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Abstract

The production of methane gas from methane hydrate bearing sediments may reach an
industrial scale in the next decades owing to the huge energy reserve it represents.

However the dissociation of methane hydrate in a porous medium is still poorly understood
and controlled: the melting of methane hydrate involves fluids flows and heat transfer
through a porous medium whose properties evolve as the hydrate phase disappears, and is
replaced (or not) by an ice phase. Mass and heat transfers can be coupled in a complex way,
firstly because of the permeability changes, and secondly due to material conduction changes.
In our work, mass and heat transfers have been studied both experimentally and numerically.

A 2D numerical model is proposed where heat and mass transfers govern the dissociation of
methane hydrate. This model has been used to design an experimental device. Experiments
have been obtained and finally the model has been validated.

The experimental set-up consists of five cylindrical sand packs having the same diameter but
different lengths. Each experiment starts by crystallizing a hydrate phase in a porous medium.
Then the hydrate is dissociated by controlling the pressure at one boundary. The kinetic of
dissociation is monitored by collecting gases in ballast. Simulations and experiments
demonstrate that the dissociation limiting step switches from thermal transfer to mass
transfer depending on the initial permeability and conductivity of the porous medium.

Introduction

The methane hydrates bearing sediments are the focus of a special attention as a potential
energy resource in the next decades. These solids, composed of water and gas, are indeed
present in the marine or continental sediments, and they represent bigger fossil fuel reserves
than the known reserves of oil, gas and coal.

The dissociation of these compounds to produce gas induces significant fluid movements,
thermal exchange, and mechanical impacts on the reservoir. To evaluate the potential for gas
recovery in such fields, one needs to model all these effects. The present paper concentrates
on the thermal and mass transfers during the dissociation of methane gas hydrate. The main
challenge here is to account for a mobile boundary between the solid which melts and the
remainder of the sediment. Mechanical effects induced by phase changes on sediment
integrity or compaction of the reservoirs (Rutqvist et al., 2009) are not investigated.

Many production schemes have been proposed for hydrate gas reservoirs in which different
processes of dissociation are computed.
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The thermal process, i.e. production assisted by hot water injection, was suggested in several
studies (Durgut and Parlaktuna, 1996). The use of chemicals to dissociate hydrates by
changing their condition of stability was also tested (Sung et al., 2002). However, the method
of depressurization seems the most reliable and probably the most profitable (Yousif et al.,

1991).

Few studies addressed the dissociation of hydrate in terms of boundary displacement. In the
first ones (Ahmadi et al., 2004; Ji et al., 2001), the classical Stefan's problem for melting is
used to describe hydrate decomposition, but pressure is set to obey a diffusion equation.
Taking into account the gas and water flow into the porous medium allows to better describe
the evolution of the system and to record the evolution of the dissociation zone (Yousif et al.,
1991). Moreover, as decomposition takes place in a porous medium and as solid hydrate
dissociates, permeability changes must be calculated and permeability updated during this
phenomenon (Larsen et al., 2005).

Implicit pressure and explicit saturation (IMPES) method was developed for modeling the
two phase flow model in a porous matrix (Chen et al., 2004). It is used to accelerate
convergence of resolution, but it has been shown to fail on few problems. A fully implicit
resolution (Chounet et al., 1999) is used in this paper to ensure convergence of results. Some
schemes, such as the Koren upwind scheme (Holstad, 2001) are useful to satisfy conservation
properties for the advection terms because of accuracy and stability. The resolution is further
refined by allowing the system of equations to be reformulated with more appropriate master
variables once a new phase appears or is exhausted (Bastian, 1999; Class, 2001; Class et al.,
2002).

The influence of different parameters (porosity, permeability, initial pressure,...) on the
dissociation of hydrate accumulations in oceanic sediments have been evaluated numerically
(Moridis and Sloan, 2007). X-ray computed tomography was used to visualize local density
changes during hydrate formation and dissociation in a core-scale sand sample (Kneafsey et
al., 2007).

This paper builds on two previous works from the same group (Bonnefoy, 2005; Nguyen
Hong, 2005). It addresses the simultaneous mass and heat transfers during the dissociation
of a sediment core partially saturated in methane hydrate. A 2D multi-phase multi-
components model describes the flow of water and gas and the heat transfer in the sediment
and helps understanding the mechanisms of dissociation. The model is then used to design an
experimental set-up where different sediment types have been tested. All sediments used are
loose sand packs, and consolidated sandstone cores have not been tested. More generally, the
mechanical effects of hydrate formation—dissociation cycles are not evaluated in the present
study. Experimental results document the influence of distinct parameters on the kinetics of
dissociation. The paper is concluded with a comparison between numerical and experimental
results.

Model approach
Physical system and gas hydrate dissociation

The description of the system, the different phases and components, and interactions, is the
first step. Our system is composed of three phases (liquid, gas, hydrate) and three
components (water, methane, hydrate). A local thermal equilibrium is assumed since flow
velocities are small. Chemical equilibrium between dissolved and free gas is also assumed.
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Capillary effects in the porous medium are neglected since the average grain size is 250 um
(Anderson et al., 2001).

In this study, we consider a sediment core partly saturated with methane hydrate to which we
apply a depressurization to dissociate the methane hydrates.

At the beginning and during all the dissociation, water and free gas are present and allowed to
flow in the porous medium in response to pressure and temperature gradients. Fig. 1 gives a
schematic representation of the system and explains the dissociation phenomenon where
hydrate releases water and free gas in the sediment according to

[CH ,(H,0)] — CH,+6H,0

Walu<§ . Su{l ‘H/ydmlc Mclﬁ:c
AT ST
°BOIOD.. e :.. °?Q)..®

o
Dissociation < ‘—P 0,°

Fig 1: Physical system and description of the dissociation phenomenon

For the water phase, we assume the concentration of the dissolved component (methane) to
be low but we do not neglect it. Dissolution and degassing are taken into account as mass
transfers and the adsorption on solid surfaces is neglected (Fig. 2).

Solid matrix
Sand

Fig 2: Interactions between different phases

System parameters

To find the equations of the problem, and to solve it by numerical resolution, it is convenient
to distinguish two kinds of variables: the primary ones, which fully describe the evolution of
the system and the secondary ones which are dependent on the primary. The number of these
variables depends on the number of phases.

In the hydrate zone, four primary variables are used: temperature, pressure and saturations, i.e.
the volume fractions of hydrate and water. Secondary variables are constrained by various
models:

% The volumetric saturation balance is used to calculate the gas saturation:

D8, =1 (1)

Jj=l.g.h
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% The relative permeabilities for the two phase flow are expressed as functions of the
reduced saturations S" defined as follows:

S

Sl,g = l_l’j; (2)
h

% The Brooks and Corey model is used:

k, =S
L - (3)
krg = Sg.(l—(l—Sg) )

% To compute the evolution of the absolute permeability K during the dissociation, the
Civan law is used. K and the absolute permeability of sediment K, without hydrate

are related by
£= [ (¢e(1_¢o)J2ﬁ (4)
Ko ¢o ¢0(1_¢e)

where ¢, and ¢. represent the porosity and the effective porosity of the sediment
(pe=o(Sy+S1)), and f is a parameter which allows to tune the impact of the hydrate saturation
on the local permeability K (Fig. 3). It is the only user-defined parameter in this model.

1 =

Honounn

KIK,
®
™ TR TR TR
- O b
=

Hydrate saturation S,

Fig 3:Evolution of the permeability K with the p-parameter.

% The Heat conductivity A* is estimated from the geometric model of (Henninges et

al., 2002)
. AU D
2 =(nay) (5)

where Aj is the heat conductivity and vj the volume fraction of the phase j (i.e. saturation).

% A Soave—Redlich—Kwong equation of state (Bonnefoy, 2005) is used to calculate the
fluid density and the compressibility factor. The diffusion of methane dissolved in
the water phase is taken into account in the equations of conservation; the diffusivity
D is calculated from the Wilke and Chang's correlation (Herri, 1996). The percentage
of methane in the water phase does not exceed 1% but can however have an
influence on the system, particularly on the dissociation kinetics of methane
hydrate.


http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TFK-4WGK4KM-1&_mathId=mml19&_user=7754539&_cdi=5229&_rdoc=1&_ArticleListID=991119980&_acct=C000072732&_version=1&_userid=7754539&md5=e9422c00d2d7422d4189a8f58dba8e50
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig3
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=high&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=fb75fb563039bdebf5ee6a6514346b1f#bbib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=high&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=fb75fb563039bdebf5ee6a6514346b1f#bbib11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#bib4
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#bib12

Chemical Engineering Science, 2009, 64(19), 4089-4100, d0i:10.1016/].ces.2009.05.043

Dissociation kinetics

The kinetic description of the dissociation rate is a key point in the model. In this simulation,
the rate of hydrate decomposition was computed according to the Kim—Bishnoi model (Kim
et al., 1987) in which the driving force of the dissociation is the difference between the
equilibrium and the actual gas fugacity. The net mass rate of hydrate dissociation writes:

7y =k As(f.= 1) (6)
In this relation, the kinetic constant ks and the surface area As are expressed as

AE
kd = k;) CXP(—EJ (7)

where AE is the activation energy, k| the intrinsic kinetic constant, and the available surface

for reaction As is assumed to be the pore surface (i.e. the entire surface of the porous medium
is covered with hydrate).
A Soave—Redlich—-Kwong equation of state is also used to calculate the fugacity f of gas; y; and
7e are derived from y;, using stoichiometric coefficients and molar masses. For the values of
physical data in these expressions or more information about this model, see [17].

Governing equations

The velocity fields are calculated from the generalized Darcy's law and integrated into the
mass balance equation (Eulerian approach) as

(S Po)

.k
P div(p,—*“K(grad p-p,g))=0 (8)

Individual mass balances for each component k (k=water, methane, hydrate) writes

¢ Conservation of water:

1

0 . Ak, ., _ )
% 5[(/’1& S, ):| - dlv( ﬂl px K (grad p— ,O,g)) —div(D,p,grad x")—y,=0 (9)

% Conservation of methane gas:

k
) %[(PgSg )] - div(ﬂ—jpgK (grad p—p,g))+¢ %[(plglxlm )]

. k m . m
_dl{_ﬂ pix/'K (grad p—p,g))—div(D, p,grad x") =y, =0 (10)

H

where x"is the mass fraction of methane dissolved in the liquid phase and :

x" +x; =1 (Conservation of hydrates):

a J—
P E[Sh]_j/h =0 (11)

where yi, yy , yn represent, respectively, the mass net reaction rates of water, methane gas and
hydrate due to chemical reaction (dissociation).
A thermal energy balance is written as


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#bib15
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#bib15

Chemical Engineering Science, 2009, 64(19), 4089-4100, d0i:10.1016/].ces.2009.05.043

dE _dQ _dw, _dw,
dt di di o di

where the change of the internal energy E equals the sum of the thermal energy flux Q across
the system boundaries, the work related to volume change Wy and the dissipation work Wp.
The hypothesis of local thermal equilibrium allows us to write a single balance of thermal
energy for the entire domain, neglecting heat transfers between the fluid phases. Integrating
the contribution of each phase a (fluid and solid) to the thermal energy balance in an
elementary volume of the porous medium gives

(12)

oY Pue,S.,)
ot op.cT k.,
et (1= ) P = S divi~e p K (grad p, = p,g))
= div(D, phM" grad x) - div(A" grad T) =0 (13)
k

where h is the specific enthalpy, e the specific internal energy and cs the specific heat capacity
of the sediment. The latent heat of methane hydrate dissociation L, appears in its specific
enthalpy (the value is Ly=4.246x105 J kg-! at T=273.15 K).

Numerical resolution

Boundary and initial conditions

The objective of the calculation is to track mass and heat transfers for a given system. A
cylindrical geometry is the most adapted one for this problem hence a sediment core is
considered and defined with a length bigger than the diameter (L >>d , Fig. 4), and the
dimensionless value L/d as the main geometric parameter.

Fig 4: Description of boundaries.

Considering the domain @ (the sediment zone), two distinct boundaries must be considered
(Fig. 4). The boundary Ip is a moving boundary where only the pressure is known (the
pressure at the end of the pipe is controlled by the operator to dissociate the methane hydrate).

Concerning the boundary /, a mixed condition is retained: the temperature (or the heat flux)
and the mass flux across it in the normal direction are known and set to zero.

Concerning the initial conditions, we assume that the sediment and the distribution of hydrates
are homogeneous at the beginning of the dissociation. All the previously defined parameters
can be changed but, two conditions are kept constant in the simulations:

% porosity ¢ of the sediment is 37% and

% gas hydrate water equilibrium prevails in the sediment core before the dissociation,
i.e. P,.=3.55 MPa at T,=276 K.
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Discretization and iteration method

The mass conservation equations of water, methane gas, hydrate and energy constitute a
system of four coupled partial differential equations which has a parabolic/hyperbolic
character and a high degree of non-linearity.

As there are equations of conservation, spatial discretization is best achieved by integration
on a control volume and the use of a volume finite scheme to ensure convergence and
accuracy. A finite volume difference method (FVDM) is implemented. Moreover, an upwind
scheme is applied for the advective flux coefficient (Holstad, 2001). For the time
discretization, a fully implicit method (Euler) is used on account of the non-linear terms and
the degree of coupling.

With regard to the numerical method, a Newton—Raphson approach is used. Following Saad
(2000), we implemented the inexact Newton algorithm (Dawson et al., 1997) combined with
the GMRES solver with restarting and an approximation of the Jacobian. This algorithm
allows us to increase the time step and accelerate the convergence. For each time step, a
verification of phases (in the entire domain) is needed. If somewhere in the domain a phase
disappears, a change of a primary variable can be needed. Fig. 5 gives an overview of this
algorithm.

Wector of solutions with primary variables
atthetime
e : ‘ Calculation of secondary variables |
i Mexttime
! step : l
> Inexact Newton algorithm
GMRES solver
Verification of phases
Change ?
| vo | ves
Convergence of Evolution of phases
L WO - slgonithm Changing of primary
variables
YES ‘ \i

Fig 5: Algorithm of calculation.

With regard to the grid, an adaptive time step is used with a dichotomy method in order to
minimize the number of iterations; moreover, an adaptive mesh size is also computed in order
to have smaller meshes around the frontier between the hydrate and the non-hydrate zones.
Indeed like this zone is highly disturbed (pressure or temperature gradients very important can
be observed) a finer mesh is needed to limit error and to ensure convergence (Fig. 6). This
mesh evolves with time (Fig. 7) and with the frontier movement.

Results and comments

In this section, some numerical results are given to illustrate the evolution of pressure,
temperature and hydrate saturation in the sediment during the dissociation. For the next Fig.
8 and Fig. 9 we consider that depressurization is applied and dissociation begins at time t=0.
Before each depressurization, the system is considered to be at equilibrium (i.e. the operator
fixes initial pressure according to the chosen temperature and the equilibrium curve for
methane hydrate).
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Fig 6: Adaptive mesh.
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Fig 7: Evolution of time of half dissociation t,, with absolute permeability K, (L/d=12, 25, 50,

APm=0.51 MPa, S, = 0.5, A=1.4 Wm~ K1),
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Fig 8: Evolution of pressure, temperature and hydrate saturation with time (S,’ = 0.5, S,’ =0.5, P, =
3.04 MPa, Ky = 10" m?, A, = 1.4 Wm K)

We have selected two contrasting cases to illustrate different modes of dissociation of
methane hydrate inside sediment cores. There is no free water in the system before the
dissociation, temperature of the boundaries is regulated to 276 K and as a result pressure in
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the system equals 3.55 MPa (hydrate equilibrium). The initial pressure and temperature are
uniform in the sediment.
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Fig 9: Evolution of pressure, temperature and hydrate saturation with time (S,” = 0.7, S,” =0.3, P, =
3.04 MPa, Ky = 10" m?, A, = 1.4 Wm K)

Simulation results are shown as 2D plots (length vs diameter) representing a radial surface of
the sediment core, hence a rectangular section of the system. The two axes have been rescaled
for clarity. Figures present two symmetries: a longitudinal one due to the symmetry of the
process (here a depressurization) and a radial one due to the uniformity of boundaries
conditions. The parameter APm used in the following is defined as the difference between the
equilibrium pressure P, (before dissociation) and the pressure of dissociation Pa.

Fig. 8 and Fig. 9 record the heterogeneous changes in pressure, temperature and hydrate
saturation as a function of time. For an absolute permeability K, of 10~ m2 the hydrate
saturation and temperature gradients display a radial symmetry; they record a “shrinking-
core” dissociation driven by the radial heat transfers between the external (hot) boundaries
(Fig. 8). Indeed, when the depressurization takes place, methane hydrates become unstable
and tend to reach a new local equilibrium by dissociating and a temperature decrease is
observed. As the wall is maintained at a constant temperature, a radial temperature grandient
appears and generates a heat flux: methane hydrates closed to the wall dissociate earlier than
those present in the center of the core. Pressure remains almost uniform during the process
and close to the pressure of dissociation P that is imposed at the end of the tube.

For a lower permeability of Ko,=10"3 m2, a contrasting behavior is simulated. The pressure
becomes not uniform and a longitudinal gradient appears during the dissociation (Fig. 9).
Longitudinal temperature gradients are stronger than radial gradients: overall, temperature,
pressure and hydrate saturation depend mainly of time and longitudinal position. Methane
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hydrates closest to the two extremities dissociate first and the hydrate zone boundary
switches from a “shrinking-core” behavior to a merely “longitudinal regression”. The
evolution of the temperature follows the evolution of the pressure: the decline is very slow and
moderate during the dissociation (Fig. 9). The low permeability K, of the sediment limits the
two phases flow (gas plus liquid water) resulting from the dissociation of methane hydrates.
The dissociation is limited by the convection.

The influence of the absolute permeability K, on the kinetics of dissociation is even clearer
when considering the hydrate half-life t,/,, i.e. the time required to dissociate half of the
hydrates. The dependence of t,/. on the absolute permeability K, and the ratio of L/d can be
calculated. For K, in the range 10-13—5x107" m2, t,/, varies with the length and the diameter of
the sediment core.

For L/d=12, the absolute permeability has no more influence on the kinetics of dissociation:
ti/» is about 23 min whatever K,. If the L/d ratio increases to 25, a little slowdown appears
(24 min) for an absolute permeability of 5x10-13 m2. This slowdown was further confirmed by
the evolution of t,/. for a higher ratio. For a L/d ratio of 50, a transition is found for an
absolute permeability K, below 10-2m2: between 1072 and 103 m?2 the time of half
dissociation t,/» increases from 23 to 26 min. Overall, this figure highlights the transition
between two dissociation modes for a sediment core partly saturated with methane hydrate:
one where the absolute permeability K, does not influence the kinetics of dissociation and
another one where the decrease of K, increases the time of dissociation.

Intermediate conclusion

A 2D model for methane hydrate decomposition in a sediment core was presented above. It
was tested at core scale with physical values available in the literature. The simulator allowed
us to track the evolution of pressure, temperature and hydrate saturation in the sediment
during the dissociation, and two different dissociation modes appeared, one governed by heat
transfers, another governed by mass transfers. The transition between these modes is

sensitive to the absolute permeability K, and the initial hydrate saturation S i.e. two
parameters that influence the overall dissociation kinetics. So, for a ratio L/d of 100, this
transition takes place for permeability K, around 5x10-2 m2 and a saturation S, around 0.5
(Fig. 10).

Heattransfer
limiting step

Transition

Masstransfer
limiting step

Absolute permeability K,
of sediment (m?)
)]

0.5 1
Initial hydrate saturation S.°

Fig 10: Limiting steps of methane hydrate dissociation inside (L/d=100).

The next stage of the study is the validation of the model through experiments and the
comparison of predicted with experimental results.
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Experimental approach
Experimental set-up

In the previous part, a transition has been observed between a heat and a mass transfer
limiting step during the methane hydrate dissociation inside a sediment core. Since the length
of the core is a key parameter in this transition, the experimental set-up consists of five
cylindrical segments having the same diameter (1/2 inch) but different lengths, for a total
(Fig. 11) length of 2.6 m (Fig. 12). Each zone is temperature and pressure controlled, equipped
with pressure transducers and can be isolated from the others. At the right extremity of the
line, a methane bottle allows to rise the gas pressure in the system; at the left extremity, a
calibrated expansion volume is installed (a ballast and a solenoid valve which controlled the
pressure during the dissociation). A special set-up was developed for the temperature probes
(pt100) to penetrate in the sediment zones, and to measure temperature while allowing liquid
and gas transfers (Fig. 11).

Temperature probe
[ Piece of Teflon
/| = .
4 ! /
Pl } / ’/
ug -
(Teflon) Fitters Sediment
Fig 11: Sediment zone boundaries.
Depress&mzatlon 260 cm )
||
20em 60cm "~ 30em  B0em 100cm i
Ballast

Atmosphear

Pt100 temperature probes

@ Pressuretransducers

4— Entry and exit of double layer

Fig 12: Experimental set-up.

Each side of sediment zone is equipped with a end piece composed of a filter and a Teflon
element (Fig. 11). Filters (with a mesh size between 200 and 10 um) prevent the sediment to
leak outside the tubes. Teflon material is firstly used in this experiment in order to limit the
longitudinal heat transfer between the sediment zones and the “dead” zones (i.e. connections

11


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig12
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig11
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig11

Chemical Engineering Science, 2009, 64(19), 4089-4100, d0i:10.1016/].ces.2009.05.043

between sediment zones). Secondly, by screwing the last element of the tube to the tube (the
piece does not appear on (Fig. 11), the Teflon element is pushed against the filter piece and
compact the sediment. Also, the Teflon piece and filter allows to enter a temperature probe.

Procedure and sediment types

The flexibility of the set-up allows an easy change of sediment between two experiments. Five
different sediments have been used in order to vary the absolute permeability Ky and the heat
conductivity A, of the medium in which methane hydrate is crystallized and dissociated. Table
1 gives the permeability values of the different sediments and their average grain diameter as
measured with a MALVERN granulometer. These sediments were chosen to display absolute
permeabilities Ko between 107'° and 107" m?. The three different types of micro-balls have the
same composition, only the average grain diameter is different: these balls are mainly
composed (~75% molar) of SiO,. They have been bought to the MINERALEX society.
Natural sand was provided by Pr. Chuvilin (University of Moscow); it was collected from the
region of Moscow (upper Jurassic) and is mainly composed of quartz.

Table 1: Characterization of sediments.

Sediment Sand Silica Micro-balls Micro-balls Micro-balls
type 1 type 2 type 3
Absolute 4x1071 3x10™1 2x10710 5x10712 5x10713
permeability Ko (m2)
“Bear correlation”
Heat conductivity 11 1-1.4 1-1.4 1-1.4 1-1.4
(Wm—1K™?)
Average grain 255 205 645 90 30

diameter (um)

Each experiment starts with crystallizing a hydrate phase in a wet porous medium. Wetting of
sediment is performed by mixing sand and ice crystals, then ice is melted and the wetted sand
is introduced in the tubes. Then, water is converted into hydrates as the methane pressure is
increases to 10 MPa and the temperature maintained at 276 K. A delay of 48 h is needed for
the apparent end of hydrate formation: after 48 h, gas consumption becomes null (i.e.
pressure decrease stops. But, a mass balance calculation allows us to evaluate the water
conversion into hydrate to be 70%. Then, pressure is decreased to the hydrate equilibrium
pressure corresponding to the operative temperature.

From this point, the dissociation can be started. The pressure at one end of the pipe(s) section
is reduced to a operative value Pg: the difference between the equilibrium pressure P, and the
operative pressure Py (also called dissociation pressure) is the driving force APm. The other
side of the pipe(s) section is closed. A solenoid valve (left end of the set-up, Fig. 12) allows the
pressure to be controlled at the value P4 by opening and closing the pipe and evacuating the
gas to ballast. So the kinetics of dissociation is monitored by measuring the pressure rise in
the ballast. Fig. 13 gives an overview of the experimental set-up, with the five sediment zones,
their cooling jackets, and the methane supply line. The computer on the right side allows the
acquisition of P T data and the regulation of the solenoid valve during the dissociation of
methane hydrate.

Results

One key parameter of the hydrate dissociation is the driving force APm applied to the
sediment core. Next figures illustrate the bulk degree of conversion y for the dissociation, as
defined by
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Z = f)ballast (t)/f)ballast (t - OO) (14)

so this value varies between 0 and 1 (at the end of the dissociation).

Sedimentary zones
(tube 1)

Data acquisition

Fig 13: Picture of the laboratory.

The kinetics of dissociation is obviously not linear with respect to time: dissociation rate is
quickest at the beginning and then decreases (Fig. 14) for large timescales. The driving force
APm influences directly the kinetics of dissociation: an increase of APm enhances the kinetics.
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Fig 14: Impact of driving force APm on the degree of conversion y: (a) silica and (b) micro-balls type
3.

For instance, for silica sand, a decrease of the driving force strongly lowers the dissociation
kinetics (Fig. 14(a)): for same initial conditions, when APm evolves from 1.1 to 0.2 MPa, the
time of dissociation increases from 30 to 140 min.

The same observation applies for micro-balls type 3, but the impact is less important: a
decrease in APm induces again a slowdown but in a moderate way in comparison to silica
sand.

Moreover, the numerical simulations predict that heat conductivity As of the sediment must
also influence the kinetics. For two sediments (natural sand and silica sand) which have the
same absolute permeability K, but different heat conductivities As the degree of conversion y
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should vary differently. Indeed, for a driving force of 0.7, the dissociation kinetics is faster
with natural than with silica sand (Fig. 15); the same result is obtained for a smaller driving
force: an increase of the heat conductivity accelerates the dissociation but this increase is not
linear. This conclusion is mostly valuable for the case of sediment with a high permeability
(Ko>5%10712 m2) where the hydrate dissociation limiting step is heat transfer.
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Fig 15: Impact of heat conductivity As on dissociation.

All the experimental results have been obtained by crystallizing first the hydrate from liquid
water. The value S™in our experiments is thus determined by the quantity of water

introduced in the sediment prior to hydrate formation.

An important issue in the experiments is whether or not temperature or pressure gradients
are generated during the dissociation inside the sediment core.

For high permeability sediments (K,>5x1072 m2, Fig. 16, left side) and whatever the initial

water saturation S we do not record pressure gradient in the system: when the

depressurization is applied to one side (P6), the same pressure is measured at the other side
of the core (P1). Similarly, the different temperature probes (in the center of the tubes) evolve
at the same rate. The dissociation rate is controlled by heat transfer from the surrounding, i.e.
from the cooling jackets (Fig. 16, left side).

For low permeability sediment (K,<5x107!2 m2, Fig. 16, right side) a very different behavior is
observed. Both pressure and longitudinal temperature gradients can be observed. At the
beginning of the dissociation (when the pressure P6 decreases), the pressure P1 and P2 do not
follow the same trend, and a longitudinal pressure gradient is observed and a two phase flow
is generated in response to this gradient. In fact, during this early stage of the dissociation,
the sediment is almost impermeable and the depressurization cannot be transmitted to the
whole core. The hydrate dissociates first at the extremity where the depressurization has been
applied, and the dissociation migrates towards the other side: dissociation is governed by
longitudinal effects and mass transfer (Fig. 16, right side). As a consequence, temperature
adjusts to equilibrium temperature (that is lower than the boundary condition) and a
longitudinal temperature gradient appears. Indeed, temperature probes close to the extremity
of depressurization (T5 and T3, cf. Fig. 12) come back to the operative condition first
(T=276 K) after full dissociation. At the opposite extremity, dissociation ends later, so the
temperature probe T1 (cf. Fig. 12) comes back to the operative temperature later.

The initial water saturation S™"has also a great impact on the gradients. For a high S the

local permeability K can be decreased significantly, and this induces important pressure
gradients.
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Fig 16: Influence of absolute permeability K, and initial water saturation Si\;‘it on pressure and
temperature inside the cores during the dissociation (for the location of P1, P6, T1, etc. see Fig. 12).
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Fig 17: Influence of initial water saturation Si‘;‘it on the degree of conversion .

Two different regimes appear by changing initial water (or hydrate) saturation:
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0‘0

For high permeability sediments (sand, silica or micro-balls type 1), the initial water
init
saturation ~v has little influence on the dissociation kinetics (Fig. 17, left side). An
init
increase or decrease of ~% does not significantly change the evolution of xy with
time: the dissociation rate is limited by heat transfer.

Oppositely, for low permeability sediments (K, <5x107!2m?2), the initial water
saturation w is a key parameter (Fig. 17, right side). By increasing the initial water
saturation " (and thus initial hydrate saturation), the dissociation rate is
decreased. For example, with micro-balls of type 3, varying w from 0.5 to 0.7,
increases the dissociation time from 50 to 100 min (Fig. 17, bottom left).

This result can be explained by a mass transfer limitation in low permeability sediments: the

init

influence of ~v is most pronounced for the sediment with lowest permeability (micro-balls

type 3).

The half dissociation time is another parameter that allows comparing the model predictions
and the experimental results. The dependence of t,/, versus the driving force APm confirms
the previous results (Fig. 18), as it decreases with increasing the driving force:

0,
0.0

For high permeability sediments (sand and silica), t,;>» depends on the heat
conductivity As of the sediment: t,. decreases with increasing As. But t,/. varies little
with permeability K, and the dissociation is only controlled by the heat transfers.

For low permeability sediments, the absolute permeability K, (and more generally
mass transfer) tunes the evolution of t,, as a function of the driving force: an
increase of K, slowdowns the dissociation rate. For a same initial water saturation,
an evolution of K, from 3x10-* to 5x1073 m? results in an increase of t,/» from 25 to
45 min (Fig. 18).
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Fig 18: Evolution of t,/» with driving force APm (Si;lit = 0.7) .

Agreement with simulations
We turn now to the quantitative agreement between model predictions and experimental

results.

The first issue is whether or not the experimental gradients agree with the calculated ones.
Fig. 19 plots the evolution of P. (the pressure at the extremity of the core (=P6)) and P. (the

16


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig17
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TFK-4WGK4KM-1&_mathId=mml42&_user=7754539&_cdi=5229&_rdoc=1&_ArticleListID=991119980&_acct=C000072732&_version=1&_userid=7754539&md5=39b2e589a84fc40d31de4bb423113dcb
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig17
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig17
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig18
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig18
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4WGK4KM-1&_user=7754539&_coverDate=10%2F01%2F2009&_alid=991119980&_rdoc=1&_fmt=full&_orig=search&_cdi=5229&_sort=r&_docanchor=&view=c&_ct=1&_acct=C000072732&_version=1&_urlVersion=0&_userid=7754539&md5=97e64865c877fc209205b0a1ec07898f#fig19

Chemical Engineering Science, 2009, 64(19), 4089-4100, d0i:10.1016/].ces.2009.05.043

pressure at the other extremity (=P1)). For these two pressures numerical and experimental
results are comparable and follow the same trend.
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Fig 19: Evolution of different pressures with time (—numerical, - experimental) Sy° = 0,5 , S¢° =0,3,
Pq=3,05 MPa, K, =5.1012m2, s =1,4 Wm1K?, f=3

The next point is the quality of the fit between calculated and measured degrees of conversion
X- For a similar system (i.e. same initial and boundary conditions) the same trend is observed
for experimental and numerical results (Fig. 20).
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Fig 20: Comparison of the evolution of the degree of conversion with time (— experimental, —
numerical) Sy° = 0,42, S4° =0,4, Pa = 3,05 MPa, K, = 5.103m2, As = 1,4 Wm*.K*, f=3

Overall, the agreement between experimental and numerical results is excellent. Fig. 21 shows
the comparison of the half-times of dissociation (t1/2) calculated and measured: all
experimental values are in the range +10% and the standard deviation is less than 5%.

This agreement confirms the overall validity of the numerical model.
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Fig 21: Comparison between numerical and experimental results (f=3).

Reproducibility

The question of the sample integrity during formation and dissociation has not been studied
in detail in this study. The main reason is that our experiment do not allow to monitor the
microscopic level (i.e. the pore level), but only macroscopic state, via pressure and
temperature monitoring. But, based on the results of the Fig. 21, we can deduce that our
samples maintain their integrity between two experiments. In fact, each sample (four samples
have been studied, Table 1) has been experimented in various conditions of pressure without
changing the substrate between experiments. So, a same substrate has encountered many
cycle of formation and dissociation. Based on the good agreement between the model and the
experimental results (for example Fig. 21), we can conclude that the physical properties of the
sample do not change between two experiments, i.e. the initial permeability and the initial
heat conductivity remain constant from cycle to cycle. In first approximation, we can exclude
the occurrence of deep modifications (such as short-cuts, or segregation of water) of the
substrate.

Limitations and conclusions

It must be noticed first that the application of the above results to field productivity
evaluation suffers some limitations:

R/

% The experimental work was completed on loose sand packs rather than on cohesive
sandstones, so the damaging effects of hydrate formation and dissociation cycles on
the porous medium could not be evaluated.

% Experimental boundary conditions (jacketed cores) do not allow compactional
effects due to methane production to be assessed.

% Low permeability sediments (fine sands, silts) are often clay-rich rather than similar
to glass beads in terms of wettability and pore shape, so the models used here to
represent relative permeabilities are crude approximations at best.

Given these limitations, the dissociation kinetics of methane hydrate inside sediment core
appears to be controlled by different limiting steps depending on the initial characteristics of
the sediment. The numerical approach proposed in the first part of this work evidences two
contrasting modes of dissociation: a mass transfer limited mode for low permeability
sediments, and a heat transfer limited mode for high permeability sediments.
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The numerical model allowed us to design an experimental device that is presented in the
second part of the paper, together with a procedure for the controlled formation and
dissociation of methane hydrate.

Experimental results document the influence of key parameters such as the driving force
APm, heat conductivity As, and permeability K, of the sediment.

A distinction is established between a dissociation governed by heat transfers and another one
governed by mass transfers: for high permeability sediments, the heat conductivity As of the
sediment is a key parameter that controls the dissociation kinetics. For low permeability
sediment (Ko<5%107'2 m?2), the dissociation kinetics becomes dependent on the parameters

that influence mass transfers, i.e. the initial hydrate saturation S, or the absolute

permeability K, of the sediment.

It needs to be noted here that the limitation is never the intrinsic rate of dissociation at the
crystal level.

The numerical model presented in the first part, and the experimental results presented in the
second part are in very good agreement, both qualitatively and quantitatively.

Notation

Dm,e diffusion coefficient of methane (water)
Ei internal energy

g gravity acceleration

h; specific enthalpy of component j

j specific internal energy of component j
kn relative permeability of liquid

kg relative permeability of gas

KK, absolute permeability

Mi molecular weight of component j

p pressure

APm driving force

Q thermal energy flux

R ideal gas constant

Sh hydrate saturation

S1 (Sw) liquid saturation

Se gas saturation

ty/2 time of half dissociation

T temperature

Vi volume fraction of the component j
Wy work related to volume change

Wp dissipation work

xy mass fraction of component j in the liquid

phase

Greek letters

B Civan parameter

7, ve, Yh,  Netmass production rate of water, methane and hydrate due to dissociation
A heat conductivity

L, Mg liquid and gas viscosity

P, Pe, ph liquid, gas and hydrate mass density

D, porosity
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D

X

effective porosity
degree of conversion

Sub/Superscripts

e
1
h
g
m
s

water
liquid
hydrate
gaz
methane
sediment

Acknowledgments

We are grateful to Daniel Garcia for his useful suggestions and corrections. This work was
supported by the INTAS European project coordinated by the professor Kuhs of the Gottingen
University.

References

Anderson, R. ; Burgass, R. W. ; Tohidi, B. ; @stergaard, K K. (11-15 Juin 2001)
A new experimental set-up for the study of formation and dissociation of methane
hydrates in sediments, 63rd EAGE conference and Exhibition, P567, Amsterdam, Pays-
Bas

Ahmadi, G.; Ji, C.; Smith, D. H. Numerical solution for natural gas production from
methane hydrate dissociation. J Pet Sci Eng 2004, 41 (4), 269-285.

Bastian, P. Numerical computation of multiphase flows in porous media. Technische
Fakultdat der Christian-Albrechts-Universitdt Kiel, Habilitation thesis, 1999.
Bonnefoy, O. Influence de cristaux d'hydrates de gaz ou de glace sur la perméabilité
d'un milieu poreux, Ecole des Mines de St-Etienne, Habilitation thesis, 2005.

Chen, Z. X.; Huan, G. R.; Li, B. Y. An improved IMPES method for two-phase flow
in porous media. Transp. Porous Media 2004, 54 (3), 361-376.

Chounet, L. M.; Hilhorst, D.; Jouron, C.; Kelanemer, Y.; Nicolas, P.
Simulation of water flow and heat transfer in soils by means of a mixed finite element
method. Adv. Water Resour. 1999, 22 (5), 445-460.

Class, H. Theorie und numerische modellierung nichtisothermer mehrphasenprozesse
in NAPL-kontaminierten porosen medien, Institut Wasserbau, Universitdt Stuttgart,
Habilitation thesis, 2001.

Class, H.; Helmig, R.; Bastian, P. Numerical simulation of non-isothermal
multiphase multicomponent processes in porous media. 1. An efficient solution
technique. Adv. Water Resour. 2002, 25 (5), 533-550.

Dawson, C. N.; Klie, H.; Wheeler, M. F.; Woodward, C. S. A parallel , implicit ,
cell-centered method for two-phase flow with a preconditioned Newton-Krylov solver.
Journal on Computational Geosciences 1997, 1, 215-249.

Durgut, I.; Parlaktuna, M. A numerical method for the gas production process in gas
hydrate reservoirs. 274 International Conference on Natural Gas Hydrates, Toulouse,
France, June 2-6, 1996.

Henninges, J.; Schrotter, J.; Erbas, K.; Huenges, E. Temperature field of the
Mallik gas hydrate occurrence. Implications on phase changes and thermal properties,
GEO Technologien 2002.

20



Chemical Engineering Science, 2009, 64(19), 4089-4100, d0i:10.1016/].ces.2009.05.043

Herri, J. Etude de la formation de I'hydrate de méthane par turbidimétrie in situ, Ecole
des Mines de St-Etienne, Habilitation thesis, 1996.

Holstad, A. Temperature-driven fluid flow in porous media using a mixed finite
element method and a finite volume method. Adv. Water Resour. 2001, 24 (8), 843-
862.

Ji, C.; Ahmadi, G.; Smith, D. H. Natural gas production from hydrate
decomposition by depressurization. Chem. Eng. Sci. 2001, 56 (20), 5801-5814.

Kim, H. C.; Bishnoi, P. R.; Heidemann, R. A.; Rizvi, S. S. H. Kinetics of
methane hydrate decomposition. Chemical engineering science 1987, 42 (7), 1645-
1653.

Kneafsey, T. J. ; Tomutsa, L. ; Moridis, G. J. ; Seol, Y. ; Freifeld, B. M. ;
Taylor, C. E. ; Gupta, A. Methane hydrate formation and dissociation in a partially
saturated core-scale sand sample Journal of Petroleum Science & Engineering 2007,
56, 108-126.

Larsen, R.; Habetinova, E.; Holm, H. A simple hydrate plug dissociation model
with permeability effects. Fifth International Conference on Gas Hydrates, Trondheim,
Norway, June 13-16, 2005.

Moridis, G. J.; Sloan, E. D. Gas production potential low-saturation hydrate
accumulations in oceanic sediments Energy Conversion & Management 2007, 48,
1834-1849.

Nguyen Hong, D. Dissociation des bouchons d'hydrates de gaz dans les conduites
pétrolieres sous-marines, Ecole des Mines de St-Etienne, Habilitation thesis, 2005.
Rutqvist, J. ; Moridis, G.J. ; Grover, T. ; Collett, T. Geomechanical response of
permafrost-associated hydrate deposits to depressurization-induced gas production.
Journal of Petroleum Science & Engineering 2009, in press.

Saad, Y. Iterative methods for sparse linear systems, SIAM Edition, 2000.

Sung, W. M.; Lee, H.; Lee, H.; Lee, C. Numerical study for production
performances of a methane hydrate reservoir stimulated by inhibitor injection. Energy
Sources 2002, 24 (6), 499-512.

Yousif, M. H.; Abass, H. H.; Selim, M. S.; Sloan, E. D. Experimental and
theoretical investigation of methane gas hydrate dissociation in porous media, SPE
Reservoir Engineering, 1991.

21



	Methane hydrates bearing synthetic sediments—Experimental and numerical approaches of the dissociation
	Abstract
	Introduction
	Model approach
	System parameters
	Dissociation kinetics
	Governing equations
	Boundary and initial conditions
	Discretization and iteration method

	Experimental approach
	Agreement with simulations
	Reproducibility
	Limitations and conclusions
	Notation
	Greek letters
	Sub/Superscripts 
	Acknowledgments
	References 



