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Abstract

A number of dissociation techniques like depressurization, thermal stimulation, CO2 exchange, etc. have been
reported and investigated for natural gas hydrates in literature. However, dissociation of hydrate reservoirs is a
complex process that is actually governed by several parameters. Hence, when inspected closely, the dissociation
characteristics are a reflection of how these parameters are interlinked with each other. The present study is designed
to numerically simulate a matrix of 21 different cases, which comprises an in-depth analysis for thermal stimulation,
drawdown pressure, permeability, intrinsic rate constant, and thermal conductivity. The focus of the current study is
motivated by practical interest, which aims at deciphering the associated mechanisms with hydrate dissociation. Over
the years, different researchers have outlined the role of mechanisms such as heat transfer (HT), fluid flow (FF), and
dissociation (D). The governing mechanisms are deduced through mathematical fitting and plotting of thermodynam-
ic parameters for deciphering associated mechanisms. A “characteristic exponent” is determined for each of the cases
to identify and delineate the different mechanisms for each of the 21 cases. Further, energy conversion from hydrate
and energy quantification has been described in detail. As such, this information pool about hydrate dissociation is
vital and necessary for efficient energy harvesting from hydrate reservoirs from varied geological settings and
composition.

Keywords Natural gas hydrate - Energy recovery - Heat transfer - Hydrate dissociation - Fluid flow - Permeability

Introduction

In order to recover energy from gas hydrates, it is nec-
essary to understand the gravity of parameters associat-
ed with hydrate dissociation. When these set of param-
eters are investigated, an interesting flow of information
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occurs, which reveals crucial information regarding how
dissociation proceeds within the hydrate reservoir. Such
a study benefits the practical interest of energy harvest-
ing from hydrate reservoirs with varying thermodynamic
and geological parameters. These parameters mainly in-
clude thermal conductivity (Castaldi et al. 2006), perme-
ability (Tsypkin 1991, 1993), hydrate saturation (Yousif
et al. 1990; Castaldi et al. 2006), rate constant, wellbore
heating, drawdown pressure (Ahmadi et al. 2007a, b),
etc. During the dissociation process, the hydrate reser-
voir can be distinguished either sharply or approximate-
ly into two distinct zones where, in one zone, hydrate
has completely dissociated and, in the other zone, hy-
drate is more or less un-dissociated. These two regions
are separated by a transition region, which is termed as
the dissociation front. A number of investigations based
on dissociation front have been carried out by different
researchers based on analytical models (Selim and Sloan
1985, 1990; Ji et al. 2001; Ahmadi et al. 2007a),
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numerical simulations (Castaldi et al. 2006; Bai and Li
2010; Konno et al. 2010; Li et al. 2014), and experi-
ments (Ullerich et al. 1987; Yousif et al. 1991; Li et al.
2012)

With regard to the progression of dissociation front, the
progression characteristics have been classified into two main
types, i.e., piston type (Castaldi et al. 2006; Zhang et al. 2010)
and non-piston type (Du et al. 2007; DU et al. 2008; Hong and
Pooladi-Darvish 2018) Several researchers have highlighted
these characteristics of dissociation front. Ahmadi et al.
(2007a) used their analytical model to propose that dissocia-
tion front varies as a function of the square root of time.

A number of recent studies have established the ben-
efit of numerical studies toward better inferring under-
lying dissociation mechanisms. Extraction technologies
like thermal stimulation and depressurization (Rice
2003) along with their dependence upon heat transfer
and fluid flow (Hamaguchi et al. 2007) were investigat-
ed. The different scenarios emerging due to the domi-
nance of different mechanisms were numerically
reproduced by Shi et al. (2018) through their robust
numerical model. An in-depth study targeting the crucial
role of heat flux (Uddin et al. 2008a) and kinetics
(Uddin et al. 2008b) of hydrate dissociation and growth
was performed by Uddin et al. (2008a, b).

As mentioned previously, the dissociation behavior chang-
es with thermal conductivity, depressurization, particle size,
permeability, thermal stimulation, and intrinsic rate constant
(Li et al. 2020). Therefore, it is necessary to understand the
shift which occurs due to the variation of the aforementioned
parameters. The present study is designed to explore this gap
in literature.

Further, a significant gap in the literature exists regarding
the determination of “dominant” hydrate dissociation mecha-
nisms, namely, heat transfer, fluid flow, and dissociation.
Previous works describing mechanisms in a discrete manner
include that of Kim et al. (1987) (intrinsic kinetics only). Their
model was improved upon by Selim and Sloan (1989) (con-
ductive heat transfer and fluid flow), Jamaluddin et al. (1989)
(heat transfer and dissociation kinetics), and Yousif et al.
(1991) (fluid flow of gas, water, and intrinsic kinetics). A
more definitive work was accomplished by Moridis (2003)
and Hong et al. (2003), who developed numerical and
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analytical models that featured fluid flow, heat transfer, disso-
ciation kinetics, and accounting for porous media.

The present study addresses the need for a “criterion”
to identify the dominant hydrate dissociation mecha-
nisms for a particular case. As such, this information
is identified by considering the wide variety of features
in dissociation front have been reported by Ullerich
et al. (1987), Selim and Sloan (1990), Yousif et al.
(1991), Ahmadi et al. (2007a) and Azizi et al. (2016).
These features are identified using plots of thermody-
namic parameters, namely temperature, pressure, and
hydrate saturation. Further, dissociation front is identi-
fied for each of the cases, and its transient variation is
spatially tracked and mathematically fitted to an expo-
nential function. An effort is made toward identifying a
characteristic range of exponent for the different hydrate
mechanisms, namely heat transfer, fluid flow, and dis-
sociation. Further, we have also categorized the range of
characteristic exponents along with their respective
shapes (piston/non-piston/extended/stable) as well com-
bination of mechanisms such as heat transfer + fluid
flow, etc. In addition, energy conversion with respect
to parametric analysis and quantitative analysis for each
case is also performed to clearly infer the sensitivity
toward maximizing hydrate dissociation.

Numerical modeling setup

In the present studies, a numerical has been developed
for the purpose of numerical modeling the conceptual-
ized hydrate reservoir. The framework can be used for
numerical modeling of both field-scale and lab-scale ex-
periments. The constituting model equations for the nu-
merical framework are described as follows:

Model equations

I. Mass balance equation for methane (CH4)

m
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II. Mass balance equation for water (H,O)
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IIl. - Mass balance equation for inhibitor 1987. The rate of hydrate dissociation (mH> is expressed
mathematically as
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k Here, ky denotes dissociation rate constant, F', denotes area
v [_ " rAqPAq xj; , (V Pag—p » g) + 4y, x;q (3) adjustment factor, A is the area taking part in the reaction, and f°
Hag denotes fugacity of the gas phase.
) Further, the dissociation rate constant (ky) is expanded as
IV. Mass balance equation for hydrate
ko = kd0.e(%) (6)
J where kd0 is the intrinsic hydration reaction constant and
7 {pSupy} = —m Iy (4) E, denotes hydration activation energy.

The rate of hydrate dissociation is determined using the
kinetics described by the Kim-Bishnoi model proposed in

V. Energy balance equation
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Here, p;, ¢, S;, and K; represent density, porosity, satura-
tion, and thermal conductivity of ith phase(methane, water,
hydrate, and rock), respectively.

Numerical framework validation

To test the reliability of the developed numerical framework,
experimental studies conducted by Yousif et al. (1991) are used
as benchmark for validation. More specifically, experimental re-
sults of cumulative methane produced and transient position of
dissociation front are validated against the numerical prediction
of the model. Yousif et al. (1991) carried out experimental hy-
drate formation and dissociation on sandstone cores. In the pres-
ent study, 1-D numerical model with Ax=0.3cm (grid size=50)

was used for simulation. The relevant parameters used in the
simulation are described in Table 1.

Table 1 Relevant simulation parameters used for experimental
validation

S. No Parameter Value
1 Length of domain 15cm
2 Absolute permeability, md 100

3 Temperature, K 274

4 Initial pressure, MPa 3.17
5 Porosity, % 18.8
6 Initial hydrate saturation, % 42.76
7 Initial water saturation, % 17

8 Depressurization, PO(MPa) 2.495
9 AE/R (K) 9400
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The rate constant was fitted to the experimental value with
a value of k0= 2.4x10* (mol/m?.Pa.Sec). As can be seen from
Figures 1 and 2, the numerical predictions are fairly accurate
with error, €, less than 2%. Hence, in view of the above val-
idation, it is justified that the developed framework is reliable
and capable of simulating hydrate dissociation behavior.

Case setup

As the dissociation of hydrate proceeds with time, the hydrate
reservoir can be divided into two discrete zones. The first zone
consists of dissociated hydrate; i.e., when complete dissocia-
tion of hydrate occurs, the hydrate saturation becomes zero
(Sh=0), while the other zone consists of un-dissociated hy-
drate where hydrate saturation is essentially nonzero (Sh#0).
The un-dissociated hydrate zone may include different sub-
zones where hydrate saturations are of different magnitudes
(partially dissociated) and, essentially, nonzero. The interface
where these two discrete zones meet is termed as the dissoci-
ation front.

For the present studies, a 1-D conceptual model of a hy-
drate reservoir having a length of 1.0m is considered. The
realized model of hydrate reservoir is also shown (see Fig.
3). The production well for gas is located at x=0 (see Fig. 3).
To ascertain an appropriate cell size for discretization, the grid
independence test is carried out using dissociation front as the
parameter.

Grid independence test

Before beginning any rigorous numerical study, it is essential
to use a grid number that is sufficiently fine enough to capture
the modeled phenomenon adequately. Generally, an appropri-
ate grid number is selected when the value of a specific “quan-
tifiable parameter” tends to be replicated (remains approxi-
mately the same) over several different grid sizes. In the
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Fig. 1 Cumulative methane produced during depressurization (Yousif
etal. 1991)
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Fig. 2 Transient evolution of dissociation front during depressurization
(Yousif et al. 1991)

present study, “hydrate dissociation front location” is chosen
as the parameter for conducting the grid independence study.
As mentioned above, for a domain length of 1m, mesh 1 (5
grids, Ax=0.2m), mesh 2 (10 grids, Ax=0.1m), mesh 3 (20
grids, Ax=0.05m), and mesh 4 (30 grids, Ax=0.033m) have
been investigated for tracking dissociation front. The transient
location (spatial 1D) of dissociation front is depicted below.
As shown in Figure 4, grid size 5 shows a rough estimation
of the tracked dissociation front. When the grid size is in-
creased to 10, the dissociation front shows a much more ac-
curate and refined behavior. However, halfway between the
domain length, x/L=0.5, the dissociation front shows devia-
tion from the previously overlapping curves. When the grid
size is increased to 20, the initial behavior is replicated, and
the further behavior of dissociation front is refined. In order to
confirm that grid size 20 is capable of simulating the behavior
accurately, a grid size of 30 was also used for simulation. As

Production Well
Location (X=0)

Dissociated

Hydrate

Zone
[Sh=0]

Dissociation Front (X)

Hydrate
(Un-dissociated)

[Sh=0]

Fig. 3 Illustration of conceptualized hydrate reservoir model with
production well, dissociation front position, and hydrate zones.
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Fig. 4 Grid independence test: spatial location of dissociation front for
the base case (#B) for different grid sizes

can be noted from the figure (see Fig. 4), the dissociation front
shows an overlapping behavior for both grid size 20 and grid
size 30. Hence, in light of the above discussion, grid size 20 is
chosen as the appropriate grid size for conducting further nu-
merical simulation in this study.

Simulated case matrix

The different hydrate dissociation mechanisms like heat trans-
fer, flow-controlled, and hydrate dissociation are investigated
in the present study. The present study is based on the sand-
stone hydrate reservoirs. More specifically, the parameters
used are based on sandstone reservoirs discovered in the
Nankai Trough (Takano et al. 2009), at a depth of 1100—
1250m. The overall dissociation mechanism is actually a com-
plex function of different parameters like overall thermal con-
ductivity (K), intrinsic permeability (k), wellbore heating tem-
perature (7},), bottom hole pressure (Py), and rate constant
(kqo)- Here, it must be noted that K represents thermal conduc-
tivity under (liquid) saturated conditions. The intrinsic perme-
ability of porous media is measured prior to the hydrate for-
mation. For the base case, the values are thermal conductivity
(K=3.1W/m.K), intrinsic permeability (k=2.96x10"'%),
wellbore heating temperature (7,=278.15K), bottom hole
pressure (P,=2.7MPa), and rate constant (kgo=3x10* mol/
mz.Pa.Sec).

The case matrix has been designed with a view to investi-
gate these influencing parameters outlined in the literature. In
total, 20 cases have been simulated to clearly delineate the role
of these parameters in determining the dissociation behavior.

Results and discussion

The cases designed in Table 2 are simulated to ascertain the
extent of their influence in determining the hydrate dissocia-
tion behavior. The Results and discussion section has been
divided into three subsections to allow better understanding
and smooth transition into the advancing stage of inferring

results. These subsections entail discussions on (i) quantitative
analysis and energy conversion and (ii) thermodynamic pa-
rameters, namely pressure, temperature, and mathematical
fitting for determining characteristics of DF, i.e., piston-/
non-piston-type front. The final section (iii) is based on
deciphering the mechanisms associated with each of these
cases. To better assess the impact of each parameter, a base
case (indented B) in Table 2 is taken as a reference.

Energy conversion and quantitative analysis

To evaluate the influence of different techniques and parame-
ters, quantitative analysis, i.e., gas produced (Kg or m3), is
necessary. Moreover, the extent of hydrate dissociated directly
amounts to energy conversion. For clarity, plots of CH4 pro-
duced vs. time and hydrate converted to energy are depicted in
Fig. 5.

Wellbore heating

As shown in Fig. 5., wellbore heating influences the cumula-
tive mass of CH4 produced. With increasing wellbore temper-
ature, the initial rate of CH4 production remains nearly the
same. However, with slow heat diffusion within the reservoir,
cumulative CH4 produced doubles during the latter period.
The energy conversion from hydrate can be inferred from
the bar chart. As can be noted, energy conversion shows a
directly proportional relationship with temperature. From a
low value of 52% for case al, the conversion efficiency in-
creases to 64% for case a2 and 94% for case a3, and 100%
dissociation of hydrate and subsequent conversion to energy is
observed for case a4.

Intrinsic rate constant

For intrinsic rate constant, as can be noted from CH4 time
plot, for case el with a low intrinsic rate constant, the cumu-
lative mass of CH4 produced reaches around 16Kg. For case
e2, a reduced intrinsic rate constant by a factor of 10 does not
appreciably reduce the cumulative mass of CH4 produced.
Similar behavior is observed for cases e3 and e4, respectively.
Overall, the net production curves for cases el, €2, €3, and e4
show close proximity, which implies that changing intrinsic
constant hardly affects the net production. A similar trend is
observed in energy conversion where hydrate dissociation and
its subsequent conversion essentially remain in close proxim-
ity of 80%. Therefore, it is inferred that the sensitivity of the
intrinsic rate constant is relatively low when it comes to
influencing the cumulative production of methane gas from
hydrate reservoirs.
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Table 2  Different cases with respective values

Caseno. Rate constant  Intrinsic Permeability =~ Thermal conductivity =~ Wellbore heating temp. ~ Bottom hole pressure  Initial conditions
kdO k K Tb (K) Pb
—pol_ (m?) (W/m.K) (MPa)
Base (B)  3x10* 2.96x1071 3.1 278.15 2.7 Sg=0
Sw=0.5
al 3x10* 2.96x107" 3.1 274.25 27 Sg=0
Sw=0.5
a2 3x10* 2.96x107'* 3.1 275.3 27 Sg=0
Sw=0.5
a3 3x10* 2.96x10°'* 3.1 280.15 2.7 Sg=0
Sw=0.5
a4 3x10* 2.96x107'* 3.1 281.65 27 Sg=0
Sw=0.5
bl 3x10* 2.96x107" 11 278.15 2.7 Sg=0
Sw=0.5
b2 3x10* 2.96x107'* 2.1 278.15 27 Sg=0
Sw=0.5
b3 3x10* 2.96x10°" 6.1 278.15 2.7 Sg=0
Sw=0.5
b4 3x10* 2.96x107" 9.1 278.15 27 Sg=0
Sw=0.5
cl 3x10* 2.96x107"* 3.1 278.15 4 Sg=0
Sw=0.5
2 3x10* 2.96x10°1* 3.1 278.15 3 Sg=0
Sw=0.5
3 3x10* 2.96x107"* 3.1 278.15 2 Sg=0
Sw=0.5
c4 3x10* 2.96x107" 3.1 278.15 1 Sg=0
Sw=0.5
dl 3x10* 2.96x10 ' 3.1 278.15 27 Sg=0
Sw=0.5
d2 3x10* 2.96x10 3.1 278.15 2.7 Sg=0
Sw=0.5
d3 3x10* 2.96x10 15 3.1 278.15 27 Sg=0
Sw=0.5
d4 3x10* 2.96x10 ¢ 3.1 278.15 2.7 Sg=0
Sw=0.5
el 3x10? 2.96x107" 3.1 278.15 2.7 Sg=0
Sw=0.5
e2 3x10° 2.96x107'4 3.1 278.15 27 Sg=0
Sw=0.5
e3 3x10° 2.96x107"* 3.1 278.15 2.7 Sg=0
Sw=0.5
4 3x10° 2.96x107'* 3.1 278.15 2.7 Sg=0
Sw=0.5

The bold values indicate the changed values of parameters for each of the case index, i.e. a, b, ¢, d, and e, respectively

Intrinsic permeability

In case of intrinsic permeability, a much more diverse trend is
observed regarding the cumulative production of methane.
Contrary to expectation, high intrinsic permeability case d1
shows a much lower cumulative methane production than that
of the base case. This occurs due to a high magnitude of

@ Springer

differential pressure, AP. A detailed explanation is given in
the next section, where thermodynamic parameters are
discussed. For cases d2 and d3 with a much-reduced perme-
ability, the production curve follows the base case. However,
a much-reduced permeability restricts the flow of gas and
pushes the hydrate into the stability zone. The energy conver-
sion from hydrate roughly reached up to 80% for cases d2 and
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Fig. 5 (a) Mass of CH4 produced and (b) energy conversion from
hydrate (%). Wellbore heating: cases al, a2, a3, and a4. Overall thermal
conductivity: cases b1, b2, b3, and b4. Depressurization: cases cl, c2, c3,

d3, whereas in cases d1 and d4, only 52% conversion is
achieved.

Thermal conductivity

The effect of thermal conductivity is studied in cases b1, b2,
b3, and b4. From the cumulative gas production plot, it can be
noted that complete hydrate dissociation occurs for case b4
and the resulting production curve reaches a saturation value.
A similar trend is observed for case b3 as well, where CH4
production reaches the maximum value and touches the satu-
ration limit. Moreover, the overall line plot of CH4 shows a
much wider distribution, which implies that thermal conduc-
tivity indeed plays a crucial role in determining the dissocia-
tion behavior. The energy conversion from hydrate shows an
increasing trend with increasing thermal conductivity. For the
base case, the energy conversion efficiency is found to be
80%, while for much lower thermal conductivity than the base
case, energy conversion efficiencies of 63% and 78% are ob-
served. On the other hand, a higher thermal conductivity than
the base case promotes heat dissociation within the sediments,
promoting thermal stimulation, and subsequent complete dis-
sociation of hydrate is observed, i.e., 100% hydrate dissocia-
tion to release methane.

Depressurization

Depressurization is investigated through 4 different cases cl, c2,
¢3, and c4, respectively. Here, the driving force is the differential
pressure, and the different cases are designed to provide magni-
tudes that are relatively large and relatively low. As can be noted
from Table 2, cases c¢3 and c4 have a large driving force for
depressurization. While cases cl and c2 have a much smaller
driving force, it is evident from Fig. 5 that the increasing
depressurizing leads to the rapid dissociation of hydrate. Notice
the almost vertical lines from cumulative CH4 production from

and c4. Intrinsic permeability: cases d1, d2, d3, and d4. Intrinsic rate
constant: cases el, €2, €3, and ¢4

the line plot indicating that hydrate dissociates rapidly and, con-
sequently, reaches a saturation limit indicated by the horizontal
line. The same trend is observed for cases c2 and c3. For cases,
cl and c2, a much more gradual release of methane occurs. The
cumulative methane produced for cases c1 and c2 is lower than
that of the base case for the runtime of 10 days’ period. The
energy conversion from hydrate for cases ¢3 and c4 is found to
be 100% due to complete dissociation of hydrate. However, for
cases ¢l and c2, the energy conversion from hydrate is found to
be 40% and 78%, respectively.

Characteristics of dissociation front, thermodynamic
pressure, and temperature

In order to deduce the mechanisms governing the dissociation
of hydrate for different cases, it is imperative to analyze the
thermodynamic parameters. For his study, thermodynamic
parameters like pressure distribution within the reservoir,
equilibrium pressure calculated using the temperature distri-
bution, and spatial hydrate saturation distribution have been
plotted and investigated for each case.

The characteristic features of the dissociation front are de-
termined using a sensible and practical criterion of fitting ex-
ponent. The classification is based on the exponent value,
which varies between 0 to 0.5 and 0.5 to 1 (see Fig. 6b).
This criterion, in combination with advancing characteristics
of spatial hydrate saturation plot, provides relevant informa-
tion for this purpose. Further, here, the advancing features of
spatial hydrate saturation plot are classified as piston type,
stable non-piston type, and extended non-piston type, depend-
ing upon the shape of the hydrate saturation plot.

Base case description

In the base case, as shown in Fig. 6a, the spatial saturation plot
shows a sharp cusp at the point of transition. This shape of the
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Fig. 6 a Spatial variation of reservoir and equilibrium pressure along with hydrate saturation for the base case. b Advancing characteristics with fitting

exponent

curve is referred to as the piston type. Such behavior indicates
that hydrate saturation behaves in a similar way as that of a
piston. In terms of hydrate dissociation, it means that hydrate
dissociation is limited to a small region. This small region
demarcates the zone of fully dissociated hydrate and non-
dissociated hydrate. In another way, it implies that the disso-
ciation front range is relatively narrow, and a sharp dissocia-
tion front is formed.

Referring to Fig. 6b, the fitting exponent is found to be
0.59, which is in close proximity to 0.5. Moreover, as shown
in Fig. 6a, the reservoir pressure decreases to the bottom hole
pressure throughout the grid, which implies that fluid flow
does not play a major role. It can also be noticed that equilib-
rium pressure shows a rapid transition from its initial value of
4.3MPa to, finally, where it nearly overlaps with the reservoir
pressure. Moreover, the foot of the piston, i.e., dissociation
curve, coincides with the spatial position where equilibrium
pressure approximately becomes equal to the reservoir pres-
sure. Therefore, it can be concluded that heat transfer plays the
governing role in the base case.

Effect of different wellbore heating temperatures

For the wellbore heating cases, al, a2, a3, and a4, the figures
are depicted in Fig. 7. As mentioned earlier, subfigures a and b
illustrate the variation of pressure within the reservoir and
equilibrium pressure followed by the evolution of hydrate
saturation within the reservoir. The latter figure, i.e., subfigure
b, depicts the fitting of dissociation front in order to determine
the range of exponent and consequentially decipher and attri-
bute the associated mechanism with each case. To avoid con-
fusion within the 4x2 matrix of figures, each case has been
labeled below with its respective value.

From Fig. 7a, for case al, it is evident that the evolution
curve of hydrate saturation depicts a gradual transition be-
tween the dissociated and un-dissociated hydrate zone. As
hydrate dissociation extends over a single grid, such a disso-
ciation front is relatively narrow and is termed as a stable non-
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piston type. Additionally, in the same Fig. 7a, the pressure
within the reservoir along with equilibrium pressure shows a
distinct behavior. More precisely, the pressure distribution
within the reservoir is much higher than the equilibrium pres-
sure within the hydrate zone. This essentially means that fluid
flow is the dominant mechanism that governs the behavior of
this system. Moreover, it can be estimated that during the late
dissociation stage, where reservoir and equilibrium pressure
overlap, heat transfer will play a key role in determining fur-
ther dissociation behavior. Hence, overall, it can be stated that
fluid flow and heat transfer are the controlling mechanisms
characterized by a high exponent value of 0.75.

For case a2, the pressures and the saturation curves depict
similar inherent characteristics as those for previous case al.
However, unlike case al, where the reservoir pressure curves
and equilibrium pressure curves are distinctly separated from
each other, these curves for case a2 depict a much closer
approach toward each other. Reduced heat transfer plays a
vital role along with fluid flow in controlling the dissociation
within the reservoir. This essentially implies that, compara-
tively, heat transfer plays a far more dominant role in case
a2. Additionally, the saturation curve exhibits the same stable
non-piston-type characteristics. Hence, controlling mecha-
nisms for case a2 are stated as heat transfer and fluid flow
with an exponent of 0.57.

For case a3, it must be noticed from the saturation curve
that hydrate dissociation extends to two distinct grids. Also, it
can be seen that there is a gradual transition from the dissoci-
ation zone to the hydrate zone. Such type of characteristic
saturation curve is inferred as extended non-piston-type dis-
sociation front. It means that the dissociation zone extends to a
much larger zone in comparison to previous cases al and a2.
Next, the pressure curves show strong overlapping trends,
which means that there is a limited heat supply. As such, the
overall controlling mechanism is governed by dissociation
and heat transfer, respectively.

For case a4, similar inherent characteristics as that of case
a3 are observed, which are attributed to the same mechanisms,
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i.e., dissociation and heat transfer with characteristic exponent
value near 0.5.

Effect of varying overall thermal conductivity

The effect of thermal conductivity is investigated using cases
bl, b2, b3, and b4 (see Table 2). The plots of thermodynamic
parameters, namely, reservoir, equilibrium pressure, and sat-
uration progression, are depicted in Fig. 8.

For case b1, from Fig. 8a, it can be seen that the saturation
curve exhibits dissociation, which extends over a single grid,
which is termed as stable non-piston-type dissociation front.
Moreover, the equilibrium and reservoir pressure curves show
close proximity, which implies that both fluid flow and heat
transfer are relevant mechanisms for this case. These com-
bined controlling mechanisms are exhibited by a characteristic
exponent value of 0.60.

In case b2, similar patterns are observed for both plots of
hydrate saturation and pressure. The closely approaching pres-
sure curves indicate limited heat transfer. Moreover, a close
analysis of pressure values indicates that the system behavior
approaches more toward being controlled by heat transfer, in
comparison to the magnitude of governance through fluid
flow. However, overall for case b2, the characteristic curves
of'the system confirm that both heat transfer and fluid flow are
relevant with a characteristic exponent of 0.57.

With a further increase in thermal conductivity of sedi-
ments, we arrive at the base case. Recalling from the previous
section, the controlling mechanism for the base case is found
to be heat transfer only. This is in accordance with our analysis
and understanding of the previous case, which indicates that
the system approaches more toward being governed through
heat transfer only.

For case b3, we have a much higher thermal conductivity
than the base case. The shape of the saturation curve (see Fig.
8a) indicates that the dissociation zone extends over two grid
nodes, which indicates that the dissociation front extends over
a range rather than a sharp one. Hence, as aforementioned in
the previous sections, the dissociation front is categorized as
an extended non-piston type. The pressure curves from Fig. 8a
show an overlapping trend, which indicates limited heat trans-
fer. Additionally, it can be noticed from Fig. 8a that the point
of overlapping of reservoir and equilibrium pressures does not
match the foot coordinate of dissociated hydrate zone (refer to
saturation curve). Therefore, it means that dissociation is the
controlling mechanism along with heat transfer. The behavior
of the system is characterized by an exponent value of 0.51.

For case b4, we again observe similar patterns for satura-
tion and pressure curves. Hence, it is reasonable to conclude
that controlling mechanisms for this case are the same, i.e.
dissociation combined with heat transfer. The relative magni-
tudes for these mechanisms definitely tend to be somewhat
comparable because of the shape of the dissociation curve
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(inferred from saturation plot). This is because the saturation
curve shows a plateau formation. In case of dissociation mech-
anism domination, the dissociation curve shows a far flatter
curve that rises much more gradually over an extended part of
the domain. Hence, in such a scenario, the dissociation mech-
anism is stated to be more dominating than its counterpart, i.e.,
whether heat transfer or fluid flow. Such a case is discussed in
the upcoming section.

Effect of different depressurization magnitudes

Depressurization is studied in cases cl, ¢2, c3, and c4. The
plots of thermodynamic parameters are depicted in Fig. 9.
Like previous sections, Fig. 9a and Fig. 9b describes the pres-
sure, saturation, and mathematical fitting for characteristic ex-
ponent for each of these cases.

Case cl describes a scenario where a small magnitude of
depressurization is given as a perturbation to the system in
order to move the system toward instability or “out of gas
hydrate stability conditions (P, T).” Since initial temperature
of the reservoir is 278.15K, the equilibrium pressure turns out
to be approximately 4.3MPa. The depressurization for cl is
carried out using a pressure of 4MPa. The response of the
reservoir is depicted in Fig. 9a, which indicates that pressure
drops throughout the reservoir to approximately bottom hole
pressure, i.e., 4MPa. The close approaching pressure curves
indicate that the limited heat transfer mechanism alone deter-
mines the pace of hydrate dissociation. As can be seen, the
dissociation zone is very narrow (see Fig. 9a), and the hydrate
saturation curve indicates that the progressing dissociation
front follows a piston-like dissociation.

For case c2, the increased depressurization magnitude is
reflected in a more extended depressurization throughout the
hydrate reservoir. As reported in Fig. 9a, the saturation curve
shows a more subtle dissociation, which is classified as a
stable non-piston-type dissociation front. The pressure curves
show a similar closely approaching trend. However, the de-
tailed values indicate that heat transfer and fluid flow are the
contributing mechanisms for the present case.

In case c3, as can be seen from Fig. 9a, an interesting
dissociation pattern is revealed. Notice how the equilibri-
um pressure curve tends to saturate at a certain interme-
diate value between 2 and 3MPa. It essentially means that
the temperature within the hydrate reservoir becomes con-
stant. Therefore, the driving force is only due to pressure.
The pressure difference is the only driving force for sus-
taining hydrate dissociation. It is also observed that hy-
drate saturation reduces within the extended part of the
domain, which is inferred as an extended non-piston-like
dissociation front. Moreover, toward the latter end of the
reservoir, hydrate dissociation is more controlled due to
limited heat transfer. Hence, it can be inferred that dom-
inant mechanisms for case c3 are dissociation and heat
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transfer. A similar discussion and arguments can be pre-
sented for case c4. Here also, the same characteristics as

the previous
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case are observed. Hence, the dominant

mechanisms for case c4 are attributed to dissociation
and heat transfer.
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Effect of different intrinsic permeability

The impact of different intrinsic permeability is studied in
cases d1, d2, d3, and d4. For case d1, we have considerably
high permeability. As can be noticed from the plots (see Fig.
10a, case d1), the dissociation front can be seen to be extended
over several grid points. This indicates that an extended non-
piston dissociation front is present. A closer look (not shown
here) indicates that equilibrium and reservoir pressure main-
tain close proximity to each other but do not overlap.
Amalgamating the above two observations indicates that dis-
sociation and fluid flow are the key mechanisms for case d1.
The dissociation front shows a characteristic exponent value
of 1 (linear fitting).

For case d2, with permeability reduced by a factor of 10,
we see a much tighter progression of dissociation front. This is
reflected in a much narrower dissociation front depicted in
Fig. 10a for case d2. The saturation curve forms a typical
extended non-piston-type shape. The pressure curves of equi-
librium and reservoir tend to overlap each other, indicating
that only heat transfer limits the hydrate dissociation among
heat transfer and fluid flow. Overall, the key mechanisms for
case d2 are heat transfer and dissociation. Moreover, the char-
acteristic exponent for case d2 is found to be 0.57.

For case d3, the permeability is further reduced by a factor
in comparison to case d2. As a result, the dissociation zone
narrows down further. Unlike the previous case d2, we see
that the dissociation front extends to only two grids. This is
classified as a stable non-piston-type dissociation front.
Moreover, it is noticeable from Fig. 10a that the pressure
and saturation curves show consistency in the overlapping of
pressures curves, and the point where hydrate saturation be-
comes nonzero. This means that heat transfer actually limits
the dissociation. Hence, its inferred from the shape of the
saturation curve and overlapping of pressure curves that heat
transfer and dissociation are the active mechanisms for case
d3. In terms of magnitude, unlike previous case d2, heat trans-
fer dominates the dissociation mechanism.

Case d4 illustrates a classic case of how the hydrate
dissociation mechanisms switch from one combination
to another. Moreover, the transition from twin mecha-
nisms to a single most dominant mechanism is also
described in this case. As can be observed from Fig.
10a, unlike the previous three cases, the pressure curves
show an increasing trend for this case (d4). This is
expected because decreased permeability restricts the
flow of gas within the reservoir. Hence, the pressure
within the reservoir increases at the point where equi-
librium and pressure curves meet. Beyond this point, the
pressure increases, which implies that “secondary hy-
drate formation takes place.” These localized pressure
zones shift the equilibrium, which pushes the hydrate
into the stability zone. In this scenario, limited heat

transfer accounts for determining the dissociation behav-
ior of hydrate within the reservoir. Moreover, as shown
in Fig. 10a saturation curve, a spike in hydrate forma-
tion confirms our inference from pressure curves. The
shape of the saturation curve indicates that a piston-like
dissociation occurs within the reservoir.

Effect of varying intrinsic rate constant

The impact of the intrinsic rate constant is investigated in
cases el, €2, €3, and e4. In case el, with a relatively low value
intrinsic hydration rate constant, it is observed that the satura-
tion plot depicts a dissociation front, which is extended over
several grid indices (see case el: Fig. 11a). The dissociation
front shows a linear fitting, which implies dissociation occurs
at a uniform rate within the reservoir. Moreover, it is observed
that pressure curves of equilibrium and reservoir tend to as-
ymptotically approach each other, indicating that fluid flow
and dissociation play a key role in determining the extent of
dissociation within the reservoir. The fitting of dissociation
front yields the characteristic exponent value of 1 (linear fit).

In case e2, with higher intrinsic hydration constant, the
dissociation front assumes a more of a parabolic shape (see
case e2: Fig. 11b). This indicates that during the initial stage of
dissociation, the rate of dissociation is relatively high.
However, during the latter stage, the dissociation along with
heat transfer determines the dissociation pattern. Another in-
dication confirms that the above understanding can be seen
from the shape of the saturation curve. As can be observed
from Fig. 11a, the dissociation zone can be seen to extend over
a couple of grids. This is in accordance with our inference
from the pressure curves and dissociation front plot. As such,
the saturation plot is classified as a stable non-piston type with
a characteristic exponent value of 0.59.

For case €3, as can be noticed from the saturation plot, the
dissociation zone is limited to a small portion of the domain.
This indicates that dissociation proceeds in discrete portions
completely before moving in deeper within the reservoir.
Hence, it is inferred that a piston-like dissociation front is
formed. The pressure and equilibrium curves coincide with
each other, which implies heat transfer limits dissociation pro-
gression within the reservoir. Moreover, as can be noticed in
the base case, a similar exponent value is obtained for the
dissociation front governed through similar dissociation
mechanisms.

For case e4, a much higher value of intrinsic hydration rate
constant, i.e., 100 times the base case, is considered. However,
as can be noticed by comparing the base case figures (Fig. 6a
and b) and case e3 (Fig. 11a and b) with case e4, no major
changes in inherent characteristics can be inferred. Hence, it’s
concluded that a piston-like dissociation front, along with heat
transfer, is the characteristic feature and mechanism for case
ed.
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Dissociation mechanisms of hydrate (single/combined
mechanisms)

In this section, an attempt is made to understand and correlate
the transitions of mechanisms among the case matrix of dif-
ferent parameters (see Fig. 12).

Beginning with wellbore heating, it is observed that, ini-
tially, fluid flow acts as the dominant mechanism for low
values of thermal stimulation. However, for higher values of
thermal stimulation, a shift in mechanism is observed. The
transition from fluid flow to heat transfer occurs on account
of pressure reaching equilibrium within the reservoir. Further,
it’s observed that even though for higher values of wellbore
heating, dissociation does play a part in governing the disso-
ciation. However, heat transfer still plays a major role in
governing the dissociation within the hydrate reservoir.

In the case of thermal conductivity, it is inferred that fluid
flow plays a critical role in the progression of dissociation
front within the reservoir in a stable non-piston-like dissocia-
tion mode. However, with increasing thermal conductivity,
the heat diffusion progresses deeper within the reservoir. As
aresult, dissociation, unlike previous cases, occurs on account
of the dissociation mechanism. This is exactly what is ob-
served in the result for cases b3 and b4, where an extended
non-piston-like dissociation front is formed.

For depressurization cases, it’s observed that the dissocia-
tion front is governed by heat transfer alone as the limiting
mechanism for small depressurization driving force. This is
reflected in piston-like dissociation front for case cl.

However, for a much larger driving force of depressurization,
it is observed that fluid flow mechanism followed by dissoci-
ation emerges as the contributing mechanisms for depressur-
ization. The transition of these mechanisms is reflected in the
extended non-piston-like dissociation front.

For permeability cases, a strong pattern is observed during
the course of hydrate dissociation. For high permeability case,
as expected, the fluid phases are expected to move freely.
However, due to a high depressurization driving force, the
fluid movement within the reservoir becomes a governing
mechanism due to the rapid dissociation within the reservoir
in the initial stages. The explanation for such behavior is
reflected in the previous section of Depressurization (cases
c3 and c4). This rapid production increases the pressure lead-
ing to secondary hydrate, and consequently, fluid flow is re-
stricted for even such high permeability. Thus we see that for
case d1, dissociation along with fluid flow determines the
dissociation. Moving on further toward lower permeability
cases, we see that the dissociation mechanism is insignificant,
whereas heat transfer plays a far more dominant role in the rest
of the three cases. For intrinsic rate constant cases, it is de-
duced that low hydration rate constant values lead to dissoci-
ation, which is governed by dissociation and fluid flow with
dissociation mechanism having a much larger magnitude than
its counterpart. However, with a progressive increase in rate
constant values, €2, €3, and e4, the dissociation front is con-
fined within a much smaller range and moves in a piston-like
manner and governed through heat transfer alone as the dom-
inant mechanism.
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Fig. 12 Illustrating the different mechanisms associated with each of the cases
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Conclusion

In the present study, through the series of simulations, the
effect of different parameters, namely wellbore heating, ther-
mal conductivity, depressurization, intrinsic permeability, and
intrinsic hydration rate constant, on the hydrate dissociation
using dissociation front as investigation factor is conducted.
The objective is to decode the associated mechanisms such as
heat transfer, dissociation, and fluid flow for each of these
cases. The different cases are mathematically fitted to obtain
a characteristic exponent. Next, an attempt is made to correlate
the findings of associated mechanisms with their respective
characteristic exponents. For this purpose, the exponents are
categorized between the range of 0 to 0.5, 0.5 to 1, and few
intermediary ranges to explain the mechanism transition. The
detailed description is summarized in the following points
below.

1) The overall energy conversion from hydrates and cumu-
lative production is sensitive to depressurization, thermal
conductivity, permeability, and wellbore heating.

2) A piston-like dissociation front is found to be associated
with a single mechanism such as heat transfer. Such be-
havior is observed in cl, d4, €3, e4, and base cases, re-
spectively. The range of characteristic exponent for a sin-
gle heat transfer-dominated case is found to be in the
vicinity of 0.6, i.e., in the range of 0.5 to 1.

3) For combination mechanisms such as heat transfer and
fluid flow, in cases like al, a2, b1, and c2, a stable non-
piston-like dissociation front is formed. The characteristic
exponent for such cases is found to range between 0.6 and
0.75.

4) For heat transfer and dissociation combination mecha-
nisms, where the relative magnitude of heat transfer is
higher, i.e., in cases a3, a4, b3, and b4, the characteristic
exponent is found to be in close proximity to 0.5.
Moreover, in such cases, the dissociation front assumes
an Extended-Non-piston shape.

5) For cases like c3 and c4, where again heat transfer and
dissociation mechanism combination plays the governing
role, a more dominant dissociation mechanism (magni-
tude compared to heat transfer) pushes the characteristic
exponent value to 1 (linear fitting).

6) Similar observations in terms of characteristic exponent
are observed for cases dl and el where dissociation
mechanism magnitude is relatively larger than fluid flow,
thereby pushing the characteristic exponent to 1 (linear
fitting). Also, the dissociation front assumes an extended
non-piston shape.

Nomenclature b, Slippage factor; cg, Specific heat capacity of rock,
[J/(kg'K)]; E,, Activation energy, (J/mol); F, Area adjustment factor;

Jeg» Equilibrium fugacity of gas phase; f,, Fugacity of gas phase; g,
Gravitational acceleration, (m/s?); G, Gas phase denotation; H, Height
of hydrate reservoir, (m); Hycp,, Specific enthalpy of departure of gas,
(J/kg); Hy, Specific enthalpy of methane in water, (J/kg); His,1, Specific
enthalpy corresponding to inhibitor dissolution in water, (J/Kkg); Hmsol,
Specific enthalpy corresponding to methane dissolution in water, (J/kg);
hma, Specific enthalpy of methane in gas, (J/kg); A, Specific enthalpy of
water in water, (J/kg); Kaq, Thermal conductivity of water, [W/(m'K)];
Kg, Thermal conductivity of gas, [W/(m'K)]; Ky, Thermal conductivity
of hydrate, [W/(m'K)]; Kj, Thermal conductivity of ice, [W/(m'K)]; Kg,
Thermal conductivity of rock, [W/(m'K)]; K4, Absorption distribution
coefficient, (m3/kg); kqo, Intrinsic reaction rate of hydrate, [mol/(m2~Pa-
s)]; &, Intrinsic permeability, (m?); k:ag» Relative permeability of water;
kg, Relative permeability of gas; L, Hydrate reservoir length, (m); My,
Molecular weight of CHy, (g/mol); M,,, Molecular weight of H,0,
(g/mol); N, Hydration number (6); Paq, Pressure exerted by water phase,
(Pa); Peq, Equilibrium pressure of hydrate, (Pa); Pg, Pressure exerted by
gas phase, (Pa); g4, Heat injection rate, (W); g;, Water injection rate of
water, (m3/s); R, Gas constant; Saq, Saturation of water (fraction); Sg,
Saturation of gas (fraction); Sy, Saturation of hydrate (fraction); Sj,
Saturation of ice (fraction); 7, Temperature of reservoir, (°C); ¢, Time,
(seconds); Ugep, Specific internal energy of departing gas mixture, (J/kg);
Uma, Specific internal energy of CH4 in gas phase, (J/kg); uwg. Specific
internal energy of H2O in gas phase, (J/kg); uy, Specific internal energy
of gas hydrate, (J/kg); uy, Specific internal energy of ice, (J/kg); um,
Specific internal energy of CH4 in water phase, (J/kg)
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