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ABSTRACT

Development of marine gas hydrate resources presents a huge challenge to the energy industry owing to
the well production complications such as wellbore collapse, sand production, and low productivity.
Radial lateral wells (RLW) and horizontal snake wells (HSW) have been proposed separately to mitigate
these complications. We compare the productivity potentials of these two types of wells using the
recently developed analytical models and field case data from a gas hydrate reservoir in the South China
Sea. It is concluded that RLW will yield slightly higher gas productivity than HSW under similar con-
ditions. Sensitivity analysis with the well models indicates that the productivity of RLW is directly
proportional to the number of laterals, length of laterals, and radius of laterals, while the productivity of
HSW is directly proportional to the length and radius of the horizontal wellbore. The decision of using
RLW or HSW can be made based on economic analysis of well completion and production, which should

be addressed in future studies.
© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Energy market of the present world is shifting from oil to natural
gas. The primary reason for this change is to achieve decarbon-
ization agenda for environmental sustainability. Another reason
responsible for this shifting is the rapid depletion of the world's
conventional oil resources. As the conventional natural gas reserves
are limited, the market is seeking alternative options of uncon-
ventional natural gases to meet energy demand. Natural gas hy-
drate (NGH) is one of these unconventional gas resources that is
attracting researchers' attention for its huge amount of reserves in
the marine deposits.

Marine gas hydrates are crystalline structures of ice, trapping
mainly methane molecules in an amount that is equivalent to gas
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compression of 160 times [1]. When depressurized and/or warmed,
the gas molecules are released. Methane hydrates are found in
mud, sand, permafrost, and on the seafloor throughout the world in
amounts possibly higher than all other fossil fuels combined [2].

There is an exceedingly large amount of natural gas (mostly
methane and some lower percentages of ethane, propane, and H,S)
in natural gas hydrate reserves compared to conventional gas res-
ervoirs [3]. The world's estimate of methane in natural gas hydrate
reservoirs ranges from 1015 to 1019 standard m> [4]. Expert
assumption says, if one-tenth of these natural gas reserves in nat-
ural gas hydrate (NGH) is exploited efficiently, then the world's
current energy demand can be optimally sustained for up to 180
years [4].

As shown in, natural gas hydrates are located in the subsurface
of most permafrost regions and in continental margins around the
world where suitable pressure and temperature conditions and
sufficient influx of hydrate forming gases (methane, ethane, or
propane) either from biogenic or thermogenic processes exist to
readily support gas hydrate formation [5]. Potential gas hydrate
accumulations or deposits can be identified in a marine environ-
ment using a Bottom Simulating Reflector (BSR). The Bottom
Simulating Reflector identifies gas hydrate-bearing layer in the
marine environment by merely depending on the disparity
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between the sound velocity in an underlying free-gas-bearing layer
and an overlying hydrate-bearing layer [6]. To date, gas hydrate
samples have been recovered from sediments found beneath
permafrost regions located in the western Prudhoe Bay oil field in
Alaska [7], in the Mackenzie Delta of Canada [8], and from marine
sediments found in the Black Sea, in the Gulf of Mexico, in the
continental slope off the coast of Nigeria, and Offshore Norway [9]
inferred using the Bottom Simulating Reflector as a geophysical
tool, and lastly, where gas hydrate drilling expeditions have been
conducted to exploit gas hydrates [10—12]. More than 97% of the
natural gas hydrate accumulations can be found in continental
margins with conditions favorable to gas hydrate formation,
whereas the remaining 3% can be found in sediments beneath
permafrost areas [13].

Due to this large reserve, rigorous researches are going on for
efficient exploitation from natural gas hydrate. Different well
completion methods are attributed for efficient gas production;
namely, depressurization technique, thermal recovery method,
chemical inhibitor injection method, CH4—CO, replacement
method, combination method. But none of these techniques have
been proved flawless irrespective of the class and nature of the
hydrates and reservoir conditions. Each of these mentioned tech-
niques has certain limitations. Although the depressurization
technique is simple and cost-effective, however, gas production
volume is usually low. Also, the dissociation of NGH is a highly
endothermic process (heat is absorbed), which results in a cooling
effect and reduction of the prevailing gas hydrate temperature
condition [14].

In the thermal recovery technique, there is a strong possibility of
secondary reformation of gas hydrate if the soak period is wrongly
calculated before opening the NGH well for flow [15]. Also, the
thermal method of gas recovery is costly as it requires a lot of en-
ergy input to increase the temperature of the hydrate-bearing
sections [14].

In general, gas hydrate dissociation by chemical inhibitor in-
jection method is constrained by several factors such as the con-
centration of injected chemical inhibitors, rate of injection, which is
often low owing to initially low effective permeability in the gas
hydrate reservoir, inhibitor injection temperature, and pressure,
and as well as the hydrate-inhibitor interfacial tension [12]. Be-
sides, the technical and economic feasibility of injecting chemical
inhibitors to dissociate NGH is threatened by associated corrosion
risk of downhole tubular, excessive chemical inhibitor volume
requirement per given volume of gas hydrate [ 14]. Furthermore, the
chemical inhibitor injection method may offer very little benefits in
terms of gas recovery if applied solely to dissociate NGH; however,
when combined with either depressurization or thermal recovery
methods, its effect might become significant in exploiting natural
gas from NGH deposits [15].

Unlike other methods, the CH4—CO; replacement method seems
a viable option for extracting gas hydrates. It addresses some of the
geo-mechanical challenges brought about by the exploitation of
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natural gas hydrates (e.g., subsidence, near-wellbore collapse, and
premature release of methane) as it ensures geomechanical integ-
rity of the hydrate-bearing layer on and after methane dissociation
[14]. Another benefit of this method is the ability to sequester CO5,
which is a greenhouse gas. Up till now, the feasibility of this method
has been proven from numerous studies conducted. For instance, a
field trial was conducted at the Ignik-Sikumi field, Alaska; where
test results showed positive CH4—CO, exchange [14].

Apart from these, a combination of two or three methods has
shown effective gas hydrate extraction but the combination of
these methods is controlled by economic and environmental risk
factors [16]. The development of marine gas hydrate resources
presents a huge challenge to the energy industry owing to the well
production complications such as wellbore collapse, sand produc-
tion, and low productivity. Ekhator (2021) [17] considered three
different well completion techniques namely, frac-packed well
with vertical fracture, frac-packed well with a horizontal fracture,
and gravel-packed well.

Radial lateral wells (RLW) have been used for improving pro-
ductivity of shallow wells with soft formations that are easily
penetrated by coiled tubing drilling. Well productivity model was
published by Guo et al. (2020) [26]. Horizontal snake well (HSW)
was proposed by Wan et al. (2019) [27] for increasing well pro-
ductivity in subsea gas hydrate fields. Because subsea gas hydrate
reservoirs are also found in shallow depths, it is logical to compare
productivities of these two types of wells. Such a comparison is
presented in this work.

2. Well productivity models

Radial Lateral Wells. All the currently available horizontal well
productivity models [18—25] are for single laterals and not for
multiple laterals except the one proposed by Guo et al. (2020) [26]
that integrates the productivities of multi-laterals. Guo et al.’s
(2020) [26] analytical model predicts well productivity of radial
laterals in all radial directions. The accuracy of the model was
verified. It over-estimates well productivity by around 6—7% as
compared to the numerical-simulated result [26]. The deviation
seems reasonable enough. Fig. 1 depicts the configuration of RLW.
The well model was derived using the following assumptions:

(1) Radial laterals are identical and distributed evenly in the
drainage area.

(2) Pseudo-steady state flow conditions are reached within the
lateral-reached drainage area.

(3) Single gas-phase flow, and single oil phase flow, in dry gas
reservoirs or in undersaturated oil reservoirs, respectively

Guo et al.’s (2020) [26] model integrates multiple drain holes in
a drilled area under pseudo-steady state flow conditions based on
Furui et al.’s [25] model for wellbore segment. The equation for well
productivity is as follows:
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Fig. 1. Sketch of radial lateral well [26].
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where Qg is well production rate in Mscf/day, D is non-Darcy co-
efficient in day/Mscf, g is average gas viscosity in cp, z is average z-
factor, and T is reservoir temperature in 'R.

Horizontal Snake Wells. Furui et al. (2003) [25] suggested the
following equation for a horizontal well fully penetrating a
drainage area. Ignoring the influence of friction, the productivity
formula can be written as:
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where Qg is the horizontal well production, Mscf/day; k is perme-
ability, md; L is length of the horizontal well, ft; P, is reservoir
pressure, psi; Pyr is wellbore flowing pressure, psi; o is fluid vis-
cosity, cp; B, is formation volume factor, bbl/stb; h is reservoir
thickness, ft; Ion; is anisotropy index, dimensionless; i, is horizontal
wellbore radius, ft; Y, is drainage distance, ft; s is skin factor,
dimensionless; k, is vertical permeability, md; ky is horizontal
permeability, mD. Wan et al. (2019) [27] proposed to use Furui
et al’s (2003) [25] model for horizontal snake wells (HSW) with
pitch being equal to twice the drainage distance Y (Fig. 2).

3. Field case study

This segment presents NGH productivity estimates for radial
lateral wells and horizontal snake wells. The offshore gas hydrate
reservoir parameters in the Shenhu, Northern South China Sea area,
are used for the field case study. The Shenhu natural gas hydrate is
in the middle of the North Continental Slope of the South China Sea
[28].

The marine hydrate reservoirs in the Shenhu Area of the South
China Sea are composed of clayey silt with extremely low perme-
abilities (1.5—7.4 mD) and low hydrate saturations (11.7—34%) [29].
Gas recovery from such kinds of hydrate reservoirs would have
become a huge challenge [30]. However, owing to the free gas
contained in the hydrate reservoirs, a higher level of average gas
production rates could be obtained in the Shenhu field trials
(5.15 x 103—2.87 x 104 m>/d). Moridis et al. (2007) [31] claimed
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Fig. 2. Configuration of horizontal snake well [27].

that the free gas contained in the hydrate reservoirs could enhance
the gas recovery even when the hydrate decomposition contributed
a small portion to the gas production. Therefore, this type of
reservoir condition can be considered as an advantage for the
commercial exploitation of the natural gas hydrate resources in the
Shenhu Area of the South China Sea and should be fully utilized.
This work represents a data-driven analysis of gas well productivity
of this field for two different mathematical models of the radial
lateral well and horizontal snake well respectively.

Radial Lateral Wells. Guo et al. (2020) [26] model was applied
to the offshore gas hydrate reservoirs in the Shenhu area, North
Continental Slope of the South China Sea. Table 1 represents the
data set used in this model:

The seawater has a pressure gradient of 0.465psi/ft. The NGH
average reservoir pressure is approximately 2053 psia based on
0.465 psi/ft normal pressure gradient and a depth of 4415 ft [17].
The gas compressibility factor z is 0.815, and it is estimated using
Brill and Beggs correlation [32]. The gas viscosity is 0.014cp, and it is
estimated using Carr-Kobayashi Burrow Correlation [32]. The esti-
mated well productivity of this radial lateral well (RLW) with Eq. (1)
is 36.188 MMscfd. This is about 3 times higher than the productivity
of cased-hole gravel-packed well of 11.35 MMscfd given by Ekhator
(2021) [17].

Using the data set of Table 1, sensitivity analyses have been

Table 1

Estimated Reservoir and Well Completion Data Used in the Analysis for RLW model.
Parameters Value Unit
Horizontal permeability, Kj, 2.65 mD
Vertical permeability, K, 0.88 mD
Length of the lateral well, L 300 ft
Reservoir Pressure, Pe 2053 psia
Wellbore flowing pressure, Py 1000 psia
Gas viscosity, g 0.014 cp
z-factor 0.815
Temperature, T 517.7 °R
Reservoir Thickness, h 70 ft
Wellbore radius of lateral, ry, 0.164 ft
Wellbore radius of main hole, Ry, 0.5 ft
Skin factor, S 0
number of laterals, n 8
gas specific gravity, yg 0.5537
Non-Darcy co-efficient, D 0.001
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Fig. 4. Effect of length of the radius on gas production rate for RLW model.

carried out for gas production rate in response to the change of
different parameters. The effect of the number of laterals on pro-
ductivity can be seen from Fig. 3. It can be found that an increasing
number of laterals increase production rate proportionally. It jus-
tifies introducing new laterals, whenever reservoir conditions and
wellbore integrity permits. But, as this model doesn't consider any
economic analysis, therefore the Net Present Value (NPV) analysis is
a must to verify this practically to yield the most returns.

Generally, longer radial length increases well productivity and
Fig. 4 depicts the responses of well productivity due to the change
of lateral length. It shows that increased production can be ob-
tained from the larger lateral length and the change is nearly pro-
portional. A longer radial can cover most of the reservoir area and
increases the contact surface of the reservoir. This results an
increased production rate. The choice of radial length is a function
of the reservoir properties [33]. But the response of Fig. 3 may not
be true in field cases all the time because of uneven pressure dis-
tribution along the lateral during production. There is supposed to
be an optimum radial length beyond which increase in productivity
doesn't seem proportional. The influencing factors of lateral length
are jetting pressure as well as formation strength [34].

An increasing radius of lateral wells improves the gas produc-
tion rate. The change is not always proportional rather the slope
diminishes for higher radii. Fig. 5 illustrates the sensitivity of the
radius of the lateral well on well productivity. Generally, the radii of
the laterals are much smaller compared to the main wellbore.

Removing mechanical skin is always an efficient way to improve
well productivity. Reducing skin factor increases drain efficiency
and subsequently increases gas production rate at a significant
scale (Fig. 6). The radial lateral well system has the advantage of
bypassing the damaged zone in the near wellbore which is good for
well economics [35].

Comparing the model-predicted well productivity data with
that given by Ekhator (2021) [17] for frac-packed well with vertical
fracture, frac-packed well with horizontal fracture, and gravel
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Fig. 6. Effect of skin factor on gas production rate for RLW model.

packed vertical well, the RLW should perform much better in
production. This is expected because the RLW provides larger
contact area to reservoir than the latter three types of wells.

Horizontal Snake Well. Wan et al’s (2019) [27] model was
applied to the same Shenhu natural gas hydrate reservoir in the
South China Sea (Liu et al., 2012) [28] Table 2 represents the data
set that used in this model:

The gas compressibility factor z is 0.815, and it is estimated
using Brill and Beggs correlation [32]. The gas viscosity is 0.014cp,
and it is estimated using Carr-Kobayashi Burrow Correlation [32].
The estimated well productivity of this horizontal snake well
(HSW) with Eq. (2) is 31.847 MMscfd. This is slightly less than 3
times the productivity of cased-hole gravel-packed well of 11.35
MMscfd given by Ekhator (2021) [17].

Fig. 7 depicts the sensitivity of well productivity with the length
of the well. It is seen that well productivity increases with the in-
crease in the length of the horizontal well. In horizontal snake
wells, the larger length of the well increases the contact area of the
reservoir which yields more fluids. The increment is not always

Table 2

Estimated Reservoir and Well Completion Data Used in the Analysis for HSW model.
Parameters Value Unit
Horizontal permeability, Kj, 2.65 mD
Vertical permeability, K, 0.88 mD
Length of the horizontal well, L 2400 ft
Reservoir Pressure, P. 2053 psia
Wellbore flowing pressure, Py 1000 psia
Gas viscosity, g 0.014 cp
z-factor 0.815
Temperature, T 517.7 R
Reservoir Thickness, h 70 ft
Wellbore radius, 1y 0.164 ft
Boundary distance, Y} 300 ft
Skin factor, S 0
Non-Darcy co-efficient, D 0.001 D/Mscf
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Fig. 7. Effect of well length on gas production rate for HSW model.

proportional but diminishingly linear for larger lengths. One
possible reason for this may be the heterogeneous nature of the
formation due to drilling wells over a larger area.

Fig. 8 shows a sensitivity plot for different wellbore radius of
HSW and their corresponding gas production rate. The plot shows
the increment in well productivity with the increase in wellbore
radius.

Fig. 9 shows the plot with different boundary distance and their
respective gas production rate. Boundary distance is inversely
proportional to the well productivity. As the boundary distance
increases, the gas production rate decreases.

Like any other well productivity model and practical reasons,
reduction in mechanical skin always increases the gas production
rate also for horizontal snake well (HSW). Fig. 10 has a graphical
representation of the concept.

Comparing the model-predicted well productivity data with
that given by Ekhator (2021) [17] for frac-packed well with
vertical fracture, frac-packed well with horizontal fracture, and
gravel packed vertical well, the HSW should perform much
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better in production. This is expected because the HSW provides
larger contact area to reservoir than the latter three types of
wells.

4. Discussion

This article compares the well productivity of radial lateral well
and horizontal snake well models. The analysis has been carried out
for the same data set of oceanic hydrate reservoirs in the Shenhu
area of the South China Sea. Both the models yield a higher gas
production rate, but the well productivity of radial lateral well is
higher between the two. For the radial lateral well model, the gas
production rate is 36.19 MMscfd and the rate is found 31.85 MMscfd
using the horizontal snake well model. The productivity is nearly
close for the two models but the radial lateral well with eight lat-
erals produce at a higher rate. The reason for the lower production
rate of the HSW model may be the higher boundary distance
(300 ft) of horizontal snake well, as the drainage width has an in-
verse relationship with gas production rate. The number of laterals
we assumed for the RLW model is eight which covers more area in
the reservoir and that's why it is reasonable to produce at this
higher rate.

On the other hand, previous work on the same field by Ekhator
(2021) [17] had much lower production rates compared to these
RLW and HSW models. That study shows that gas production rates
of 14.89 MMscf/d, 5.621 MMscf/d, and 11.35 MMscf/d can be real-
ized with a frac-packed well with vertical fracture, frac-packed well
with a horizontal fracture, and gravel packed well, respectively.
However, single-phase gas flow was assumed. The productivity
model of radial laterals yields (36.19/14.89) 2.43 times more pro-
duction rate than the maximum of the three completion techniques
considered by Ekhator (2021) [17] and for horizontal snake well,
the productivity increment is (31.85/14.89) 2.13 times. For both the
models, the gas production rate is more than twice which speaks
for the credibility of using these new completion strategies.

Comparing the model-predicted productivity of RLW and HSW
wells with that given by Ekhator (2021) [17] for frac-packed well
with vertical fracture, frac-packed well with horizontal fracture,
and gravel packed vertical well, both RLW and HSW should perform
much better in production. This is expected because the RLW and
HSW provide larger contact areas to reservoir than the latter three
types of wells.

Because RLW and HSW wells have not been used in the Shenhu
area of the South China Sea, actual well productivity data is not
available in this field for model validation. However, the RLW model
was validated by Guo et al. (2020) [26]. Based on the comparisons
of results from the RLW model, HSW model, and the three models
compared by Ekhator (2021) [17] for the same field, a good accuracy
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of the HSW model is also anticipated.
5. Conclusions

The following conclusions can be drawn from our model anal-
ysis for the field conditions in the Shenhu Area in the South China
Sea:

(1) Both radial lateral wells (RLW) and horizontal snake wells
(HSW) can produce natural gas from marine hydrate reser-
voirs at rates higher than that given by frac-packed wells
with vertical fractures, frac-packed wells with a horizontal
fracture, and gravel packed wells.

(2) Sensitivity analysis with well models indicates that the
productivity of RLW is directly proportional to the number of
laterals, length of laterals, and radius of laterals, while the
productivity of HSW is directly proportional to the length
and radius of the horizontal wellbore.

(3) RLW will yield slightly higher gas productivity than HSW
under similar conditions. The decision of using RLW or HSW
can be made based on design optimization and economics
analysis of well completion and production, which should be
addressed in future studies.
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Nomenclature

Qg well production rate, Mscf/day
kn horizontal permeability, mD
ky vertical permeability, mD

L length of the lateral well, ft (for RLW)

L length of the horizontal well, ft (for HSW)
De reservoir pressure, psia

Pwf wellbore flowing pressure, psia

h reservoir thickness, ft

g gas viscosity, cp

z z-factor

T temperature, ‘R

T'w wellbore radius of laterals, ft

Rw wellbore radius of main hole, ft

S skin factor

n number of laterals

Yg gas specific gravity

Yy boundary distance, ft

Iani anisotropy index

D non-Darcy coefficient in day/Mscf
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