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ABSTRACT

A number of simulation studies of hydrate decomposition in porous media have shown hydrate decomposition
zone could be narrow, especially when permeability at initial hydrate saturation is low. Field scale simulation
of gas production from hydrate reservoirs with (fine) grid blocks that allow accurate modeling of the
decomposition region becomes impractical.
This paper proposes a methodology for the use of coarse grid blocks for the simulation of hydrate
decomposition without loss of accuracy. This study focuses on the modeling of an energy self sustaining
gas production process from hydrate reservoir known as depressurization technique. In this process the
pressure reduction diffuses within the hydrate layer resulting in the decomposition of hydrate structures
and gas generation. A 1-D mathematical model is introduced which incorporates energy balance, fluid
flow and kinetics of hydrate decomposition. Numerical results are shown to demonstrate the lack of
accuracy of this solution when coarse grid blocks are used. This study uses Taylor series and determines
additional terms and a correction parameter (), which when are incorporated in the coarse-grid model
improves its accuracy. It is shown that a single value of correction parameter («) is sufficient to improve
the accuracy of all variables (pressure, temperature and hydrate saturation), and for all times. A relation is
obtained between the correction parameter and the coarse-grid size. The success of methodology in
improving the accuracy of modeling with coarse grid cells and matching the results of a solution with a
highly refined grid has been demonstrated for two systems with various properties.
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INTRODUCTION

Hydrate particles are made up of natural gas
molecules trapped in water molecule structures, and
are considered as a potential resource for clean
energy. Enormous quantities of methane gas exist in
the form of hydrate in the permafrost and offshore
environments. Large resources of hydrate have been
explored worldwide including the North West
Territories of Canada, Siberia, Alaska and Japan. In
the last two decades much interest and research has
been devoted towards the mathematical modeling of
gas production from hydrate reservoirs. The main
mechanisms involved in the process of hydrate
decomposition  and gas  production are
thermodynamic and kinetics of decomposition, heat
transfer from the surrounding area or from an
external source of heat to the decomposition zone as
well as gas-water flow inside the reservoir.

Three general techniques have been suggested to
recover gas from hydrate reservoirs which are all
based on breaking the stability conditions of hydrate
leading to generation of gas; Depressurization,
Thermal Stimulation and Inhibitor Injection. While
depressurization does not require an external source
of energy and is based on propagation of pressure
drop from the wellbore to the hydrate decomposition
zone, the thermal stimulation technique needs an
external source of energy, not unlike those applied
in the thermal recovery of heavy oils. Efficiency and
economics of these techniques is the subject of
numerous investigations.

The first attempts to model hydrate formation and
decomposition go back to the works done in the first
decades of 1900’s which aimed at preventing
hydrate formation in the gas transportation pipes.
Exploration of hydrate reservoirs and their potential
as a new resource for energy has resulted in more
research activities in the last two decades.

The existing analytical models (Selim and Sloan [1]
in 1985, Selim and Sloan [2] in 1990, Tsypkin [3] in
2000, Hong et al [4] in 2002, and Gerami and
Pooladi-Darvish [5,6] in 2006) have been used as a
tool for mechanistic studies and understanding of the
behavior of the decomposition process. However the
limitations and assumptions involved in the
analytical models limits their application.

Numerical models (Holder and Angert [7] in 1982,
Burshears at al [8] in 1986, Yousif at al [9] in 1991,
Moridis [10] in 2002, Hong and Pooladi-Darvish
[11] in 2003, Moridis et al [12] in 2005, and Sun and
Mohanty [13] in 2005) are based on a more general
form of the mathematical model of the process and
can be easily extended to include real-life conditions
such as heterogeneity and variable operating
conditions.

A number of these simulation studies have indicated
that hydrate decomposition occurs over a relatively
narrow zone, leading to very sharp gradients. In the
depressurization technique this occurs especially
when the effective permeability of the hydrate-
bearing porous medium is low. (At the limit, when
permeability approaches zero, decomposition occurs
on a sharp interface.) The narrow decomposition
zone requires small grid blocks for accuracy of the
numerical solution. Despite the small length scale
of the decomposition front, the length scale of the
temperature and pressure fronts are significantly
larger [14]. Large-scale simulation of such coupled
processes, with multi-scale phenomena which
require  small grid-blocks is computationally
expensive.

In this paper, we provide a methodology for accurate
numerical solution of the hydrate decomposition
problem using coarse grid-blocks. The paper is
organized as follows. First, the mathematical model
of gas hydrate decomposition used in this study is
presented. Next, grid dependency of the solution is
demonstrated through a set of numerical
simulations. The methodology for adding
corrections to the coarse grid model to improve its
accuracy, which is based on the Taylor’s series
expansion of the coarse grid solution, is then
presented. Finally the application of this
methodology for improving accuracy of coarse-grid
simulation of hydrate decomposition is presented.
The limitations of the method are finally presented.



MATHEMATICAL MODEL OF GAS
HYDRATE DECOMPOSITION

The process of gas production from hydrate
reservoir involves three major mechanisms; heat
transfer by conduction and convection, endothermic
reaction that convert hydrate structure to gas and
water molecules and flow of products in the
reservoir.

We assume a semi infinite 1-D hydrate layer which
is initially at equilibrium pressure p; corresponding
to initial temperature 7; . At ¢ = 0 the pressure at x =
0 is reduce to p, which is less than initial pressure p..
According to the Kim-Bishnoi [15] model for
hydrate decomposition, the difference between gas
pressure in the bulk and the three-phase equilibrium
pressure’ at the hydrate temperature provides the
driving force for hydrate decomposition. Since the
pressure at inlet is less than equilibrium pressure
corresponding to the local temperature, the
decomposition of hydrate commences and moves
into the hydrate layer. The heat of decomposition
leads to reduced temperature and results in heat flow
from warmer parts of the porous medium towards
the decomposition zone. Depending on how fast
pressure reduction can diffuse within the porous
medium and its competition with heat flow [14],
decomposition zone can be narrow or wide. In the
following we will present a mathematical model that
describes the processes described above. However,
we will use a number of assumptions and
simplifications that include:

1. The mass transfer caused by molecular
diffusion is small.

2. Convective heat transfer is neglected.

3. Conductive heat transfer at the production
end is negligible.

4. The phase equilibrium
approximated by a straight line.

5. The mobility of the gas is much more than
that of the water, such that the pressure
gradient in the porous medium is related to
flow of water.

6. Capillary pressure is ignored.

relation is

1 The more accurate expression is fugacity which can be defined
for any state of material.

FORMULATION

Here, three differential equations are derived to
describe changes in hydrate saturation, and flow of
energy and water.

1. Hydrate mass balance

Using Kim-Bishnoi [15] Kinetics model, the rate of
decomposition of hydrate molecules can be written
as:

dm,,

= _kd (T)MHadec (peq - pg)agenAx (1)

where an Arrhenius type relation has been suggested
E

for the reaction constant [15], k,(T) =k.e T,
a,,. 1s the total surface available for decomposition

and is defined as a,,. =S,¢a,; anda,g is total
surface of hydrate structure per unit volume.

The mass rate of hydrate decomposition can also be
written as:

dm,, ds
dt Vibud dt )

Thermodynamic equilibrium relations of hydrates
are presented by Sloan [16]. Over a small range of
temperature change, corresponding to what happens
in the depressurization, we wuse a linear
approximation (assumption 4),
peq :bl +b2Teq (3)
Using this relation, and assuming local temperature
equilibrium, equations 1 and 2 may be combined to
obtain:
E
a5, = —MHa”SbZ ke ®S,(T-T,) 4)
dt Pu !

2. Energy balance:

The energy required for the reaction is provided by
heat conduction from deep within the hydrate layer
and sensible heat of the porous medium and its
constituents,



2 _E
0 f_MH¢aHsb2AH ke RTSH(T_T )
ox k “
®)
_tor
a Ot

3. Water mass balance:

The pressure equation for water may be obtained by
combining Darcy’s law and the continuity equation
accounting for the water generated due to the
decomposition of hydrate:

K(S )k, op 0
A w/w Zwy == S (6)
™ )+4q, at(¢pw W)

The mass rate of water generation per unit bulk
volume is calculated based on hydration number
defined as the ratio of water molecules to gas

molecules within a hydrate structure. (N, =5.75)
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where M, , M and M, are molecular weights of

hydrate, gas and water. Assuming that gas mobility
is infinite per assumption 5 (i.e. gas leaves the
porous media immediately after generation),
equation (6) may be written as:
0 K(SH)krw op,,
E( Y7 Oox )=
Yo, WM oS 0

H w H
A v
Where C is a constant.
Ignoring capillary pressure, p, = p,, = p.
Masuda et al [17] suggested that the permeability of
the hydrate-bearing porous medium is significantly
reduced as the hydrate saturation is increased. They
proposed a correlation given as:
K(SH) :Ko(l_SH)m
where K is permeability in the presence of hydrate
and K, is intrinsic absolute permeability (without

hydrate) [17,18]. They suggested values between 2
to 15 for the index m . We use this relation to
evaluate the effective permeability of the porous
medium to water in the presence of solid hydrate.

EQUATIONS
FORM

The following dimensionless variables have been
introduced:

IN THE DIMENSIONLESS

lre?f lref I, -1,
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Here 7, is reference temperature which is defined as
an adiabatic temperature:
pCp (T -T,)=¢p,S,,AH

Using the above dimensionless variables the
equations of mass, heat and reaction may be written
as:

5c z,0
FP A G (92)
0’0 T 00
g Lt 0-0,)=5" @
0 oQ oc
- 1—S .C m_-- = —
2 (@=5,0" T =70
Heq = al + CIZQ (9d)
Where: Z :p_H¢AHESHi _ E(T,-T,) ’
° p C,RT} RT?
py M, _
A i
E Ko(Pi _Po)
_ po— (b +b,T,) _(p,— Do)

a, = ,anda, =

bZ(Ti_Tb) bZ(Ti_Tb)
Zeldovich number Z_is a dimensionless activation
energy [19] defined as the ratio of the diffusion

temperature scale 7, — 7, to the reaction temperature

RT;
scale [20] —~-.
E




Typical values of £, R and T, show that ¢ is a very

small value(RT 275 ~0), resulting in
E 9750
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For the problem described earlier, the initial and
boundary conditions may be expressed as,

0=1 =0, 0< & <o (10e)
c=1 =0, 0 < & < oo (10f)
Q=1 =0, 0 < & < o (109g)
99 _ =07, =0 (@on
g

=1 =07, & — 00 (10i)
Q=0 =07, E=0 (0
0=1 r=0", & — 0 (10K)
NUMERICAL RESULTS AND  GRID

DEPENDENCY OF THE SOLUTION

Equations 10a to 10k have been solved numerically
using finite difference scheme in fully implicit form.
A base case run using 500 spatial grid blocks has
been conducted as the reference solution. Simulation
of higher number of grid blocks proved that
simulation with 500 grid blocks gives accurate
results. Table 1 lists parameters used in these
simulations. Based on the values in Table 1 the

dimensionless  groupsZ,, 7, bulk  physical
properties of formation, adiabatic temperature and

dimensionless linear phase equilibrium constants
were calculated and listed in Table 2.

Initial hydrate saturation S ,,, 0.35

Porosity ¢ 0.2

Hydrate density p,, 919.7 kg/m®

Rock density p, 2650 kg/m®

Water density p,, 1000 kg /m®

Latent heat of reaction AH 477 kjlkg

Initial temperature 7. 288 °K

Heat capacity of water C . 4.18 kjl°Kkg

Heat capacity of hydrate C 1.6 kjl Kkg

Heat capacity of rock CPR 0.8 kjlKkg

Thermal conductivity of water

k,, 0.6 kwlKm

Thermal conductivity of

hydrate &, 0.393 kw/ Km

Thermal conductivity of rock

ky 15 kwlKm

Activation Energy E/R 9750 1/K

Linear phase equilibrium

constant b, -170.71 MPa

Linear phase equilibrium

constant b, 0.6327 MPal K

Initial pressure P, 1151 MPa

Pressure at the inlet £ 2213 MPa

Hydration number N, 575

Hydrate Molecular weight

M, 119.543 kg | kmole

Water Molecular weight M 18.02 kg | kmole

Water viscosity 0.001 Pa.S

Permeability power index m 15

Absolute permeability K, 1.00E-15m?
Table 1

Dimensionless pressure, hydrate saturation and
temperature profiles for the base case and two coarse
solutions using 100 and 50 grid blocks are shown in
Figure 1.




p-C, 2342.4 kjl Km®

k 1.306 kw/Km

a 5.57E-07m°* /S

T, 274.89 K

Z, 1.691

a -0.1206

a, 1.1206

7 0.002507
Table 2
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Figure 1. Dimensionless hydrate saturation,
pressure and temperature for the fine and coarse grid
simulations at dimensionless time = 30

The results shown in Figure 1 indicate that
deviations from reference solution are severe, and
that the coarse grid solution misses the reaction
front. This would lead to a smaller decomposed
zone and slower rate of gas generation. Simulation
studies of hydrates in porous media reported by
Zatsepina et al. [14] showed a similar response,
where the coarse grid solutions indicated a lower
rate of gas generation for a hydrate layer sandwiched
between two shale layers.

The difference between the coarse and fine-grid
solution is also shown in Figure 2, where the
dimensionless rate of hydrate decomposition is
shown. Similar deviations were observed in different
times and with different sets of parameters.

Reaction Rate = ~Z ce™’ (0 - d,,)
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Figure 2: Dimensionless rate of reaction from the
coarse and fine-grid solutions at dimensionless time
=30.

In the following we will develop a methodology for
improving the accuracy of the coarse-grid model.

APPLYING TAYLOR SERIES TO IMPROVE
THE COARSE-GRID SOLUTION

To improve the accuracy of the coarse-grid model,
we intend to develop a relationship for an
“equivalent” reaction-rate, which when incorporated
in the coarse-grid model improves its accuracy. We
use the following definition to represent the value of
a property over a coarse grid:
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where y can be temperature, pressure or hydrate

saturation and v represents a coarse grid in the
numerical model.

The fine-grid model was given by equations 10 as:
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where R = ce”™’ (6 - 0,,)is the fine-grid reaction
rate.
The coarse-grid numerical model [21] of equations

12 using definition of average variable (equation 11)
can be written as:

o _ ~ZR (13a)
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Where coarse-grid reaction rate R is defined as:

T [ce™*(0-0,)dv=ce(0-0,) (14)
\%
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The reaction rate R can be approximated by a
Taylor series expansion around the coarse grid
temperature, concentration and pressure.  For this
purpose, we define new variables ¢ '=c-c,

Q=Q-Qand 0'=6-0 , Which are the hydrate
saturation, pressure and temperature deviations from
the fine-grid solution, respectively. Thus,

R(0,0,¢)=R(0,0,c)

+ 6,6_9%+Q,6_9f{+c'8_91+ (15)
"0 T e
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If one applies the averaging operator to the reaction
rate, the averaged reaction rate can be expressed by:

R(0,0,¢)=%(6,0,¢)+

— 0*R 5 R —5 O*R
9/2 +Q!2 + 12
117 262 07 ¢ o (16)
2 2 Y- 2¢
+29,C,8_ER+ZQ,C,8_SR+29,Q, 0™
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The terms with first derivatives may be ignored [21].
The other terms account for the information that is
usually lost in a coarse grid numerical solution.

Using the definition of the reaction term,
R =ce”’ (- 6,,) one can obtain the derivative of

reaction with respect to various variables as required
in Equation (16) to obtain:

(17a)

12 2
g2 0N o 0N (17b)
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The derivatives expressed in Equatlon (17) need to
be evaluatedat 0 =6, Q=0Q,and ¢ =c.

The above system of PDE’s is a coarse grid
representation of the hydrate decomposition process
that requires both coarse and the fine-grid solutions.
However, the fine-grid solutions represented as
deviation terms ¢', Q" and &' are not available. It

is suggested [22,23] that the quantities (9’)2, 0’
and 0¢’ may be expressed in a form proportional to
0010¢ (0010¢)0Q10¢), (oci o¢)or o¢) and

(85/8§X62/6§), such that the final coarse-grid

model can be presented as a function of coarse-grid
solutions only. The common practice in a volume
averaging method [22,23,24,25] is to solve the
closure problem which is obtained by subtraction of
the fine-grid and the coarse-grid equations. Here,
due to the complexity arising from the nonlinearity
of the problem, subtraction does not lead to (an)
equation(s) in terms of the perturbed quantities.
However, consistent with the volume averaging
method [22,23] an appropriate approximation for the
deviation terms is linear proportionality of
temperature and concentration deviations with their
corresponding gradient. Using this approximation,
one may write:

(@) = a(@] (18a)
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Substituting Equations (18) in (17), leads to the
coarse-grid equations:
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where parameter « is the correction parameter or
coarse-grid parameter and is a function of coarse
grid size.

The terms in square-brackets of Equations (19a) and
(19b) are the corrections terms. However, the
coarse-grid formulation is not closed and the
correction parameter a needs to be determined. It is
expected that this parameter is a function of grid-
size. In order to find the correction parameter « a
series of numerical experiments were conducted for
different spatial grid sizes for each set of
dimensionless groups (i.e., Z, and ). The

correction parameter « for a specific reacting system
can be determined by matching the coarse grid
solution with the fine-grid or reference solution. To
evaluate the improvement in accuracy, we define a
numerical error as:

error = {U(c,u — W)Zdé]/Uwzdf]}m (20)

where y can be temperature, hydrate saturation or
pressure.

The correction parameter is obtained by
minimization of the numerical error given by
equation (20). By repeating the matching process the
correction parameter for different coarse-grid sizes
can be obtained, and the coarse-grid formulation



(equations 19) is complete. This can then be used
for subsequent large-scale simulation of hydrate
decomposition. In the following, we use the above
procedure for determining the parameter «, and
examine the success of this methodology in
improving the accuracy of the coarse grid model.

NUMERICAL RESULTS
FORMULATIONS
Equations 19 along with original boundary and
initial equations (equations 10e to 10k) have been
numerically solved using finite difference method in
fully implicit scheme.

USING NEW

It was found that the terms involving the derivatives
of dimensionless pressure in equation 19 may be
ignored without loss of accuracy. The correction
parameter o is selected based on minimum error
from the reference solutions. Figure 3 shows hydrate
saturation, pressure and temperature profiles for
reference solution (500) and for a coarse grid (100)
solution with and without applying Taylor series
correction for two different dimensionless times (20
right and 30 left). All the dimensionless groups and
other properties are kept constant during this
comparison (Ze=1.69andr =0.0025). Figure 3
demonstrates the improvement in the coarse solution
when the parameter o equals 2.

Figure 4 shows the difference between the fine- and
coarse-solutions (as expressed using equation 20) as
a function of a. It is observed that for different
dimensionless times (20 right and 30 left) a constant
value of a gives the best results. This behavior was
tested for other dimensionless times and a similar
result was obtained. It was found that « is
independent of time and that a constant value of «
honors all relations given in Equation 21.

The same procedure was repeated for a different set
of dimensionless parameters (Ze=  3.383
and 7 =0.00025). Figure 5 shows that similar
improvements were observed for a equals 1.25 for
two different dimensionless times (2 right and 3
left). Once again, regardless of the dimensionless
time, a constant value of « resulted in the most
improvement (see Figure 6). To find a relation
between the correction parameter and the grid size, a
number of simulations were conducted, and results

were expressed using a dimensionless grid
refinement ratio defined as the ratio of coarse grid
block size to the fine grid block size
A& oumse [AE 4 - The dimensionless groups were

kept constant during these runs (Ze=3.383
and 7 = 0.00025 ). The number of coarse grids were
50, 75, 100 and 125 while the reference or fine grid
uses 500 grid blocks. For 50, 75, 100 and 125 coarse
grid runs we were able to match the coarse grid
using Taylor series improvement to the reference
solution based on value of 6.1, 3.13, 2 and 1.35 for
correction parameter respectively. Results in Figure
7 suggest that the relationship between correction
parameter and dimensionless grid refinement may be
approximated by a straight line. The generality of
this observation requires further testing.

DISCUSSION
In this work, a methodology for improvement of
accuracy of coarse-grid simulation of hydrate
decomposition by the depressurization method was
presented. However, this work has a number of
limitations that are the subject of our current
research. These include:

e The correction parameter needs to be
determined as a function of dimensionless
groups identified in this work (Ze and )

e The applicability of this methodology needs to
be demonstrated in numerical simulators that do
not include the assumptions made in this study.

e The applicability of this method needs be tested
for 2D and 3D problems, where a major
enhancement in computation time may be
achieved.

Despite these limitations, the major contributions of

this work include:

e Demonstrating that the coarse-grid formulation
may be modified to improve accuracy.

e Once a correction parameter « is obtained, the
correction terms, are a function of the coarse-
grid solution alone (see Equation 19).

e It was found that a single correction parameter a
is sufficient to improve the accuracy of all
coarse-grid variables (pressure, temperature and
hydrate saturation). However, the correction
parameter is a function of grid-block size and
dimensionless groups controlling the solution.
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and without correction at dimensionless time = 2 (left) and 3 (right) Ze =3.383 and z = 0.00025 .
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SUMMARY AND CONCLUSIONS

Depending on how pressure reduction can diffuse
within the hydrate layer, a narrow decomposition
zone can exist during gas production from hydrate
reservoirs. A large contrast in the length scale of the
decomposition zone and that of diffusive heat and
mass transfer makes the process difficult to resolve
numerically unless a large number of numerical grid
cells are used. Such numerical simulations are
computationally expensive to perform.

In this study, a coarse-grid formulation for
numerical modeling of a one-dimensional gas
hydrate decomposition system is presented. The
presented formulation is based on a Taylor series
expansion of the reaction term and presents the
modification of the reaction term in the coarse
model that would allow an accurate solution. A key
parameter in this formulation is a or coarse-grid
correction parameter, which is a function of the
coarse-grid size. The value of o for each coarse-grid
model and each set of dimensionless groups can be
obtained by minimizing the deviation errors of
coarse-grid simulations from fine or reference
solutions. This parameter then can be used for
numerically solving a large scale and
computationally intensive case. It is shown that by
considerably reducing the numerical error, this
formulation could match the fine grid numerical
solution. In addition, for the cases tested it was
found that the coarse-grid correction parameter o, has
a linear relationship with dimensionless grid

refinement number defined as the ratio of coarse
grid block size to the fine grid block size. Results
obtained in this study for a one-dimensional problem
are promising in terms of reducing computational
time. We anticipate that the computational time
saving for multi-dimensional problems is more
promising. The presented formulation improves our
capabilities for conducting more accurate and faster
numerical simulation of industrial scale gas hydrate
reservoirs.
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