed that the hydrate is also dissociable and de-
formable, but there is no relative motion to the soil, so
vs=vp, (Kimoto et al., 2007).

The water and gas continuum equations can be
converted into Eqgs. (13) and (14), respectively, by
substituting Darcy velocity into them and ignoring the
influence of the spatial distribution of n, and n, on
mass balance:

ndi+swd‘gv+"_wdpw+v.qwzidmw’ (13)
d it p, di - dr
ds n d dm
n—g+sgdgV+—gﬁ+v.qg=i L (14)
dt dt p, dt p, dt

where gy =ny(vw—vs) and gz=n,(v;—v;). The chemical
reaction equation of hydrate dissociation is

CH46H20_’CH4+6H20 (1 5)

The dissociation rates for hydrate, water, and gas are
defined as

dm
dth =-M,R,, (16)

dm
Y =6M_R,_, 17
dt v a7

dm
dtg _Mth: (18)

where My, M,, and M, are respectively the molar
masses of hydrate, water, and gas in a relation of

d
M drm, + drm, =0.
dr dt dt

(19)

2.4 Momentum conservation equations

According to mixture theory, the momentum
conservation equations for o component can be writ-
ten as a Navier-Stokes form:

; dv,

+ napava : Vvll
(20)

=V-(n,6,)+F, — dm,
det

va + napaga = O’

where a, is the stress of phase a, F, is the interaction
between different phases such as seepage force, and g
is the acceleration of gravity. It is difficult to solve the
equations above because they contain four Navier-
Stokes equations which are highly nonlinear. There-
fore, it is necessary to simplify them using the fol-
lowing assumptions: (1) The inertia and convection
terms can be ignored because the velocities of fluids
are relatively slow; (2) The Biot effective stress
principle for unsaturated soil is feasible in this par-
ticular problem; (3) The interactions between differ-
ent phases are not the key factor, except between the
water and gas seepage forces; (4) The momentum
changes due to phase changes are not taken into ac-
count. Based on these assumptions, the following
force balance equations can be obtained:

V-(6'-p,0)+(np, +n,p, +np, +np,)g=0, (21)

MU

Vp, +—= = . 22

Dy K k. 4, =P8 (22)
7]

Vp, +—= =p.g, 23

D, thgqg P.8 (23)

where 4 is unit matrix; p, is the pore pressure; u,, and
Uy are the dynamic viscosities of water and gas; py
and p, are the pressures of water and gas, respec-
tively; ¢’ is the effective stress governing deformation
and is related to hydrate saturation when sediments
bear hydrates; K, is the intrinsic permeability tensor
of the hydrate formation. Based on Bishop’s as-
sumption (Bishop, 1959) and the following experi-
mental calibration (Schrefler, 1984; Jommi and di
Prisco, 1994; Gens, 1996; Khalili and Khabbaz,
1998), the average pore pressure can be defined as

S, 5,

Py, = (24)

With hydrate dissociation, more pore space becomes
available for fluid flow and hence the permeability for
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hydrate-bearing sediment increases following the
expression of Minagawa et al. (2008), combined with
the power type empirical formula (Taylor, 1948).

The state equations taking into consideration the
fluid density change influenced by the change of
pressure and temperature are as follows:

Lo, 1 dp, g dT

= - B, 25

p, dt B, dt A dr @)
d d

1 % =L&_ gd_T’ (26)

p, dt B dt dt

where By, and B, are the bulk moduli of water and
methane gas, and S, and f, are the thermal expansion
coefficients of water and methane gas, respectively.

2.5 Energy conservation equations

For simplification, four phase energy balance
terms are summarized in a single energy balance
equation as a system with the dependent variable 7 by
integrating all energy equations together and elimi-
nating the interphase heat transfer fluxes. We as-
sumed that the heat exchange in this system is con-
duction and convection. Heat convection here is heat
transfer by the motion of fluid, defined as

V-(c,p,q,7)+V (c,pq,T), 27)

where ¢y, and ¢, are the specific heat of water and
methane gas, respectively.
Heat conduction is
V- (=K, VD), (29)
where Kt is the volumetric mean of the thermal
conductivity, i.e.

K;=nK, + ngKTg +n, Ky +n K5, (30)

where Krs, Ky, Ktg, and Ky, are the thermal con-
ductivity of soil, water, methane gas, and methane
hydrate, respectively.

As hydrate dissociation is an endothermic pro-
cess, temperature change due to hydrate dissociation

is given by

do, _
e AHR, , (31)
where AH is the heat change due to the phase change
of hydrate, which can be obtained by Kamath (1998)
regression as
AH=ci+c,T, (32)
where ¢; and ¢, are regression coefficients, i.e. ¢;=
56599, c,=16.744.

The energy conservation equations of hydrate-
bearing soil during dissociation can be described by
multicomponent mixture theory. Because of the low
velocity of fluid, the kinematic energy can be ignored
in this problem. As the work input has little impact on
the change of temperature, this part can be ignored as
well. Hence, the energy balance can be expressed as

dr .

Cr— (—KTVT)+V-(cwpwqu)

+V-(c,0,4,T)=—-AHR,,

(33)

where the heat capacity of the mixture cr=pgnscst
PalteCotPrlnchtpuwhnCy, and ¢s and cy, are the specific
heat of soil and methane hydrate, respectively.

2.6 van Genuchten model

In porous media, gas and water may be trapped
inside pores as “residual gas” and “residual water”.
Therefore, the presence of hydrate in pores may affect
the saturation of residual water and gas. The effective
water saturation s, is defined by the following equa-
tion without consideration of the presence of hydrate:

V. -V S —8

w wr _ w wr

C V-V,

er

N

: (34)

l-s,, - Ser

where V, is the volume of residual water, Vy, is the
volume of residual gas, V¢is the volume of fluid, V, is
the volume of void, and V=V +Vy=V,. sy and sq, are
the saturations of residual water and gas, respectively.
For hydrate-bearing soil, Ve=Vy+V=V,—Vi, and
hence the following equation can be obtained:
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N

= _Swr
s = Vw/Vf_Vwr/Vf _1_Sh
LV VeV VeV Ve 18, =

wr gr

., (3%)

where Swi =V Ve, Soe Vel Vi, Sw=Val/ Ve si=Vi/ V.
Note that,

S, =S (1=5,)<s,, s.=1, (36)

s, =8,1-s)<s,, s =0. 37
In this simulation, the residual gas saturation s, was
calculated by
sa=Sgro {1~ [so/(1=5e)~ 11}, (38)

where sg0 1s the maximum residual gas saturation
obtained in the state where all of the available pore
space is filled with gas (i.e. sg=1—Swr).

ky and k, are the relative permeability coeffi-
cients of water and gas, respectively:

ko=sz[1-=s"y T,
ny 1/n \2m
ky=(1-s)"1=s5.")",

(39
(40)

where ny, n, and n3 are the van Genuchten parameters
describing the soil-fluid characteristic curve. The
difference between gas pressure and water pressure is
defined as capillary pressure p.~p,—pw in the van
Genuchten relationship (van Genuchten, 1980):

(41)

S. {(Pc/po)]"‘ +1} ,

where p, is also the van Genuchten parameter de-
scribing the soil-fluid characteristic curve.

2.7 Thermodynamics-based constitutive model
for MHBS

A constitutive model is required to build the re-
lationship between effective stress ¢’ and strain ¢ of
the solid skeleton. The elasto-plastic critical state
model used in this study consists of four formulations
including an elasticity part, dilatancy rule, hardening

rule, and yield function. Uchida et al. (2012) extended
the critical state model to describe the mechanical
behavior of MHBS by introducing hydrate saturation
into these four formulations. Sun et al. (2015) further
developed this model based on thermodynamics to
have a non-associated flow rule, and considered the
influence of the shape of yield loci on stress-strain
relationship prediction.

In the thermodynamics-based constitutive mod-
el, the yield function f'can be expressed as

r_ N2 2
M+q__1:0’

S=F s (42)

and the dilatancy function, which is defined as a ratio
of the volumetric plastic strain increment to the
equivalent plastic strain increment, is expressed as

dgs (pr_pr)BZ

D=—HL=+"~ 43
de’ qd’ “3)
where
’ 1 r r ’
A=(1-y)p'+ Ey(pcd + D)+ Pecs (44)
B=(1-a)Mp'+aM p'+ Mp!_, (45)
’ 1 ’ ’ ’ 7/ !’
p =§7(pcc+pcd+pcs)— 1—5 Dec> (46)
p'=trace(c’), @47
3.,
q= E(a - p'o). (48)

R, pl., ply, and p! are the hardening parameters.
M is the slope of the critical state line. @ and y are
material parameters governing the shape of the yield
surface. The hardening rule can be described as

L=l (49)
pl=c(s), (50)
Pa=als™), (51)

dR = —un R|de’|, (52)

where
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Sy = XSy (53)

X = KXo exp(=me)), (54)
u, m,a, b, c,d, A, k, yo and v are the material param-
eters related to the hardening, softening, and
debonding behavior of soils, and &” is the plastic strain
tensor.

The elastic shear modulus is expressed as

_3K(1-2p)

m,s;, 55
2+ 1) 25 (55)

!

1%
where K :l, i, v, and m, are the parameters

which describe the elastic behavior.
The stress-strain relationship can be written as

E‘ﬂd@i:E
do'=| E° - 7 Gl :de
E°:d+H
oo’

+{ yE" & —E°: (aalcd(sm“)

- (56)
ﬁf ab(s™)"" };{/( 6f’ E°: d+HJ}ds
Gpcd Oo

 Ed of oo
do” _ o6’ OT |41
of ’
dr ——E‘:d+H
oo

where

A
apcc * al7(£d
—i&D+iulnR|d|,

op,, A-x  OR
d :Dal_f_&_q’
oc' 0o’

’

bmp cd

where E° is the elastic matrix, and E" is the elastic
matrix related to hydrate saturation. The physical
meaning of all these parameters and the advantages of
this model have been given by Uchida et al. (2012,
2016a) and Sun et al. (2015).

3 COMSOL implementation

To build the coupled THMC model in COMSOL
5.3, the form of the equations above needed to be
rearranged to meet the requirements of COMSOL. In
this implementation, the primary dependent variables
are displacement u, py, p,, and 7, and the governing
equation system consists of the following four equa-
tions with divergence terms.

1. Force balance equation

+
f:V-(—D:(L:u—sp)+M5J, (57)
S, +S

w g
where D is the elastic matrix, and L is the derivative

operator.
2. Mass balance of water flow

n, 6s ds, \dp,
B, Gs dp, ) dt
K.k
v kv, - p.0)
H,,
:(6LMW+L5S_W h]Rh
pw ph aSh

os, ds, dp, 0s, du
—-n—r—=—=+s -5, |0:L:
Os, dp, dt ash

+ (” B, nhﬂh J dz

(58)

dr

3. Mass balance of gas flow
("_g+ a_ngL
B, Os, dp, | dt

K k
+V.(— h g(Vpg—pgg)j
Hy

(39)
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4. Energy conservation

C; %+V-(—KTVT)+V-(cwpwqu)

+V-(c,0,q,T)=—AHR, .

The weak form of the governing equations is

Sy Py +S,.P
L)V-Wu -{D:(L:u—sp)—TS:gé

=[ W, fav+[ W, -uds,

K.k
[ vw, 'f(va -p,g)dV

w

(W, (6LMW+L5S_W thh
2 Py Py Osy

_ 5 s, dpy
Os, dp, dt
dr
+ dr
En B nhﬂh ]dl}
A | PR P
o’ 0s, dr
[, O O, \dPy | g
B, Os, dp, ) dt

[ VW, (KT —¢,p,q,T —¢,p,4,T)dV
= [ W ( ~AHR, —c; (Zjdlf

+ Lg Wy n-q.dV,

607

(64)

where S is the area of surface, and Q2 stands for vol-
ume. W,, Wy, Wy, and Wr are the test functions for
displacement u, py, pg, and 7. Lagrange shape func-
tions ¥y, Npw, Npg, and Ny are used to build the FEM

form.

K, :u+Kupgpg +KupwpW =F,
pru % + prpw % + prpwpw
+prpg%g+ pri—f= s
Co % + Cogpw % + K e Pe
ve, Poe 9o g

PePE 4, + pgTE_ pg

C; C117;+K oI+ Koy T+ Ko, T = F
where
P
K,=[ VW, (D—D i) L:N.dV,
oe

F,=[ W, t-NdS+[ W, f-Ndv,

0.
C.=| W.|s —shi o:L:N dV,
o w GSh u

pwu

os. ds
Cone = [ W | e n B Ze |y qy,
2 B, Os, dp,

Kk,
Ko = [, VW =22 (VN, )V,

83 ds,

C

(65)

(66)

(67)

(68)
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=W, (—n(n nhﬁh . ) Tde,

fo =l

[ w, (6LMW IR Y
2 P Py O,

+ ZLQW n-N,, -q,ds,

W= [ hjéLNdV

pgpw = J VVpgna dV

n. nos. ds
c =—j W,[—M e eJN av,
pgpg 0 pg Bg ase dpc pg

K.k,
Kpgpg = L)Vng VNpng’
Hy
0os
¢ eT — J-QVVPgn(nhﬂh i_

1 1 Os
F;)g :IgW;Jg {_Mg +_iMh]thV

ngﬂngTdV,

. P

hkgpg

+jgvm ng"'j n-N,4q,ds,

g

Crr = [ WrerNyd?,

K.k
Kir :IQVWT |:KTVNT +(prwhluw—pwg

K,k
+cgngpgg]NT}dV,
Hy

Kk NT]dV,
p
My

Kk,
KTTpg=.[QVWT Cgpgﬂ_VNpgpgNT v,
£

KTpr = J.QVWT [prw

Fo=[ W, (~AHR,)dV + [ Win-Nyg,dV,

where t is the traction force, and NV, and Ny are the
shape functions for the traction force and body force,
respectively.

The IDA solver embedded in COMSOL is used
to solve the nonlinear ordinary differential equations,
in which back differential form is implemented. The
details are given in COMSOL Mutiphysics® docu-
mentation (COMSOL, 2017). The mechanical be-
havior is modeled using the structural mechanical
module in COMSOL. Fig. 1 shows the configuration
of the external material interface. The updated varia-
bles or parameters such as hydrate saturation are fed
into the external material interface using material
parameters in COMSOL.

4 Verification of the thermo-hydro-chemical
part of the COMSOL code

The hydrate dissociation experiment data pro-
duced by Masuda et al. (1999) were used to verify the
performance of the coupled THMC code. Table 1
shows the conditions of this experiment. We assumed
that the initial distributions of phase saturation,
pressure, and temperature were uniform in the core
homogeneous sample. Fig. 2 (p.610) shows the mesh
and boundary conditions of the model in which de-
pressurization is applied at the left boundary. There is
a heat supply from the top outside boundary. Because
Masuda et al. (1999) conducted the experiment in a
hot water bath, the formulation of heat flux was ap-
plied giw=h(T.—T), where T is the circumstance tem-
perature and /% is the heat transfer coefficient of the
reactor wall. The changes of temperature at sections
A, B, and C in the model were investigated.

Fig. 3 (p.610) shows the amount of gas produc-
tion calculated using this model, and the experimental
data given by Masuda et al. (1999). Because of the
lack of material information about the reactor wall,
the heat transfer coefficient of the reactor wall was
varied to match the amount of gas production.

Fig. 4 (p.610) shows the changes of temperature
during gas production at the three monitoring loca-
tions. The comparison shows that not only the
amount of gas production, but also the variation of
temperature can be well simulated using this model.
The gas production becomes slower with decreasing
hydrate saturation because the dissociation rate is
affected by hydrate saturation, as shown in Eq. (4).



Sun et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2018 19(8):600-623

A

Parameters: States variables:
variables at last variables from last
time step time step Input variables:
(material (stress state; strain;
parameters; hardening parameters; deformation
hydrate saturation; strain; hydrate gradient
temperature) saturation;
temperature)
A
Calculate
trial stress
Calculate
plastic multiplicator
Judge
yielding
No
Plastic calculation
A v
S\}g:;;t:;e Output stress
External material interface
PDE module v
Conservation of
/ momentum \
Dual flow equation Hydrate
dissociation

\

Conservation of
energy

—

Fig. 1 Configuration of the external material interface
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Table 1 Experimental conditions in the hydrate disso-
ciation experiment of Masuda et al. (1999)

Initial and boundary conditions Value
Porosity, ngy 0.182
Initial water saturation, s 0.206
Initial pressure, po (MPa) 3.75
Initial temperature, 7, (K) 275.45
Circumstance temperature, 7, (K) 275.45
Initial gas saturation, sy 0.351
Outlet pressure, po,. (MPa) 2.84
Heat transfer coefficient of reactor wall, 25

7 (W/(m*-K))

The temperature initially decreases because hydrate
dissociation is an endothermic process. However, due
to heat supply from the outside, the temperature then
increases.

An international collaborative effort compared
seven different hydrate reservoir simulators, Hydrate-
ResSim, MH-21 HYDRES, STARS-OIL, STARS-
SOLID, STOMP-HYD, TOUGH-FX/HYDRATE,
and a code from the University of Houston, USA
(Wilder et al., 2008). The simulators were coupled
thermo-hydro-chemical formulations that did not
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Fig. 4 Comparison between temperatures in simulations
(SIM) and experiment (EXP)

consider mechanical behavior. Fig. 5 shows a com-
parison of the COMSOL fully coupled THMC model
to the other seven simulators for the problem of
thermal injection (Problem 3, Case 1 of Wilder et al.

(2008)). Fig. 6 (p.612) gives the comparison for the
case of depressurization (Problem 3, Case 2 of Wilder
et al. (2008)). The boundary conditions and parame-
ters are identical to those of Wilder et al. (2008). The
comparisons include hydrate saturation, gas satura-
tion, and temperature after 1 h, 1 d, and 2 d, to vali-
date the coupling method regarding hydrate dissocia-
tion, gas and water flow in porous media, and heat
flow during dissociation. Results show good agree-
ment between the COMSOL fully coupled thermo-
hydro-chemical formulation and the other seven
simulations in terms of hydrate saturation and tem-
perature. However, for gas saturation, different re-
sults were obtained using different simulators, and the
COMSOL model produced a relatively large value.
This difference arose mainly because different effec-
tive saturation definitions, capillary pressures, and
relative permeability models are applied in the dif-
ferent models. Many of them use Stone and Aziz or
Corey’s relative permeability model rather than the
van Genuchten model used in our model. The use of a
soil-water characteristic curve with a lower curve
slope tends to result in a lower gas saturation because
it becomes difficult to drain the pore water from the
soil and the soil is more saturated. Because of the lack
of test data about relative permeability of hydrate
bearing sediments, the uncommon material parame-
ters used in different codes differ. The uncommon
material parameters used in the study by Wilder et al.
(2008) were not identified. Here, the results simply
demonstrate that the same changing trend for each
variable can be obtained using our model. For a more
precise description, more published test data are
needed.
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5 Performance of the mechanical model of
COMSOL

Masui et al. (2006, 2007) conducted a series of
drained triaxial compression tests using synthetic
hydrate-bearing sediments from Toyoura sand and
natural core samples from the Nankai Trough to de-
termine the stress-strain relationship of natural
MHBS. Hyodo et al. (2013a, 2013b) conducted a
series of tests to study the mechanical properties of
MHBS. The host sand was Toyoura sand. For the
purpose of verification, in this study we used these
three datasets to examine the performance of the
proposed constitutive model.

The values of the best-fitted model parameters
are listed in Table 2 for the synthetic hydrate-bearing
sediment specimens. The simulated results using the
new TMH model and the methane hydrate critical
state (MHCS) model by Uchida et al. (2012) are
shown in Fig. 7. Fig. 7a presents the stress-strain
relationship of pore filling, cementing, and no hy-
drate, and Fig. 7b shows the volume change behavior
during shearing. By adjusting the parameters a and y
in the new TMH model, the predicted stress-strain
curve and the dilatancy curve closely match the test
data. These two parameters governing the shape of
yield loci and the ratio of the dilatancy part to the
contraction part on the yield loci can be obtained by
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Table 2 Parameters for synthetic hydrate sediment

Parameter Value
Poisson’s ratio, u 0.2
Preconsolidation pressure, 12

Deso (MPa)
M 1.07
m 1 (pore-filling);
3 (cementing)
0.16
K 0.004
0.9 (s,=0);

1.0 (pore-filling);
1.13 (cementing)
a 1.1 (s=0);
1 (pore filling);
0.7 (cementing)

Initial structure factor, y, 1

a 14 (pore filling);
42 (cementing)

b 1.6

c 0.8 (pore filling);
0.1 (cementing)

d 1

u 18

my (MPa) 250 (pore filling);
850 (cementing)

v 1.59

Sh 0.409 (pore filling);

0.407 (cementing)

undrained (zero volumetric strain) tests or by match-
ing the drained triaxial stress-strain curve and the
dilatancy curve.

Fig. 8 shows the simulated results for hydrate
saturation, pressure, temperature, volumetric strain,
mean effective stress, and deviator stress during de-
pressurization calculated using the new TMH model
and the MHCS model, where r is the radius, and 7.
is the radius of the wellbore. The presence of hydrate
enhances the strength, stiffness, and dilatancy of
sediments by making the sediments denser and
bonded. The sediments of different hydrate types
present different stress-strain and dilatancy rela-
tionships. Cementing type sediments have higher
strength and are more dilatant. The variation of hy-
drate saturation, pressure, and temperature is gov-
erned by the flow equations, and the results calcu-
lated by the two models are similar. For volumetric

strain, mean effective stress, and deviator stress,
some differences are observed. The increase in mean
effective stress due to depressurization calculated by
the MHCS model is faster than that of the TMH
model, because the yield surfaces and flow rule of the
TMH model differ from those of the MHCS model.
The value of y we used expanded the wet side of the
yield loci and increased the yield deviator stress. It
also increased the dilatancy ratio, making volume
contraction difficult. Further details are given by Sun
et al. (2015). Parameter y governs the dilatant be-
havior and yield loci by changing the ratio of the dry
side to the wet side of the yield surface (Sun et al.,
2015). When the mean effective stress is the same,
the MHCS model computes a larger deviator stress
than the TMH model (Fig. 7). This is because
yielding occurs earlier in the TMH model by ad-
justing the parameter y. Because the computed mean
effective stress is larger in the MHCS model than in
the TMH model, larger volumetric strain values are
obtained with the MHCS model than with the TMH
model.

6 Fully coupled versus semi-coupled THMC
models

Many semi-coupled THMC models have been
proposed, most of which are FVM models (Moridis et
al., 2004; Klar et al., 2010; Kakumoto et al., 2011a).
In these models, the force balance equations and the
flow equations are calculated separately. Firstly, the
pressure field is obtained from the calculation of the
flow equation. Then, through the effective stress
principle, continuity equations, and constitutive
model, displacement can be solved. Although volu-
metric change due to the change in the effective stress
state affects liquid flow behavior, many FVM models
do not consider the impact of volumetric change on
flow behavior. In this section, the differences in the
simulation results between the fully coupled THMC
model and the semi-coupled model are discussed.

The parameters of the model are shown in Ta-
ble 3 (p.615), and the mesh is presented in Fig. 9. The
radius of the well is 0.15 m. Water pressure near the
well decreases from 13 MPa to 7 MPa in 2 d. We
assumed that the temperature at the wellbore side was



614 Sun et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2018 19(8):600-623

0.35

Hydrate saturation
o
N

0.15
01 —2d MHCS
15 d MHCS
0.05 --2dTMH
--15 d TMH
0 ; =
0 60 80
285
284.8
284.6
284.4
2842
X 284t
o 283.8
2 2836
5 2834
g 283.2
E, 283
ggg'g —2d MHCS ||
Se2a 15 d MHCS ]
2822 ——2d TMH
582 | | —15d TMH.
0 20 40 60 80
r/rwell
()

—2d MHCS
= 46 15 d MHCS |
o 4.4} --2dTHM
> 4.2f —-15d THM
X a4
@ 3.8
L 36
@ 34
2 32
s 3
O
c .

3 24
= o>
2 L L L L
20 40 60 80
r/rwell
(e)

1.25
1.2
~ 1.15
©
o1l
2 1.05
1
[0
5 0.95
(23
2 0.9 -
a 085t £ —2d MHCS
08 15 d MHCS | |
: --2dTMH
0.75 --15 d TMH
0.7 L L L L
20 40 60 80
r/rwel\
(b)
-0.005¢
-0.01f
-0.015}
c -0.02}!
£ -0.025
% -0.03(
£ -0.035/
£ -0.04f ;
2 -0.045}/
= -0.05¢ —2d MHCS
-0.055} ~+15 d MHCS |1
-0.06¢ --2d TMH
-0.065} --15 d TMH
_0.07 L L 1 L
0 20 40 60 80
r/rwel\
(d)
36l —2d MHCS
3.4t ~15 d MHCS |{
3 --2d TMH
T LA --15d TMH
o 2.6
2 24t
x 22
@ 2
i
2 14
% 1.2
3 1H
3 0.8f
O 0.6f
0.4t
0.2}
0 L L L L
20 40 60 80
r/rwel\
()

Fig. 8 Comparisons between the TMH and MHCS models: (a) hydrate saturation; (b) pressure; (c) temperature; (d)

volumetric strain; (e¢) mean effective stress; (f) deviator stress

S R T S T ] P
o ST T,
~ O —
s & d & L _145uPa
17 1r=0 i
b I2 |4 IG IE I10 12

Fig. 9 Mesh of the model close to the wellbore
o, is the radial normal stress, and o, is normal stress in the z
direction

equal to that of the soil close to the wellbore. The
temperature at the far-end boundary was set to be
equal to the initial temperature because we assumed
that there was enough heat supply in the far field. The
differences between the fully coupled and the
semi-coupled models are shown through the impact
of variation in porosity and volumetric strain on the
flow and heat equations. In the fully coupled THMC
model, porosity and volumetric strain are updated
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every time step and influence the flow and heat
properties. However, in the semi-coupled THMC
model, porosity and volumetric strain remain constant
in the flow and heat equations, without any impact on
the flow and heat properties.

Table 3 Parameters of the model

Parameter Description
noy 0.35
B,, (GPa) 2
Bg Py
po (kPa) 10
ny, ny, N3 0.8,0.5,0.5
K (m?) 1075
N 8
Ko (mol/(m*-Pa-s)) 1.24x10°
AE, (J/mol) —78300
Krs (W/(m'K)) 3.92
ps (kg/m?) 2800
puw (kg/m’) 1000
U 0.3
Peso (MPa) 4.5
M 1.35
m 4
m; (MPa) 200
Y 0.85
A 0.1
K 0.006
Ky (W/(m'K)) 0.556
Kty (W/(mK)) 0.0335
K, (W/(m-K)) 0.394
Bu (K 13.417-3717
Be (K1) T
B (K 4.6x10°*
¢ (J/(g'K)) 0.8
cw (J/(g'K)) 4.02+0.000577T
¢ J/(g'K)) 1.24+0.003 13T
cn (J/(g°K)) 2.01
N 6
Peq e39.0878520/T
pn (kg/m’) 800
X0 1
a 20
b 1
c 0.1
d 1
u 30
a 1

Fig. 10 shows the change in hydrate saturation
during depressurization. At the beginning of depres-
surization, hydrate saturation increases in the fully
coupled THMC model, but does not change in the
semi-coupled THMC model. This is because, in the
fully coupled model, the volumetric strain change due
to the compression by depressurization is updated at
every time step and hydrate saturation is re-calculated
using the updated volumetric strain. In reality, the
volume contraction of host sediments increases the
hydrate volume fraction and decreases the space of
the void in which the fluid can flow through the
formation.

As hydrate dissociates, the hydrate saturation in
the semi-coupled THMC model drops faster than that
in the fully coupled THMC model, because the fully
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Fig. 10 A comparison of hydrate saturation calculated
using fully coupled and semi-coupled THMC models

(a) Fully coupled THMC model; (b) Semi-coupled THMC
model
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coupled model gives a slower depressurization rate.
The difference is clearly shown in Fig. 11, which
shows the change in pore pressure during depressur-
ization. As the formation compaction reduces the
space for water and gas flow, the pore pressure de-
creases more slowly in the fully coupled THMC
model than in the semi-coupled THMC model.

Fig. 12 shows that hydrate dissociates faster in
the semi-coupled THMC model than in the fully
coupled THMC model. Consequently, temperature
drops more quickly in the semi-coupled THMC
model. For the mechanical part, pore pressure has a
great impact on the force balance according to the
effective stress principle. Fig. 13 shows that the mean
effective stress is greater in the semi-coupled THMC
model than that in the fully coupled THMC model for

a given time, as pore pressure decreases faster in the
semi-coupled THMC model. Fig. 14 shows that
changes in deviator stress near the well boundary are
greater in the semi-coupled model because the mean
effective stress is higher than that in the fully coupled
THMC model. Larger volume contraction can be
obtained using the semi-coupled THMC model. Be-
cause of the circumferential restriction, the circum-
ferential stress decreases more with the larger volume
contraction in the semi-coupled THMC model, lead-
ing to a larger difference between vertical stress and
circumferential stress. Fig. 15 shows that the volu-
metric strains in the semi-coupled THMC model are
larger than those in the fully coupled THMC model
because the mean effective stress is larger in the
semi-coupled THMC model.
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Fig. 13 A comparison of mean effective stress calculated using fully coupled and semi-coupled THMC models
(a) Fully coupled THMC model; (b) Semi-coupled THMC model
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Fig. 14 A comparison of deviator stress calculated using fully coupled and semi-coupled THMC models
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7 Simulation of hydrate production by

depressurization

In this section, a depressurization process for
extracting methane gas from a sediment layer with a

Sun et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2018 19(8):600-623

specific heterogeneous hydrate distribution is simu-
lated. The model is shown in Fig. 16. The hydrate
distribution is shown in Fig. 17a. The interbedded
layer without hydrate is clay and the intrinsic per-
meability is different in the different layers (Fig. 17b).

From 13 MPa
“to7MPa¢ ‘} * 16 MPa * ‘
‘_
| 14.5 MPa
€ <+—
[oe]
‘_
[e] (@) o O (o] R
z | < 30m g
’
Fig. 16 An assumed vertical well model
g 8
7.5H 7.54
Th—_ TH
6.5 - 6.5 —————
6 6 R
5.5 5.5
5 5
4.5 — } __ 45 S —
E 4 E af
N 350 N 350
3 30 _
25 | 25 e
2 B 2 —_—
15 - 15 __7___,__7——7———*‘_7__
11— P
0.5f 0.5¢
os L 1 L oL
0.1 0.2 03 1 2 3 4
Initial hydrate saturation, sno Intrinsic permeability of host sediments, K; (><10’14 mD)
(a) (b)
BF ap
7.5H 7.5F
T T =
6,50 ——— — 6.5} — =
6F 6
5.51 5.50
50 5 -
__ A5t —_ . 45f e e—————
E g -
N 35l No3st
3R 3r
25f T 25f - e ey
2+ - g he—
15+ e 15¢ e
W 1t —
0.5+ 0.5
0= . . . . . Ok . . -
032 034 0.36 0.38 0.4 3.5 4 4.5 5
Porosity, ng Permeability coefficient under compression, 8
(c) (d)

Fig. 17 Initial hydrate saturation and intrinsic permeability distribution along the vertical
(a) Hydrate saturation; (b) Intrinsic permeability; (c) Porosity; (d) Empirical formula parameter
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The porosity distribution is shown in Fig. 17c. A
power law-type empirical formula was adopted for
the relationship between the void ratio and permea-
bility, as presented in Eq. (25). The distribution of the
parameter related to permeability in Eq. (25) is shown
in Fig. 17d and the value was chosen according to
Sakamoto et al. (2010). The water pressure at the left
boundary of the model decreases from 13 MPa to
7 MPa in 2 h to model the depressurization inside the
well. When the wellbore pressure is 8.7 MPa, hydrate
in the formation starts to dissociate. We assumed that
the temperature gradient close to the wellbore was
equal to zero and the temperature at the far field re-
mained at its initial value. The initial effective stress
is equal to 3 MPa in the vertical direction and 1.5 MPa
in the horizontal direction. The pressure and temper-
ature remain constant at the far-end boundary, as-
suming depressurization close to the well has little
impact on the far-end boundary. The values of the
material properties, initial conditions, and boundary
conditions are listed in Table 4.

Depressurization leads to compaction of the
sediment layer due to the increase in mean effective
stress. The rates of water and gas flow become faster
due to the increase in pressure difference during the
depressurization process. The temperature initially
decreases due to hydrate dissociation, and then in-
creases due to the heat convection and heat conduc-
tion occurring between the far-end higher temperature
region and the dissociation region.

Fig. 18a shows the change in hydrate saturation
during depressurization. Hydrate dissociation results
in a decrease in hydrate saturation near the wellbore.
The effective stresses increase with the drop in pore
pressure. In addition, hydrate dissociation affects the
mechanical behavior leading to stress relaxation.
Fig. 18b shows that the mean effective stress in-
creases as pore pressure decreases. However, after the
hydrate dissociates, it falls because hydrate dissocia-
tion induces stress relaxation. Fig. 18c shows that
deviator stress increases. This is due to the difference
between the gradient of pore water pressure in the
vertical direction and that in the radial direction.
Stress is concentrated near the borehole. Fig. 18c also
shows the stress relaxation that occurs by hydrate
dissociation. An increase in mean effective stress

results in formation compaction of the layers (Fig. 18d).

In the no dissociation zone, the volumetric strain of

the layer with hydrate is smaller than that of the layer
without hydrate because the hydrate layer has higher
stiffness. Fig. 18e shows that the temperature falls
when hydrate dissociates, reflecting the endothermic
process. The temperature then increases due to heat
convection in which hot water and gas from the

Table 4 Model parameters

Parameter Description
B,, (GPa) 2
Bg De
DPo (kPa) 10
ny, Ny, N3 0.8,0.5,0.5
K (m?) 108
N 5
Ko (mol/(m*-Pa-s)) 1.24%10°
AE4 (J/mol) -78300
Krs (W/(m'K)) 3.92
ps (kg/m’) 2800
pw (kg/m’) 1000
M 0.3
PDeso (MPa) 45
M 1.35
m 4
m, (MPa) 200
y 0.85
A 0.1
K 0.006
Kty (W/(m-K)) 0.556
Krg (W/(m-K)) 0.0335
Krn (W/(m°K)) 0.394
B (K 13.417-3717
Be (K T
B (KT 4.6x107*
¢ (J(g'K)) 0.8
cw ((g'K)) 4.02+0.000577T

¢ (J(gK)) 1.24+0.003 137

an (I(g'K)) 2.01
M 6
Py 390885207
pn (kg/m®) 800
X0 1
a 20
b 1
c 0.1
d 1
u 30
a 1
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Fig. 18 Change of each variable with hydrate extraction under ~=0.5d,2 d, and 5 d
(a) Hydrate saturation; (b) Mean effective stress; (c) Deviator stress; (d) Volumetric strain; (¢) Temperature; (f) Shear stress in the

radial direction; (g) Shear strain in the radial direction

far-end high temperature areas flow into the zone of
lower temperature. Because hydrate occupies the pore
space before dissociation, when it dissociates, more
pore space becomes available for water and gas to
flow through. Hence, the water permeability increases
during hydrate dissociation.

Heat convection is an important behavior for the
heterogeneous layers. The permeability in the hydrate

layer where hydrate has dissociated is much greater
than that in the layer without hydrate. The pressure
gradient drives hot water and gas flow into the hy-
drate dissociated layer from the sediment layer
without hydrate, prohibiting the temperature drop due
to hydrate dissociation and boosting hydrate dissoci-
ation compared to the case of homogeneous layers.
Due to the difference in the stiffness and strength of
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the different layers, stress distribution is not uniform
in the whole model, leading to a large stress gradient
at the surface between the layers with and without
hydrate. Shear stress increases in the interface
(Fig. 18f), because the enhanced stiffness of the
sediments due to the bonded structure formed by
hydrates makes the deformation of the hydrate layer
smaller than that of the layer without hydrate when
the same loads are applied. Local shear strain exists in
the interface and local shear stress is concentrated
near the dissociation zone (Fig. 18g).

8 Conclusions

In this paper, we describe a mathematical
framework based on the basic physical balance laws
for porous media. Combining some auxiliary rela-
tionships, a fully coupled thermo-hydro-chemo-
mechanical numerical model was implemented in
COMSOL Multiphysics® to simulate the behavior of
MHBS during methane gas extraction from hydrate
bearing sediments by the depressurization method.
The assumptions made for the implementation were
presented. A thermodynamics-based constitutive
model was implemented in COMSOL using its ex-
ternal material module to simulate the complicated
mechanical behavior of MHBS. The accuracy of the
model was verified by carefully comparing the sim-
ulated results with some triaxial test data available in
the literature. The accuracy of the fully coupled
THMC model without the mechanical part was vali-
dated by the gas production test data provided by
Masuda et al. (1999). The performance of the code
was similar to that of other simulators reported in the
past.

The effect of full coupling compared with semi-
coupling was investigated by simulating methane gas
extraction by the depressurization method. Results
showed that the changes in pressure, temperature, and
hydrate saturation in the semi-coupled model were
faster than those in the fully coupled model. The main
reason for the difference was due to the volume
change deformation, which influences the water and
gas permeability and prolongs the pore pressure
equalization diffusion process.

A case study of gas extraction from a heteroge-
neous hydrate layer system by depressurization was

analyzed using the fully coupled model. Compared
with a homogeneous model, a continuous heat supply
from the layer without hydrate prohibited the tem-
perature drop in the hydrate-dissociated layer due to
hydrate dissociation, guaranteeing continuous gas
production. Different mechanical properties of the
different layers resulted in local shear stress and strain
found at the interface between the hydrate layer and
the layer without hydrate.
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