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ABSTRACT
Gas hydrates can be an efficient replacement for the conven-

tional fossil fuels, as the large amount of methane gas is trapped
in the gas hydrate reservoirs that can be used as a potential source
of energy. In this study, we investigate the impact of a combina-
tion of horizontal and vertical wells on the gas production from
oceanic Class-2, unconfined gas hydrate reservoirs. An In-house
multicomponent, multiphase, thermal, 3-D finite volume simula-
tor is used. Different locations of horizontal and vertical wells
as warm water injectors and methane gas producers are investi-
gated. For unconfined reservoirs, depressurization is found to be
ineffective with horizontal and vertical wells. Horizontal warm
water injectors are more effective for gas production. The gas
production increases from 22% of original gas in place (OIGP)
when vertical injector is used to 48% of OGIP when horizontal
injector is used.

NOMENCLATURE
VW Vertical wells
SVW Short Vertical wells
HBD Horizontal bottom depressurization
HTD Horizontal top depressurization
HIVP Horizontal injection Vertical production
HIBPT Horizontal injection bottom-production top
HM Horizontal mid

∗corresponding author.

HT Horizontal top
HPVI Horizontal production vertical injection
k permeability of the phase
K absolute permeability
kr relative permeability of the phase
µ viscosity of the fluid
∂P
∂x pressure gradient in x direction
v superficial velocity
K effective permeability
Ko reference permeability
φo reference porosity
φ e effective porosity of fluid phases
φ absolute porosity
SG gas saturation
SA water saturation
Ko

r j end point relative permeability
n j exponential parameter for the phase
Pce entry capillary pressure
Se∗

j normalized saturation of the gas or aqueous phase
Se

j saturation of mobile phase
Se

Ar residual saturation for the aqueous phase
Se

Gr residual saturation for the gas phase
M mass of component in the controlled volume
F flux
MW molecular weight of the component
r reaction rate
q source term
U internal energy change
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INTRODUCTION
Gas hydrates are ice like crystalline structures that are

formed by water and gas molecules under high pressure and low
temperature conditions. In past few decades, large reservoirs of
methane gas hydrates have been found and studied [1, 2]. Gas
hydrates can be a replacement for the conventional fossil fuels
for an energy hungry country like India, where gas hydrate reser-
voirs have been found. A large amount of methane gas is trapped
in the gas hydrates that can be used as a potential source of en-
ergy. They are usually found in two different geological settings;
in the permafrost region where temperature is very low and in
the oceanic sediments where pressure is very high. The current
estimates of the worldwide quantity of methane gas present in
the gas hydrates is around 1018 m3 [1]. The sudden release of
methane gas from gas hydrates can affect the global climate [3].
Thus, gas hydrates are important to global energy and environ-
ment.

Gas hydrates occur in three different crystalline structures
in nature, which are SI, SII and SH in the order of increasing
clathrate size. The properties of these clathrate structures of hy-
drates have been studied in past [4]. SI gas hydrates are the most
abundant in nature and mainly contain methane gas. The conver-
sion of gas hydrates into gas and water can be represented by the
reaction

CH4 +nH2O⇔CH4.nH2O, (1)

where, n is the hydration number that is the ratio between gas
and water molecules. The hydration number of SI methane is
approximately 6.

Hydrate reservoirs are classified into four types: (a) Class
1-hydrate layer is underlain by a gas layer. These reservoirs are
found at Messoyakha Field in Russia [5]; (b) Class 2- hydrate
layer is underlain by an aquifer layer that can either be a con-
fined or an unconfined water layer. Class 2 reservoirs are found
at Mallik site, Eastern Nankai trough and Gulf of Mexico [6, 7];
(c) Class 3-hydrate layer is confined by shale layers at over-
burden and undeburden found at Qilian Mountain permafrost in
China [8]; (d) Class 4-low saturation hydrate deposits that are
usually found in oceanic sediments. Class 4 reservoirs are found
at Krishna Godavari basin in India and Gulf of Mexico in the
USA [9]. In the present study Class 2 unconfined reservoirs are
considered.

Methane gas can be recovered from hydrate reservoirs by
changing the pressure and temperature. A few methods and their
combinations have been studied to produce methane gas from the
reservoirs.

1. Depressurization: Pressure is reduced below the hydrate
stability pressure in the reservoir [5, 10–14]. In case of the con-
fined reservoirs depressurization is sufficient, however ice may
form during hydrate dissocition as it is an endothermic process

[15]. To avoid this generally pressure in the reservoir is main-
tained above 2.5MPa.

2. Thermal stimulation: Temperature is increased in the
reservoir by injecting steam or hot water [15–19]. In case of
unconfined reservoirs thermal stimulation method becomes nec-
essary [18].

3. Inhibitor injection: Chemicals like salt, alcohol are in-
jected to inhibit the formation of hydrate. However, large amount
of inhibitors are needed which makes this process expensive
[20–23].

4. CO2 injection: High pressure CO2 is injected to replace
the methane gas with CO2 [24–26]. Depressurization method
is considered to be the most effective method out of the above
methods.

A few short term field tests have been conducted to produce
methane from the natural gas hydrate reservoirs using depres-
surization method, such as at Mallik Site, Canada (2008) [27]
and Nankai Trough, Japan in 2013 [28]. These production tests
lasted only for a few days mostly due to sand production. Once
these kind of difficulties are controlled, an economic method for
gas production from these reservoirs is required. To this end, in
this work we explore different well locations in an unconfined
class-2 reservoir for efficient production of methane gas. The
effect of horizontal wells in combination with vertical wells is
also explored. A combination of depressurization and thermal
stimulation methods are used.

Hydrate formation and dissociation dynamics model
Fig.1 shows the hydrate equilibrium curve (Pe-T curve), that

represents the hydrate stability conditions [4]. The region above
the equilibrium curve is hydrate stable zone and the region be-
low is the gas stable zone. At T greater than 273.15 K, water
is present and below 273.15 K water is present in the form of
Ice. At quadruple point all four phases can exist. All the phases
in a grid block are assumed to be in equilibrium at a particular
pressure and temperature as kinetics are relatively fast for field
scale [29].

Reservoir Description
A 1200 m long and 500 m wide reservoir block at a depth

of 3210 m from sea surface and about 460 m below the seafloor
as shown in Fig.2 is considered. It is considered to have 18 m
thick hydrate layer underlain by an infinite aquifer layer simu-
lated using 12 m thick aquifer. The reservoir is discretized into
25× 12× 10 grid blocks. The bottom 3 m layer of the aquifer
is assumed to have a permeability 1/10th of the initial perme-
ability to simulate it as an unconfined aquifer. A constant pres-
sure condition is considered at the bottom boundary to model the
mass transfer and the water flow is maintained based on the pres-
sure difference between the bottom grid layer and the bottom
boundary. Homogeneous hydrate saturation of 0.75 and water
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FIGURE 1: P-T DIAGRAM BY SLOAN [4]

saturation of 0.25 are assumed in the hydrate layer. The water
saturation in aquifer zone is unity. The initial temperature of
reservoir at the bottom is 294.88 K and initial pressure is 31.458
MPa. Both initial temperature and pressure vary with depth in
the reservoir according to geothermal and hydrostatic gradients.
The porosity is 0.42, initial permeability of the hydrate zone is
0.31 mD and the permeability of hydrate free sand is 1803 mD.
At over-burden, mass transfer is not allowed. At over-burden and
under-burden heat transfer is modeled with a specific heat trans-
fer coefficient. At lateral boundary heat and mass transfer is not
considered.

In this problem, using depressurization and warm water in-
jection in different well locations are studied. For all the cases,
the well temperature and pressure conditions are kept same. The
injection well injects water at 500C and pressure 50 MPa. The
producer well pressure is maintained at 4 MPa.

Description of different well configurations
1. Horizontal producer using depressurization method: Pre-

viously, Phirani et al.,(2009) [18] reported that the depressuriza-
tion method is ineffective for unconfined permafrost reservoirs
using vertical wells. Here, we evaluate horizontal wells for un-
confined reservoirs using depressurization method. We consid-
ered two cases of horizontal wells based on the location of pro-
duction well where in one case the horizontal producer is consid-
ered at the bottom of the hydrate bearing zone (HBD) as shown
in Fig.3(a) and in second case the horizontal producer is consid-
ered at the top of the hydrate bearing zone (HTD) as shown in
Fig.3(b).

2. Vertical wells: 5-spot pattern is considered for study
where both the producer and injector wells are vertical, as shown
in Fig.3(c) and a quarter of the 5-spot is simulated. Thus, in the
simulation domain, we have diagonally opposite injection and
production wells. Completion zone of these vertical wells is var-
ied to assess production potential for wells completed in hydrate
zone only represented by short vertical wells (SVW) and wells
completed in hydrate and aquifer zone represented by vertical

wells (VW).
3. Horizontal wells: Horizontal injector and producer are

considered along the length of reservoir 250 m apart from each
other, shown in Fig. 3(d,e,f). Three different cases of horizontal
wells are simulated: both the horizontal wells are at the top (HT),
both at middle (HM) and producer at top and injector near the
aquifer (HIBTP).

4. Horizontal injector and Vertical producer (HIVP): Hori-
zontal injector at the top of the reservoir and vertical producer at
one corner of the reservoir as shown in Fig. 3(g) is also consid-
ered.

5. Horizontal producer and Vertical injector (HPVI): Hori-
zontal producer at the top of the hydrate layer and vertical injec-
tion at the one corner of the reservoir as shown in Fig. 3(h) is
considered.

FIGURE 2: RESERVOIR DESCRIPTION

FIGURE 3: DIFFERENT WELL CONFIGURATIONS
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Methods
The governing energy and mass balance equations are

solved in space and time domain which are reported below,
Mass balance equations

∂

∂ t

(
φMm

)
+∇ ·Fm

= qm, (2)

∂

∂ t

(
φMw

)
+∇ ·Fw

= qw, (3)

Energy balance equation

∂

∂ t

(
φU
)
+∇ ·Fe

=−qe, (4)

The superscript in the above equations is the component where m
is methane, w is water, hm is methane hydrate, and e is energy. In
the above equations M is the mass of component in the controlled
volume which changes with the time, F is the flux, MW shows
the molecular weight of the component r is the reaction rate and
q is the source term. The energy of formation and dissociation
of the hydrates is taken in account by the internal energy change,
U .

The two-phase flow in porous media is described by multi-
phase Darcy’s law that involves fluid mobility and driving force
of each phase. Darcys law is only applicable for low Reynolds
number generally observed in reservoirs. Fluid velocity is given
by

v =
k
µ

(
∂P
∂x

)
, (5)

where, k is permeability of the phase given by k = Kkr, K is ab-
solute permeability, kr is the relative permeability of the phase, µ

is the viscosity of the fluid, ∂P
∂x is pressure gradient in x direction,

v superficial velocity.
Effective Permeability K may change during the process of

hydrate formation and dissociation due to the appearance and
disappearance of solid phases such as hydrate and ice, that affects
the effective pore volume. Effective permeability described by
Power law model [30–32] has been used as given by,

K
Ko

=
φ

e

φ 0

[
φ

e(1−φ 0)

φ 0(1−φ
e)

]2β

(6)

where, K is the effective permeability, Ko reference permeability
(assumed to be 100 md) at the reference porosity, φo reference
porosity assumed to be 0.28, β assumed to be 2, φ e effective
porosity of fluid phases (gas and aqueous) expressed as

φ
e = φ(SG +SA), (7)

where φ absolute porosity, SG is gas saturation and SA is water
saturation.

To calculate the relative permeability and capillary pressure,
Brooks-Corey model is used [33], as given below

KrG = Ko
rG(S

e∗
G )nG, (8)

KrA = Ko
rA(S

e∗
A )nA, (9)

Pc = Pce(S
e∗
A )−nc, (10)

where, Ko
r j is the end point relative permeability and n j is the

exponential parameter for the phase j. Pce is the entry capillary
pressure that is related to the effective porosity expressed as

Pce = Pce0

√
φ ek0

φ0k
, (11)

Se∗
j is the normalized saturation of the gas or aqueous phase based

on effective pore volume, given by the equation below,

Se∗
j =

Se
j−Se

jr

1−Se
Gr−Se

Ar
, (12)

where Se
j is saturation of mobile phase j based on pore volume

occupied by all mobile phases. The residual saturation for the
aqueous phase Se

Ar is considered to be 0.2 and for gas phase Se
Gr

it is 0.

Numerical Technique
A 3-D, finite-volume, in-house numerical simulator is used

that takes into account heat transfer, multiphase fluid flow and
equilibrium thermodynamics of hydrates formation and dissocia-
tion [34]. Energy and mass balance equations are solved in space
and time. Three components (hydrate, methane, and water) and
four phases (hydrate, gas, aqueous-phase, and ice) are considered
in the simulator. Finite volume method is used to discretize equa-
tions in space and backward Euler method is used in time leading
to fully implicit scheme of solution. The discretized non-linear
equations are solved using the Newton-Raphson method [34].
Primary variable switch method (PVSM) is used to track the
phase saturations [35]. This simulator has been validated against
several other simulators for the problems in the code comparison
study conducted by US DOE and history matched with hydrate
formation and dissociation experiments [36].

Results and Discussion
We simulate a combination of depressurization and warm

water injection using different well configurations as described
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in Fig.3. For all the cases, injection well pressure is 50 MPa and
injection water temperature is 500C. The pressure at production
well is maintained at 4 MPa. Fig.4 shows the cumulative gas
production for all the cases in terms of percent of original gas in
place (OGIP). Fig.5 shows the water production rate for different
well configurations, respectively. Fig.6 shows the water injection
rate. The acronyms in the legends in the figures are described in
the nomenclature.

FIGURE 4: GAS PRODUCTION RATE IN % OGIP FOR DIFFERENT
WELL CONFIGURATIONS

FIGURE 5: WATER PRODUCTION RATE FOR DIFFERENT WELL
CONFIGURATION

We observe from Fig.4 that the gas production using depres-
surization in horizontal wells is only 0.3% OGIP irrespective of

FIGURE 6: WATER INJECTION RATE FOR DIFFERENT WELL CON-
FIGURATIONS
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PROFILE AT 2500 DAYS FOR
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FIGURE 7: HYDRATE SATURATION AND TEMPERATURE PRO-
FILES AT 2500 DAYS FOR 5-SPOT PATTERN VERTICAL WELLS

the location. Therefore, depressurization in horizontal wells is
also ineffective in an unconfined class 2 gas hydrate reservoir. In
case of HBD Fig.3(a) water production is 3400 kg/s Fig.5 and
HTD Fig.3(b) produces a small amount of water.

Now we explore a combination of depressurization and
warm water injection. In the quarter of the 5-spot pattern sim-
ulated, if the vertical wells are completed in the hydrate as well
as aquifer zone, we see from Fig.4 that 22% OGIP is produced
in 5000 days. The water production rate in this case stabilizes
around 1500 kg/sec Fig.5. To increases production using vertical
wells and decrease water production, we explored well comple-
tion only in hydrate zone. Fig.4 shows using short vertical wells
we are able to produce 16% OGIP. However, water production is
less for short vertical wells Fig.5. This is because, the initial per-
meability near the wells is small which causes less warm water
injection and depressurization in short vertical wells. In verti-
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FIGURE 8: HYDRATE SATURATION PROFILES FOR HORIZONTAL WELLS AT TOP
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FIGURE 9: HYDRATE SATURATION PROFILES FOR HORIZONTAL WELLS AT MIDDLE
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FIGURE 10: HYDRATE SATURATION PROFILES FOR HORIZONTAL INJECTION AT BOTTOM AND PRODUCER AT TOP

cal wells completed in aquifer zone, the aquifer zone gives the
higher water injectivity due to high permeability initially. This is
evident from Fig.6 that the water injection rate in short vertical
wells is much lower than the vertical wells. Fig.7 shows the hy-
drate saturation and the temperature profiles at 2500 days for the
VW case. The horizontal axis is the diagonal connecting the in-
jection well at the left to the production well at the right and the z
axis is the depth of the reservoir. The profiles shows that the hy-
drate dissociation near the injection well is due to the temperature
increase and near the production well is due to depressurization.
The enthalpy of dissociation (for depressurization) near the pro-
duction well comes from reservoir heat capacity, as shown by the
decrease in temperature in the hydrate zone near the overburden.

We now study horizontal wells to see their effect on gas pro-
duction. The production from three cases shown in Fig.3(d,e,f) is
plotted in Fig.4. The ultimate gas recovery from the three cases
is approximately ∼ 47% OGIP in 5000 days. Fig.4 shows that

when the injection well is located near the aquifer (HIBPT) the
gas production starts immediately. However, when the horizon-
tal wells are located in the middle of the hydrate layer (HM) the
production starts at 500 days and when the wells are located at
the top of the hydrate layer (HT) the gas production starts at
700 days. This is because, the low permeability hydrate zone
decreases the water injectivity initially and the heat transfer is
dominated by the heat conduction for cases HM and HT. The
hydrate saturation profiles for HT and HM shown in Fig.8 and
Fig.9, shows that when the injection well is located in low perme-
ability hydrate layer, hydrate dissociation near the injection well
is initially slow. When the dissociation front reaches aquifer, the
production rate increases for the two cases. Fig.10 shows the hy-
drate saturation profile when the injection well is near the aquifer
(HIBPT). In this case, the hydrate dissociation from the begin-
ning is fast. Therefore, the initial gas production is controlled
by the vertical distance between the injector well and the aquifer
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FIGURE 11: HYDRATE SATURATION PROFILES AT 2500 DAYS FOR
HIVP AND HPVI CASE

layer. The water production rate and injection rate is also similar
for the three horizontal well cases after the hydrate dissociation
front reaches the aquifer as shown in Fig.5 and Fig.6

Further, to increase the productivity we study two cases of
the combination of vertical and horizontal wells; horizontal in-
jector vertical producer (HIVP) and horizontal producer vertical
injector (HPVI). In the first case where injector is horizontal and
producer is vertical (HIVP) shown in Fig.3(g), the final gas pro-
duction is similar to the horizontal well cases ( 47%OGIP) as
shown in Fig.4. It can be seen in the hydrate saturation profile
in Fig.11(a) that warm water injection is responsible for most of
the hydrate dissociation seen. However, when the producer is
horizontal and injector is vertical as shown in Fig.3(h), the gas
production in 5000 days is the smallest of all the warm water in-
jection cases ( 6%OGIP) as shown in Fig.4. This is because, the
pressure near the injection well does not decrease when vertical
injector is used leading to the less hydrate dissociation as it can
be seen in the Fig.11(b).

Conclusion
Gas production by depressurization is ineffective in uncon-

fined hydrate reservoirs with horizontal wells. Warm water in-
jection is necessary for gas production from unconfined hydrate
reservoirs. Vertical injectors are less efficient than horizontal in-
jectors. The horizontal producers have less significant impact on
the gas production. The cumulative gas production is similar for
all the cases of horizontal injection wells. However, If the hor-
izontal injection wells are located in the hydrate bearing zone,
the low permeability of the hydrate zone leads to negligible gas
production in the initial periods. If the injection well is near the
aquifer layer, the convection of the water is faster and the gas
production starts earlier.
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