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ABSTRACT

We present results of numerical simulation of gas production from methane hydrate reservoirs. A
numerical simulator capable of simulating hydrate reservoirs was developed, based on the FEHM
(Finite Element Heat and Mass) Computer Code, the Los Alamos National Laboratory (LANL)'s
in-house porous flow simulator. The sirmilator was used fo model gas production from a
hypothetical hydrate reservoir under hot water injection and depressurization production schemes,
A number of simulation mns were performed to determine the sensitivity of results to variation in
values of different operational and reservoir parameters. The results show that the gas production
predictions are sensitive to operational parameters such as injection temperature, injection rate
and pumping weil pressure. It was also observed that numerical grid size has significant impact
on simulation results. Further work is needed to help understand the effect of variability in
different parameters on numerical simulation results.
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NOMENCLATURE

Ay Hydrate surface area per unit volume [um™”]
AE Activation energy [}/mol]

{, Equilibrium hydrate fugacity [MPa]

f; Gas fugacity [MPa]

g Acceleration due to gravity [m*/sec]

h Enthalpy [MJ]

& Intrinsic permeability [m?]

k .y Effective permeability [m?]

k, Relative permeability of phase ‘1’

kS Intrinsic dissociation constant [mol m™ MPa™
sec]

K Thermal conductivity [w/mK]

m, Gas production rate due to dissociation
[kg/m’s]

M, Molecular weight of methane

P Pressure [MPa]

g, Mass source/sink [kg/sec)

qn, Mass source/sink. due o hydrate
dissociation/formation [kg/sec]
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g, Energy source/sink [MI/sec]

g, Energy  source/sink' due to  hydrate
dissociation/formation {MJ/sec]

R Universal gas constant [J mol/K]

S, Saturation of phase ‘1’

T Temperature [°C]

u Internal energy [MJ]

1, Internal energy of porous media [MJ]
p Viscosity [cP]

& Porosity

p Density fkg/m’]

o: Density of rock [ke/m’]

INTRODUCTION

Hydrates of methane gas represent a substantial
energy resource that is believed to exceed the total
energy conient of known fossil fuel reserves [1, 2].
Despite the vastness of this resouree, it is not yet
significantly exploited for energy. One of the
reasons for this is the limitation in our
understanding of how the hydrate reservoirs
behave. A large amount of literature exists on the
fundamental behavior of pure gas hydrates, On the
other hand, hydrate behavior in porous media is
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not yet completely understood. Progress needs to
be made to understand the reservoir scale behavior
of hydrates, in order to determine how this energy
resource can be efficiently and economically
produced.  Experiments tc wunderstand hydrate
behavior in  fleld are cumrently in progress,
including, the Mallik project [3]. A number of
papers have reported results of laboratory
experiments on hydrate behavior in porous media
i4, 5,6, 7, 8,9, 10, 11]. These studies have
focused on understanding fundamental processes
taking place in hydrate-bearing porous media
under different production scenarios and on
developing findamental relationships to model
these processes. In addition to the experimental
work, numerical modeling studies on methane

hydrate in porous media have also been reported.

Currently, very few numerical simulators have the
capability to model the flow and heat/mass transfer
processes taking place in hydrate reservoirs {7, 12,
13, 14]. Very few numerical studies report on
sensitivity studies focused on impact of meodel
parameter  variability and assumptions on
simulation resuits. It is important to understand
these effects, as large uncertainty exists in values
used for field properties. Sensitivity studies not
only identify impact of variability In parameter
values on results but they can also be used to help
identify areas where further research could be
useful. In this paper we present results of a
numerical modeling stady on  field scale
simulations of production from a hypothetical
hydrate reservoir. The numerical simulations were
performed using a modified version of an existing
code at the Los Alamos National Laboratory
(LANL). The simulator was used to analyze data
from laboratory experiments on  hydrate
dissociation, performed at the National Institute of
Advanced Indusirial Science and Technology
(AIST), Japan. Results of that work have been
reported in Pawar et al. [15]. The laboratory scale
simaulation study was extended to field scale.

DEVELOPMENT OF NUMERICAL
SIMULATOR

The hydrate reservoir simulator was developed by
modifying LANL’s in-house porous flow
simulator, FEHM (Finite Element Heat and Mass).
FEHM is extensively- used to simulate non-
isothermal, multiphase flow and transport through
both unsaturated and saturated porous media. It
simulates flow of water/air and transport of heat
and contaminants in 1-, 2- and 3-D heterogeneous
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porous media. It can alse be used to simulate
fractured media using an equivalent continuum,
discrete fracture, dual porosity or dual permeability
approach. Inforrnation on the basic conservation
equations, constitutive relationships and numerical
methods in FEHM is given in [16, 17].

The basic FEHM code was modified to add the
capability to simulate subsurface methane hydrate
behavior. A kinetic rate based formulation was
used to develop the. equations for hydrate
simulation. This was done because our work was
initially focused on simulating laboratory
experiments at which scale the kinetic effects are
important. The formulation represented hydrate
formation and dissociation behavior based on a
kinetic rate law.. The basic goveming equations
are mass and heat balance equations, written. for
individual components, hydrate (H), methane gas
(M) and water (W), The mass balance equations
are written to take into account mass fransfer
through advection by incorporating Darcy’s law
for flow int porous media. The balance equations
also include terms for addition or loss of mass due
to hydrate dissociation or formation. The balance
equations for individual component (1) are as
follows:

Mass Balance:

= kkyp; = , B kigp
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The balance equations are written for each
component, forming six equations. The six
equations are further reduced by combining the
energy equations into @ single energy balance
equation. The resulting four equations (3 mass and
1 energy) are solved for four variables, pressure,
temperature, and saturations of water and hydrate.
It should be noted here that an equilibrium
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forrmalation would yield three balance equations
and the associated three independent variables.
This would normally produce a large
computationa! adventage for the equilibrivm
approach over the kinetic formulation with four
equations and four independent wariables.
However, the fact that the hydrate phase is
immobile allows the algebraic reduction of the
degrees of freedom from four to three daring
solution of algebraic equations in the kinetic
formulation. This reduction technique is described
in [18]. Thus the flexibility of the kinetic approach
is available at no significant additional
computational expense. The Control Volume
Finite Element Method is used to transform the
partial differential equations into an algebraic
systern of equations. This system of eguations is
solved  with  multi-degrees of freedom
preconditioned conjugate gradient methods, nsing
GMRES or BCGS acceleration techniques.

Thermodynamic properfies of methane, water, and
hydrate (and their respective derivatives) are
provided as rational function approximations of
temperature (T} and pressure (P). In addition to
the  thermodynamic  properties,  saturation
dependent  properties  such = as  relative
permeabilities and capillary pressures are also
required during simulation of multi-phase flow.
FEHM offers several well-known relative
permeability and capillary pressure functions (e.g.,
Brooks-Corey, van Genuchten) to the user. In
addition to these commonly used relationships,
methane hydrate specific relationships which were
derived based on laboratory experiments
performed at the AIST are also available to
simulate fluid flow through hydrates. Hydrate
specific processes such as mass/heat transfer due to
hydrate  dissociation, change in intrinsic
permeability of the medium and thermodynamic
equilibrium for hydrate were modeled  using
following formulations.

Kinetics of Hydrate Dissociation

The terms ¢,, and g, in equations (1) & (2)
represent rate of mass and heat generation due to
hydrate formation or dissociation. A number of
expressions have been proposed for hydrate
dissociation. FEHM uses the Kim et al. [19]
mode] as well as a rate law derived from the AIST
experimental data to model hydrate dissociation.
Values of parameters in these models can be varied

through input data in order to study the sensitivity
of simulation results on parameter variability.

Effect of hydrate on permeability

The intrinsic permeability of porous media can
change due to presence of hydrates. Masuda et al.
[7] have proposed an empirical expression to take
into account change in the intrinsic permeability.

ko =k(1_SH)"’ (3)

Equation (3) says that the effective permeability is
inversely proportional to the hydrate safuration and
the medium is impermeable when it contains only
hydrate. The exponent ‘n’ can be determined
through laboratory experiments.

Hydrate Phase Equilibrium

van der Waals and Platteeuw [20] have proposed a
model to calculate the hydrate phase equilibrivm.
In addition, a large nmumber of experimental data
have also been reported on the methane hydrate
phase equilibrium [21]. In FEHM, the hydrate
Pressure-Temperature  eguilibrmum  can be
calculated based on van der Waals and Platteeuw
model as well as a relationship calculated from the
experimental data, In addition, user specified
phase equilibrinm relationships can also be used.

NUMERICAL SIMULATION OF HYDRATE
RESERVOIR o

The simulator described above was wused to
simulate production from a hypothetical hydrate
reservoir.  Figure 1 shows a schematic of the
hydrate reservoir used in this study.

Production

Well Injection

Well

Top Aquifer

Hydrate layer

Bottom Aguifer

Figure 1. A schematic of the hydrate reservoir.

The reservoir had three layers, a hydrate layer
sandwiched between two aquifer layers. The
properties of the reservoir are listed in Table 1,
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Parameter Top Hydrate | Bottom

Aquifer | Layer Aquifer

Thickness i0m 10m 10m

Porosity 0.4 04 0.4

Permeability | 107m’ [10%m® | 10%m’

Hydrate 0.0 0.6 0.0
Saturation

Water 1.0 0.4 1.0
Saturation

Rock Thermal | 2.7 2.7 2.7

Conductivity | w/mK w/mK

w/mE

Table 1 Values of parameters used for hydrate
reservoir simulation.

Initially the reservoir was at 5 MPa and 5 °C. The
argal extent of the reservoir was 100 mx 100 m. A
5 x 5 x 3 numerical grid in the x, y and z direction
was used for the simulations. Each of the grid
block was 20 m long in the x and y direction and
10 m thick in the z direction. A simple linear
relative permeability relationship, with zero
residual water and gas saturations, was used to
represent multi-phase flow. A number of different
- simulation runs were performed with this model as
described below.

Effectiveness of production methods

We studied the gas production behavior using two
different production methods, injection of hot
water and depressurization. For the bot water
injection method, a five-spot pattern was used, As
shown in Figore 1, a production well and an
injection well were sitrated in the opposite corners
of the reservoir. Water at 30 °C was injected at a
constant rate of 4 kgfs, while the production well
was pumped &t 2 MPa, For the depressurization
method, the reservoir was produced through the
production well (shown in Figure 1). The injection
well was not active during these sets of
simulations. The production well was pumped at 2
MPa. Figure 2 shows a comparison between the
comulative gas production after 300 days of
production for the two production methods. The
inflections in the cumulative gas production
predictions for hot water injection method are due
to the kinetic formulation used in the numerical
simulator. As can be seen from the figure,
depressurization by itself produces significantly
less gas compred to hot water injection method.
During depressurization, the rate of gas production
goes down significantly as the pressure in the

2.5x10°
2.0x10°

1.5x10°

—hot water injection

1.0x10° = « +depressurization

Cumulative Gas {kg)

0.5x10°

Q

0 160 200 300 400 500 600
Time {days}

Figure 2. Comparison of cumulative gas

production (kg) for the hot water injection and

depressurizaiion production methods.

reservoir approaches 2 MPa.  As continued

pumping does not reduce the pressure further, no

additional gas is Iiberated in the reservoir due to

hydrate dissociation. Figure 3 shows pressure

distribution in the hydrate layer after 10 days of

production during simulation of depressurization ’
method.
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Figure 3. Pressure distribution in the hydrate layer
after 10 days of production through
depressurization method.

As can be seen from the figure, even only after 10
days of production the pressure in the reservoir is
already close to 2 MPa. Figure 4 shows the
hydrate saturation in the reservoir after 500 days of
production. Since there is no significant
dissociation, a large fraction of the initial hydrate
is still present after 500 days.
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Figure 4. Hydrate saturation distribution in the  Figure 6. Hydrate saturation distribution in the
hydrate layer afier 500 days of praduction through  hydrate layer after 500 days of preduction throngh
depressurization method, hot water injection.

For the hot water injection method, additional As can be seen from the figures, after 500 days of
drive is provided due to energy supplied by the hot injection the temperature pulse has traveled about

water. Increase in reservoir temperature results in half way throogh the reservoir, dissociating a
increased hydrate dissociation. Figure 5 shows the significant fraction of initial hydrate present in the
temperature distribution in the hydrale layer after reservoir and the resulting higher gas preduction.
500 days of injection. We explored effects of variability in the values of

different operationa} and reservoir parameters used

% in the above calculations on the simulation results.
80 3 -
Effect of injected water temperature and
injection rate
70 F L. .
‘ The temperature of injected water was varied
60 L between 20 °C and 50 °C. Figuwre 7 shows
7 comparison of cumnulative gas production
'?éso predictions for the three injection temperatures.
£ .
40 r 2.5x10°%
. infected water temp 20 °C
L —_ 5 + injected water temp 30 °C
30 g 2.0x10 —injected water temp 50 °C
&
20 - 9 1.5x10°
£
10 : . , 2 10xio®
I 2 30 4 S0 & 70 8 9 g o -
' X (meters) ‘ Q et -
0.5%10° /
Figure 5. Temperature distribution in the hydrate o (e
layer _af.tf:r _500 days of production through hot 0 100 200 300 400 500 &o0
water injection method. Time (days)

] ) Figure 7. Comparison of cumuclative gas
Figure 6 shows the resulting hydrate saturation  production (kg) for different injected water
distribution at the end of 500 days. temperature.
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As can be seen from the figure, increasing the
water temperature significantly increases the total
amount of gas produced from the reservoir. The
rate of injected water was varied between 2 kg/s
and 8 kgfs. The resulting cumulative gas
production predictions for the 4 injection rates are
shown in Figure 8.

—Rate 2 ke/sec

+ RRat: g lﬁg"sec
9 '3 + Rats sec
20107« Rare B ke

1.5%10

1.0x10°

Cumulative Gas (kg)

0.5x10%

8 100 200 300 400 500 600
Time {days}

Figure 8. Comparison of cumnulative gas
production (kg) for different hot water injection
rates.

These are expected results as in both cases higher
amount of hydrate is dissociated due to increased
energy supplied through either the higher
temperature ot higher mass of hotter injected fluid.

Effect of production well pumping pressure

The pumping pressure of the production well can
influence the production behavior for both the hot
water injection and depressurization method. The
production welt pressure was varied between 2
MPa to 4 MPa for both cases. - Figures 9 and 10
show the results for hot water injection and
depressurization case respectively.

For both cases, the initial pressure in the reservoir
was 5 MPa. As can be seen from both figures,
increasing the pressure differential increases the
amount of gas produced. The effect is extremely
pronounced for depressurization methed. The
figure shows results enly for 2 MPa and 3 MPa
cases, as no significant amount of gas was
produced for the 4 MPa case. This is because, the
equilibrium temperature for 4 MPa is very close to
the initial temperature in the reservoir. Reducing
the pressure to 4 MPa, does not result in amy
significant amount of hydrate dissociation. Similar
respense is seen in the 3 MPa case. This behavior
is also exhibited in the hot water injection method.
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Figure 9. Comparison of cumulative gas
production (kg) for different preduction well
pressures for hot water injection method.

10%

» (___——
’OT] .
= 10t —2 MPa production pressure
@
8 = 3 MPa production pressure
E w
k1
=

2

E  10'{,u00s00ezas savannnsaammasnaonasaas ananaa
Q

101 4

16

] e 200 300 400 500 800
Time (days)

Figure 10. Comparison of cumulative gas
production (kg) for different production well
pressures for hot water injection method.

For this case, significantly high incremental
recovery is achieved by reducing the production
well pressure from 3 MPa to 2 MPa.

Effect of hydrate dependent fluid flow
parameters on production during hot water
injection method

In addition to variability in operational parameters,
effect of variability in hydrate dependent reservoir
properties was also studied. Presence of hydrate
can impact fluid flow behavior of the perous
media. Masuda et al. [7] postulated that presence
of hydrate teduces the intrinsic permeability.
Similarly, hydrates can have an effect on relative
permeability of gas and water. Jaiswal et al. [11]
report experimental results on hydrate-gas-water
relative permeability behavior. We studied the
impact of variability in both these properties. First
the effect of change in exponent in the
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permeability reduction relationship (equation 3)
was studied. The value of the exponent was varied
between 0 and 9. Note that changing the exponent
changes the effective permeability of the hydrate
layer only and does not have amy effect on the
aquifer layer permeability. The resulis comparing
the cumulative gas production are shown in Figure
Il

1.8x10°
1.6x10°
F1.4x10°
Z 12x10°
ES 1.0x168
g 4.0x10°
g 6.0x10°
4.0x1¢°
2.0x107

0

bhel
ER=N=

LIl

NI

o 100 200 300 400 500 600
Time (days)

Figure 11. Comparison of cumulative gas
production (kg) for differgnt values of exponent in
equation 3.

The amount of total gas produced reduces as the
effective permeability of hydrate layer reduces.
For the higher exponent values, a delay is observed
in gas production response. As the effective
permeability of the hydrate layer decreases, less
amowmt of hot water flows through # resulting in
decreased gas production. The effect of variability
in relative permeability was studied by varying the
residual water saturation between 0.0 and 0.2.
Results of the simulation runs are shown in Figure
12.

2.5x10°
 2.0x10°
=2
2
O 1.5x10%
B
-
k=]
o
5 1L0x10%
E —Residual water saturation 0.0
0.5x10° * Residual water saturation 0.1
i = Residual water sataration 0.2
0

0 160 2200 300 406 SC0 600
Time (days)

Figure 12. Comparison of cumulative gas
production (kg) for different values of residual gas
water saturation.

Changing the value of residual water saturation
does not have any significant impact on cumulative
gas production, for the range of values studied.
Results shown here assume a linear relative
permeability relationship. Similar investigations
for other relationships are currently in progress.

Effect of hydrate re-formation
During the simulations of AIST Isboratory
experiments it was observed that in order io better
match the experimental data, the numerical model
had to take into account hydrate dissociation as
well as re-formation of hydrate from dissociated
gas and water [15]. We explored the effect of
hydrate re-formation on the hydrate reservoir
sirmlations for both production methods. Kinetics
of hydrate re-formation were modeled with the
same rate law as the one used for simulations of
laboratory experiment {15]. The results are shown
in Figures 13 and 14.
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Figure 13. Effect of hydrate re-formation on
cumulative gas production (kg) for hot water
injection production scenario.
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Figure 14, Effect of hydrate re-formation on
cumulative gas production (kg) for
depressurization production scenario.
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As can be seen from the figures, hydrate re-
formation does not seem to have a significant
impact on total gas production. This observation is
significantly ~ different than the laboratory
experiment simulation results. Further work is
currently being done to help understand this scale
effect.

Effect of grid block size in the numerical
simulation grid

As mentioned earlier, & uniform grid with block
size of 20 meter in both x and y direction was used
for the simulations. The effect of numerical grid
resofution on simulation results was studied. The
block size was changed to 10 meter in the x and y
direction, while it was not changed in the z
direction. This resulted in a 10 x 10 x 3 numerical
grid.  Figure 15 shows the comparison of
cumulative gas production results for the two grid
resolutions for hot water injection scenario.

1.6x10°
14x10°

= L2x10°

5 10x10°
£t
=
g 6.0x10°
=
© 4.ox10° — grid block size 10m

i » grid block size 20m
2.0x10°

0

0 160 200 300 400 500 600
Time (days)

Figure 15. Effect of grid resolution on cumnulative
gas production (kg) for hot water injection
scenario,

As can be seen from the figure, changing the grid
size changed the cunmilative gas production
prediction. We explored this issue further to
understand whether the production difference was
resulting due to the kinetic formulation used in the
numerical model. To explore the effect of grid
resolution and its relationship with hydrate
dissociation, a new model containing only the
hydrate layer was developed. This was done
because we wanted to isolate the hydrate layer so
as to minimize the impact of the surrounding
aquifer and movement of fluids in the aquifer.
The properties of hydrate layer were same as those
given in Table 1, except the initial saturations were
changed to (.5 for water and hydrate. The grid

block size was varied between 5 meters to 50
meters. These simulations took into account only
hydrate dissociation and not its re-formation.
Results of the grid block size effect on cumulative
gas production are shown in Figure 16.

1.2x10°

)
—
=1
-
=
[=]
=

erid block size 5 m

erid block size 10m
grid block size 20 m
2.0x10* grid block size 25 m
grid block size 50 m

4,0x10°

Cumulative Gas (kg

0 T
0 100 200 300 400 500 600

Time (days)

Figure 16. Effect of block size of the numerical -
grid on the cumulative gas production (kg) for
hydrate layer only model.

As evident in the figure, numerical grid block size
has significant impact on total gas production. The
gas production varies by as much as two times
when the grid resolution is changed by an order of
magnitude. As mentioned eartier, the numerical
simulator used the Kim et al. [19] model for
hydrate dissociation. ‘This model is a volume
based model, in that the gas production rate is a
volume property. As the grid resolution changes,
the gas production could be changing because of
change in volume i the kinetic rate expression.
In order to understand this further, we varied the
rate of gas dissociation by changing parameters in
the kinetic expression. The Kim et al. equation for
volumetric gas mass production rate is as follows;

e = kg EXP[%JMMHSMH -r) @

The original wvalue proposed for intrinsic
dissociation constant, kg ,is 1.24 x 10", In order
to understand effect of variation in the rate law, the
value of intrinsic dissociation constant was varied
from 1.24 x 10" to 1.24 x 10" for model with 20
m size grid blocks. The results are shown in
Figure 17.
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ative Gas (kg)

—1.24x10"
= 1.24x10"
« 1.24x10%

Cumu}

200 380 400 500 600
Time {days)

Figure 17. Effect of wvariation in intrinsic
dissociation constant on cumulative gas production

(kz).

As can be seen from the figure, changing the rate
over two orders of magnifudes by changing the
hydrate dissociation constant does not significantly
change the cumulative gas production behavior.
Further work is currently being done to understand
effect of grid resolution and to identify whether it
is an observation specific to the kinetic
formulation,

CONCLUSIONS

A mumnerical simulator capable of simulating
hydrate reservoirs is developed. The simulator can
be used to perform non-isothermal, multi-phase,
multi-dimensional fluid flow calculations in
hydrate reservoir. The simulator was used to
sinmilate production behavior of a hypothetical
hydrate reservoir. The effectiveness of two
different hydrate production schemes, hot water
injection and de-pressurization, was explored. The
hot water injection method provides significantly
hetter production performance compared fo de-
pressurization method. Effect of variability in
different operational and hydrate specific reservoir
properties on simmlation predictions was explored.
It was observed that injected water temperature,
injection rate and production well pressure have an
impact on cumulative gas production for hot water
injection method. For de-pressurization method,
the production well pumping pressure has an
impact on gas production behavior. Effect of
variability in hydrate specific fluid flow properties
was also studied. The exponent used to define the
effective permeability of a hydrate-containing
medium has an inverse effect on the gas
preduction.  Changing the relative permeability
relationship, through changing the residual water

saturation did not have a significant impact on gas
production behavior for the range of residual
saturation: values studied. It was also observed that
even-though hydrate re-formation could be an
important process taking place in the laboratory
experiments, it has relafively low impact on gas
production at reservoir scale. Finally, it was
observed that grid size used in the numerical
models has a pronounced effect on gas production
behavior. This effect could be due to the kinetic
formulation used to define the hydrate dissociation
behavior.  Changing the wvalue of intrinsic
dissociation constant used in the dissociation: rate
law did not have any impact on cumulative gas
production, for the range of wvalues stidied.
Further work is currently being done to understand
the numerical grid effects as well as the issue of
scale reiated to hydrate re-formation. Results of
this study show that it is important to understand
the impact of variability in parameters used in the
numerical simulations on the simulation resuits.
Further field-work such as the Mallik project as
well as laboratory work is needed to help identify
range of parameter values and processes taking
place in hydrale reservoirs to effectively perform
hydrate reservoir simulations.
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