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a b s t r a c t

This work focuses on the assessment of the effect of well completion types on gas productivity in subsea
gas hydrate reservoirs of class 1G type where the gas hydrates have decomposed into gas and water.
Three types of vertical well completions are considered: frac-packed well with vertical hydraulic frac-
ture; frac-packed well with horizontal hydraulic fracture, and a cased-hole gravel-packed well. Sensi-
tivity analysis was conducted with analytical well inflow models to determine factors that affect the gas
well productivity. The results of the analyses indicated that proppant mass pumped during fracture
treatment slightly improves well productivity for frac-packed natural gas hydrate wells. Well produc-
tivity increases nonlinearly with fracture productivity up to a threshold value of 50,000 md for frac-
packed well with horizontal fracture, above which further increase in fracture conductivity would
create no benefit. With a proppant mass of 50,000 Ibm and a corresponding proppant volume of 504 ft3,
commercial gas production rates of 14.9 MMscf/d, 5.621 MMscf/d, and 11.35 MMscf/d are possible for
frac-packed well with vertical fracture, frac-packed well with horizontal fracture, and cased-hole gravel-
packed well, respectively. Because hydraulic fracture orientation depends on the in-situ formation stress,
whether a well should be hydraulic-fractured or not depends on in-situ formation stress.

© 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

Natural gas hydrate (NGH) is a solid crystalline substance
formed from the combination of water and natural gas molecules
(mainly methane) under favorable pressure-temperature condi-
tions and availability of methane hydrate forming gases [1]. NGH
accumulations can be found in permafrost zones located in polar
regions, marine and deep water sediments environments [2] and
have been confirmed to be present in almost every continent based
on the use of Bottom Simulating Reflections (BSR) [3,4]. In recent
years, the world's attention has been shifted towards developing
renewable energy infrastructures to meet current and future

energy demand, and this is owing to the harmful effect on the
environment caused by the burning of coal, crude oil, and natural
gas. Natural gas is an almost clean-burning fuel with a strong po-
tential to reduce CO2 emissions and serves as a bridging fuel to
meet current and future energy demand pending when renewable
energy becomes sustainable and efficient [5]. There is a vast
amount of natural gas contained in natural gas hydrate resources. A
report by Makogon and Holditch [6] suggested that the volume of
methane in natural gas hydrate ranges from 1015 to 1019 standard
m3 (~3.53 � 1016 to 3.53 � 1020 ft3). They also noted that if one-
tenth of these volumes is exploited efficiently, then the global
current energy demand can be optimally sustained for up to 180
years [6].

In nature, methane hydrate can accumulate in the pores, frac-
tures, or veins of sandstone, silts, shale formation, and massive
deposits near the seafloor surface [7]. Moridis et al. [8] categorized
NGH into three main classes: Class 1, 2, and 3. Class 1 gas hydrate
reservoirs have three phases coexisting (gas, water, and hydrate)
under thermodynamically favorable pressure and temperature
conditions. This gas hydrate accumulation class consists of two
layers: an upper hydrate-bearing layer and an underlying two-
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phase layer with free gas andmobile water. Also, Class 1 hydrate are
divided into two categories: Class 1W (i.e., water and hydrate in the
hydrate-bearing layer), and Class 1G (i.e., free gas and hydrate
present in the hydrate bearing layer) [9]. Another characteristic of
Class 1 NGH accumulation is the high saturation of hydrate lodged
in the pore spaces of sediments and resulting in reduced effective
permeability in the hydrate-bearing layer [10]. Class 1 gas hydrate
accumulation appears to be the most promising class of reservoirs
owing to the following reasons: the base of the hydrate-bearing
layer coincides with the bottom of the gas hydrate stability zone;
the pressure and temperature at the interface between the hydrate-
bearing layer and the underlying free gas layer are at equilibrium
and this makes it easy for only small changes in pressure and
temperature to be required to exploit the gas hydrate via depres-
surization; there is a long term production of gas from the under-
lying free gas layer and the hydrate-bearing layer during
depressurization. Also, about 65% of the production rate and
approximately 45% of cumulative volume emerge from Class 1W
natural gas hydrate accumulations. In comparison, about 75% of the
production rate and up to 54% of cumulative volume are derived
from Class 1G gas hydrate accumulations [9]. Notable Class 1 gas
hydrate reservoirs include the Messoyakha field in Russia and the
Sagavanirktok formation in Alaska, USA [9,11]. Class 2 type hydrate
typically has an overlying hydrate-bearing layer (HBL) and an un-
derlying freewater layer. The HBL can exist above the bottom of the
gas hydrate stability zone (BGHSZ) [9]. Class 2 gas hydrate can be
found in the Eastern Nankai Trough and the Mallik site [10]. The
Class 3 hydrate consists of a hydrate-bearing layer existing as a
standalone, and it is confined by an underburden and overburden
layer [9]. Because of the promising nature and simplicity of the
Class 1 reservoirs, this paper will focus on Class 1G gas hydrate
reservoirs characterized by a free gas plus hydrate in the hydrate-
bearing layer.

The exploitation of natural gas from NGH can be conducted
using either depressurization [12,13], thermal stimulation [12],
chemical injection of inhibitors [1], CH4eCO2 replacement [14] or a
combination of these existing methods to efficiently dissociate gas
from the Hydrate bearing layer [8,15]. The depressurizationmethod
involves reducing NGH wellbore pressure below its hydration
pressure within the prevailing reservoir temperature. Reducing
pressure below the hydration pressure leads to gas hydrate disso-
ciation [16]; The thermal stimulation technique requires the in-
jection of hot water, steam, or heated brine to increase the MH
reservoir temperature above its hydrate stability temperature
[4,17]; The objective of chemical injection of inhibitors is to distort
the hydrate stability conditions towards the dissociation region.
This method uses chemical inhibitors like glycol, salts, and alcohol
to move the 3-phase equilibrium conditions to the high pressure
and low-temperature side; CH4eCO2 replacement technique ex-
ploits methane gas from an NGH bearing layer without causing
geo-mechanical failure concerns for the hydrate-bearing section
[18e21]. CH4eCO2 method is conducted by injecting carbon diox-
ide (CO2) into an injection well located in an NGH environment to
displace methane and subsequently sequester carbon dioxide
[22e27]. According to Hancock et al. [2], the combination of
depressurization, thermal stimulation, and chemical stimulation
method enhances the ability of the well to produce fluid in NGH
environments.

Several field trials have been conducted all over the world to
recover gas from the methane hydrate-bearing layer. The first
onshore methane hydrate field trial was conducted using the
depressurization method at the Mallik site in the Mackenzie delta
area, Canada, in 2002. Then, a second trial was conducted at the
same site between 2007 and 2008 via depressurization and ther-
mal stimulation methods [12]. The depressurization technique was

applied in an NGH reservoir located in Mount Elbert, North Slope of
Alaska, USA, in 2007 [28] and again in the same site between 2011
and 2012 to assess the feasibility of this method [29]. Other NGH
test locations include the Messoyakha gas field in the artic [30]; the
marine hydrate located in the Eastern Nankai Trough, Japan [13];
the methane hydrate in the Qilian Mountain permafrost, Qinghai,
Northwest China [31], and the marine gas hydrates in Shenhu area,
South China sea, China [32,33].

All NGH field trials conducted have not attained a commercial
scale of production due to sand production challenge during gas
hydrate dissociation and low well productivity [34]. For example,
after six days flow test period from the first marine methane hy-
drate in the Eastern Nankai Trough area of Japan, an average of 706
293 ft3/d of methane gas was produced, and up to 1059 ft3 of sand
was produced to surface equipment, thus resulting in termination
of the flow test [35]. A second and third production tests were also
conducted in the Eastern Nankai Trough area, Japan, using a pre-
expanded Geo-form screen and an expandable screen, respec-
tively [36]. The second trial lasted for 12 days (cumulative volume
of about 1.24 � 106 ft3 of methane), and the operation was brought
to a halt owing to sand production. The third trial only lasted for 24
days with a cumulative volume of about 8.48 � 106 ft3, and then,
the operationwas terminated due to severe weather concerns [36].
The most extended field test was conducted in the Shenhu Area of
South China Sea, China, for 60 days with a total of 1.06 � 107 ft3 of
methane gas extracted (an average of about 1.77 � 105 ft3/d).
However, the operation was terminated owing to sand production
and lowwell productivity [33]. All field tests conducted so far seem
to have the same issues of sand production and low well produc-
tivity during hydrate dissociation despite the use of open-hole
gravel packing or cased-hole gravel pack completion design to
mitigate sand production [13]. A report given by Hou et al. [34]
suggests that the high drawdown required to effect dissociation
may be responsible for the excessive sand production and wellbore
collapse; however, this could be just one of many related factors
since sand production is ubiquitous in the dissociation of NGH
[37,38].

Frac-packing has been applied successfully to address sand
production challenges in most conventional oil and gas reservoirs
with unconsolidated sediments [39]; however, there are no docu-
mented experimental records or field studies involving the use of
frac-packed wells to exploit methane gas from NGH reservoirs. To
the best of our knowledge, only two publicly available studies
analyze the technical feasibility of using frac-packed wells to
exploit methane gas from offshore gas hydrate resources [34,40].
Shan et al. [40] derived a well productivity model to estimate the
long-term productivity of frac-packed NGH wells under pseudo-
steady state flow conditions. However, the analytical model pre-
sented by Shan et al. [40] only considered flow in the fractured
section of the NGH reservoirs.

This paper assesses the effect of well completion types on gas
well productivity in a class 1G (free gas and hydrate in the hydrate-
bearing layer) subsea gas hydrate reservoir that has decomposed
into gas and water. It is assumed that the free gas in the hydrate-
bearing layer from the Class 1G hydrate reservoir will be pro-
duced first, and then the dissociated gas from the hydrate-bearing
section. Three well completion systems are considered for the well
completion type assessment study while assuming pseudo-steady
state condition of flow, and they include:

(1) A frac-pack NGH well with a vertical hydraulic fracture and
using the concept of the Unified Fracture Design proposed by
Economides et al. [41] to predict the optimal fracture ge-
ometry (fracture width and half-length).
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(2) A frac-packed vertical well with a horizontal hydraulic frac-
ture to produce methane gas from a sub sea NGH resource.

(3) A vertical well with a cased hole gravel pack system in an
NGH reservoir.

Fracture width estimation for the case of a frac pack NGH well
with a vertical fracture is conducted using the Economides et al.’s
[41] model (Unified Fracture Design approach). Next, estimation of
fracture geometry for the frac-packed well with a horizontal frac-
ture is conducted using the fracture hydraulics model developed by
Hou et al. [34]. Lastly, the fracture and proppant permeability
estimation is conducted using Berg's equation [42]. Furthermore,
sensitivity analysis is conducted to identify critical factors influ-
encing the productivity of frac-packed gas wells while using the
natural gas hydrates parameters of the Shenhu area, South China
Sea, China. Also, a productivity ratio will be used as a criterion to
provide well selection types.

2. Mathematical models

This section presents three models for assessing well produc-
tivity and a proppant selection model used to estimate fracture or
proppant permeability. The well productivity models considered
include frac-packed gas hydrate wells with vertical fractures, frac-
packed gas hydrate wells with a horizontal hydraulic fracture,
and a cased hole gravel-packedwell. The following assumptions are
made in this investigation:

(1) The gas hydrate reservoir is homogenous and isotropic in the
horizontal direction.

(2) Natural gas production will be contributed from the free gas
in the Class 1G hydrate reservoir.

(3) Single-phase gas flow prevails in the Class 1G hydrate
reservoir owing to free gas present in the hydrate-bearing
zone, which is also in contact with an underlying free gas
layer, providing gas flow even before hydrate dissociation
pressure is reached.

(4) Darcys law is valid, and the turbulent flow effect is negligible
owing to the low flow velocity of gas during gas hydrate
dissociation.

(5) The NGH reservoir is depleted under pseudo-steady state
conditions during gas production in the depressurization
process.

2.1. Frac-packed well with a vertical fracture

Subsea gas hydrate reservoirs are primarily in shallow envi-
ronments [34]. Because the minimum formation stress is vertical,
horizontal fractures are created [43]. However, for a frac-pack
vertical well in an NGH environment where the least formation
stress is horizontal, a vertical hydraulic fracture is generally created
during fracture propagation. Economides et al. [41] introduced the
idea of Unified Fracture Design to optimize hydraulic fracturing
treatment based on given proppant volume, reservoir thickness,
reservoir permeability, and fracture drainage area parameters. They
pointed out that an optimal fracture geometry (fracture width and
fracture half-length) can be determined, giving a corresponding
maximum productivity index, JD. Also, they introduced the idea of
the Proppant Number, Np, which is a ratio of fracture conductivity
(kfVf) and the product of fracture half-length and formation
permeability. When the Proppant Number, Np, is known, it be-
comes relatively easy to estimate the optimum dimensionless
fracture conductivity (CfD, opt), the maximum pseudo-steady state
dimensionless productivity index, JDmax, and the fracture geometry

(width and length). The Unified Fracture Design method has been
applied in the oil and gas industry to estimate optimal fracture
geometries [44,45]. However, it has not been applied in an NGH
reservoir to predict fracture geometry. This section will consider
using a frac-pack well with a vertical hydraulic fracture. First, the
optimal fracture geometry will be estimated using the Unified
Fracture Design methodology. Next, the well productivity will be
assessed using a conventional gas well productivity model. Based
on the Unified Fracture Design, for a given treatment size (proppant
volume in ft3), reservoir thickness (ft), reservoir permeability (md),
the Proppant Number, Np is estimated using Equation (1) as:

Np ¼ 2kF vp
K Vr

(1)

kf refers to the fracture permeability in millidarcy, and it is
dependent on the proppant type and size and will be estimated
using Berg's [42] empirical equation. Vp is the propped volume in
cubic feet, and K is the reservoir permeability in millidarcy. The
authors first proposed correlations to estimate the optimum
dimensionless fracture conductivity based on the range of Proppant
Number Np calculated to evaluate the optimal fracture geometry.
The equation to estimate the optimum dimensionless fracture
conductivity (CfD, opt is dependent on Proppant Number, Np) is
given as [46]:

CfD;opt ¼

8>>>><
>>>>:

1:6; if Np<0:1

1:6þexp
��0:583þ1:48 lnðNPÞ

1þ0:142 lnðNPÞ
�
; if 0:1�Np�10

Np; if Np > 10

(2)

When the optimum dimensionless fracture conductivity is
known, the optimum fracture geometry: fracture half-length, xf,
and width, w can be estimated from Equation (3) and Equation (4)
as:

Xf ¼
 

Vf Kf

CfD; opt hf K

!0:5

(3)

W ¼
 
CfD; optVfK

h Kf

!0:5

(4)

where Vf refers to the volume of the fracture for one propped wing,
and it is defined as:

Vf ¼ Vp

2
(5)

and the propped volume, Vp, can be calculated as

Vp ¼
Mp

 
h
.
hf

!

pr
�
1�∅p

� (6)

Where hf refers to the height of the fracture in feet, rp refers to
proppant specific gravity, and 4p refers to the proppant pack
porosity. Furthermore, h/hf will be equal to 1 if the pay zone
thickness, h, is equivalent to the height of the created fracture, hf.
According to Economides et al. [41], once the Proppant Number, Np,
is determined, the maximum corresponding dimensionless pro-
ductivity index under pseudo-steady state can be estimated based
on the range of the Proppant Number, Np as:
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JD;maxðNpÞ ¼

8>>>><
>>>>:

1
0:99�0:5 ln

�
Np
�; if Np<0:1

6
p
�exp

 
0:423�0:311Np�0:089Np

2

1þ0:667Npþ0:015Np
2

!
; if Np>0:1

(7)

Next, with the maximum dimensionless productivity index at
pseudo-steady state estimated, the long-term productivity of the
frac-pack well with a vertical hydraulic fracture in an NGH envi-
ronment can be estimated using conventional gas well productivity
model under pseudo-steady state flow condition as:

Qg ¼
Kh h

�
P
2 � Pw2

F

�
1424mgZðTþ 460Þ : JDmax (8)

Where Qg represents the well productivity in Mscf/d, Kh represents
the horizontal permeability in millidarcy, h refers to the hydrate-
bearing layer thickness in feet, P refers to the average reservoir
pressure in psia, Pwf represents the bottom hole flowing pressure
in psia, used to effect dissociation of methane gas from the NGH
resource, mg represents the gas viscosity in Centipoise and evalu-
ated at average pressure, Z is the gas compressibility factor evalu-
ated at average pressure, and T represents the gas hydrate reservoir
temperature in Rankine.

2.2. Frac-packed well with a horizontal fracture

Since most methane gas found in NGH reservoirs is in shallow
sediments, the minimum formation stress is often in the vertical
direction, and as a result, horizontal fractures are generally created
during well stimulation [34]. Hou et al. [34] developed fracture
hydraulics models to predict bottom hole fracturing pressure by
assuming that.

(1) The treatment fluid is a Newtonian fluid.
(2) The created fracture assumes a circular shapewith a constant

width.
(3) The treatment fluid leak-off is negligible during frac-packing

due to frozen pore spaces in the NGH zone.

According to Hou et al. [34], the bottom hole fracturing pressure
can be estimated as:

PF ¼pt þ
1:66� 10�4fFrLq

2
i

w3

�
1
rw

� 1
R

�
(9)

where pF refers to the bottom hole fracturing pressure in psi; pt
refers to the fracture tip pressure in psi, fF is the Fanning friction
factor; rL refers to the fluid density in lbm

ft3
; qI is the injection rate in

bpm, rw refers to wellbore radius in feet, R is the fracture radius in
feet, andw is the average fracturewidth in inch. Equation (9) can be
modified to estimate the average fracture width as

w¼
"
1:66� 10�4fFrLq

2
i

rwðpF � ptÞ

#1
3

(10)

Equation (10) assumes that 1/R is negligible when compared to
1=rw. However, if the following parameters are available: poison's
ratio, y; fracturing treatment fluid viscosity, m; Young's modulus, E
(psi), and the radius of fracture, Rf (ft), then, the average fracture
width can be quickly estimated using the equation derived by

Geertsma and de Klerk [47] as:

w¼0:176

"
mf qi

�
1� n2

�
Rf

E

#1
4

(11)

where the propped width of the fracture, wp, is given by

wp ¼Cpw (12)

where Cp refers to the total or overall proppant concentration in the
treatment slurry.

Next, if the volume of proppant in ft3, Vp is known based on the
mass of proppant (Ibm) pumped during the treatment operation,
then the radius of the fracture in feet, can be determined using the
following equation:

R¼
ffiffiffiffiffiffiffiffiffiffiffiffi
12Vp

pwp

s
(13)

2.2.1. Well productivity model
The Shan et al. [40] model was modified to account for flow

across all the NGH reservoir (frac and un-frac section), and it is
strictly based on a technical feasibility study. The assumptions for
the model formulation are:

(1) The gas hydrate reservoir is homogeneous and isotropic in
the horizontal direction.

(2) Pseudo-steady-state flow condition prevails within the well
drainage area. That is, the pressure in the NGH reservoir has
dropped below its hydration pressure.

(3) The minimum formation stress is in the vertical direction
based on the shallow nature of the NGH sediment, thus,
hydraulic fracture with a circular shape in the horizontal
plane at the mid-depth of the hydrate zone is created during
well stimulation treatment operation.

(4) The horizontal fracture drains gas from the reservoir vol-
umes overlaying and undelaying the fracture (Linear vertical
flow) in the fractured zone, while radial horizontal flow
prevails from the non-fractured region to the fractured
region.

(5) Darcy's law dominates the fluid flow in the matrix and
fracture due to the gas phase's relatively low flow velocity
caused by the high-water saturation during
depressurization.

(6) Single gas-phase flow prevails in the Class 1G NGH reservoir
owing to free gas presence in the hydrate-bearing zone and
the underlying free gas zone.

For a vertical non fractured well under pseudo-steady state
condition of flow, horizontal radial flow regime prevails. Under
pseudo-steady state flow conditions, the gas flow rate in the non-
fractured region can be estimated as [48]:

Qg ¼
kHh

�
P
2 � p2R

�
1424mgzT

�
ln re

R � 3
4

� (14)

where Qg refers to gas production rate in Mscf/d, kH refers to
effective horizontal reservoir matrix permeability to gas flow in
md, h refers to the thickness of gas hydrate reservoir in ft, p refers to
the average reservoir pressure in psia, pR refers to the pressure at
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the fracture tip in psia, mg refers to gas viscosity in cp at the average
reservoir pressure, z refers to the average gas compressibility factor
estimated at the average reservoir pressure, T is the NGH formation
temperature in oR, re is the radius of the drainage area in ft, and R is
the radius of fracture in ft.

Shan et al. [40] model account for vertical flow from the gas
hydrate zone to the fracture, and it is estimated using the following
equation:

Qg ¼
kVR

2�p2R � p2w
�

58:82mgzTh
h
3CR2 þ 2

�
e

C
2 ðR2�r2wÞ � e�C

2r
2
w

�i heC
2 ðR2�r2wÞ � 1

i

(15)

where kv refers to the effective reservoir vertical permeability in
md, pw refers to the wellbore pressure in psia, and rw refers to the
wellbore radius in ft.

The parameter C in Equation (15) is estimated using the relation
in Equation (16) as:

C¼ � 96kV
wphkf

(16)

where wp is the propped fracture width, and kf is the fracture
permeability.

A combination of Equation (14) and Equation (15) links the two
regions (the fractured region and the non-fractured region) by
assuming a series flow of fluid and this ensures a full flowpath from
the drainage boundary to the wellbore. The modified Shan et al.
[40] model for gas flow rate estimation in a frac-pack NGH well
with a horizontal fracture is given in the U.S field unit as:

Qg ¼
kHh

�
P
2 � p2w

�

mgzT

(
1424

�
ln re

R � 3
4

�
þ

58:82kHh
2
h
3CR2þ2

�
e
C
2 ðR2�r2wÞ�e�

C
2r
2
w

�i
kVR

2
h
e
C
2 ðR2�r2wÞ�1

i
)

(17)

2.3. Cased-hole well with internal gravel pack

The conventional gravel pack method used in the oil industry
can be employed to mitigate sand production in an NGH well [49].
Previous field trials have applied the use of sand control design
systems such as open-hole gravel pack system, expandable screens,
standalone screens, and pre-packed screen to control sand pro-
duction during gas hydrate dissociation [49e51]. However, little or
no success has been achieved to control sand production and sus-
tain the long-term productivity fromwells in an NGH environment
despite using numerical simulation methods and conventional
gravel sizing procedures [52,53]. A possible reason for past failures
could be based on design objectives that were purely focused on
sand bridging or sand prevention without considering excluding
the fines fraction from the formation [49].

This section presents a conventional model used in the oil and
gas industry to estimate productivity for a vertical well with a cased
hole gravel pack system located in the Shenhu NGH environment
and under pseudo-steady state condition. Equation (37) to Equation
(39) in the subsequent section is used to select the maximum
allowable proppant size, DmaxP, the minimum allowable proppant
size, DminP, and the median diameter size of the proppant, D50,
respectively. Also, Berg's [42] empirical equation as defined in
Equation (42) in the subsequent section estimates the proppant
pack permeability (Also, fracture permeability). Lastly, skin effect

due to perforation and a cased hole gravel pack is estimated using
Karakas and Tariq [54] and Furui [55] models. The assumptions
made in this section are as follows:

(1) The gas hydrate reservoir is homogenous and isotropic in the
horizontal direction.

(2) Free gas in the hydrate-bearing zone will be produced using
the depressurization technique.

(3) Only a single gas phase flow prevails during hydrate disso-
ciation in the Class 1G gas hydrate reservoir.

(4) Darcy's law is valid, and the non-turbulent flow effect can be
ignored because of the relatively low flow velocity of the gas
phase on dissociation.

(5) The NGH reservoir is under pseudo-steady state condition.

2.3.1. Perforation skin effect estimation
Locke [56] was one of the proponents to investigate the per-

formance of perforated well systems. Locke produced an easy-to-
use nomograph to estimate the skin factor for perforated wells;
however, the method only applies to standard phasing angles (00,
900, 1200, and 1800), and specific perforation diameters [57]. Later,
Karakas and Tariq [54] derived a famous semi-analytical equation
to estimate the perforation skin effect, which has been used as a
standard in computer simulations and broader coverage than
Locke's method [56]. This study adopted the Karakas and Tariq [54]
model to estimate skin factors due to perforation for a cased-hole
gravel pack well in the Shenhu NGH reservoir located in the
South China Sea, China. From Karakas and Tariq’s report, the total
skin effect due to perforation, SP, is given as:

SP ¼ Sh þ Sv þ Swb (18)

The plane flow effect, Sh, is estimated using the following
equation:

Sh ¼

8>>>><
>>>>:

ln

 
rw

f
�
rw þ Lp

�
!

for phasing angle different from 0o

ln
�
4rw
lp

�
for phasing angle equals to 0o

(19)

The parameter f is estimated from a reference table given by
Karakas and Tariq [54], and it is based on standard phasing angles.
The vertical pseudo skin effect, Sv is given as:

Sv ¼ 10a hD
b�1rpDb (20)

Where the following represent dimensionless parameters:

a ¼ a1log10(rpD) þ a2 (21)

b ¼ b1 rpD þ b2 (22)

hp ¼ h
lp

ffiffiffiffiffiffi
Kh
Kv

s
(23)

rpD ¼ rp
2h

0
@1þ

ffiffiffiffiffiffi
kh
kv

s 1
A (24)

with h representing reservoir thickness in ft, lp is the length of
perforation in inch, Kh and Kv are the Horizontal and vertical
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permeabilities in md, and rp is the radius of perforation in inch. The
wellbore skin effect, Swb, is estimated as:

Swb ¼ C1 exp(C2rwd) (25)

Where rwd is a dimensionless parameter given by:

rwd ¼ rw
lp þ rw

(26)

The parameters, C1 and C2, can be estimated from a reference
table given by Karakas and Tariq [54].

2.3.2. Cased-hole gravel pack skin factor estimation
A study conducted by Furui [55] proposed that conventional

models like Golan and Whitson [58] used in estimating skin factor
in a gravel pack-filled perforation might give erroneous results
when the tunnel permeability approaches the formation perme-
ability. Furui [55] cited that a transition from linear to spherical
flow near the perforation through the casing could be the main
reason. He developed a new model for the estimation of skin fac-
tors, which has become an industry standard. In this study, it is
assumed that:

(1) The pressure drop through the gravel is negligible, and the
migration of fines has not reduced the gravel's permeability.

(2) The turbulence effect is negligible owing to the relatively low
flow velocity of methane gas during hydrate dissociation.

(3) Skin factor due to formation damage is negligible, and an
optimal perforation design strategy is adopted to minimize
the perforation skin effect.

An estimate of skin factor, Scg, for cased hole gravel packed
wells in an NGH environment is presented as follows based on
Furui's model [55]:

SCG ¼ SoCG;ic þ S0CG;OC (27)

Where SoCG; ic refers to the gravel pack skin factor through the
perforation tunnel in the casing, and it is defined by:

SoCG; ic ¼
 
2hDp

r2Dct

!
tDct
kDcg

(28)

The dimensionless variables in Equation (28) can be obtained as
follows [55]:

RDct ¼
rct
rw

(29)

HDp ¼
hp

rw
(30)

TDct ¼
tct
rw

(31)

KDcg ¼
KCG

K
(32)

S0CG;OC refers to the gravel pack skin factor through the perfo-
ration tunnel outside the casing, and it is defined by:

S0CG;OC ¼
�
1� k�0:5

Dcg

�
Sp þ K�0:5

Dcg Spl (33)

Where Sp is estimated using Equation (19) and refers to perforation

skin factor, also, Spl in Equation (33) is defined by:

Spl ¼ 3hpD

2rDct
þ ln

v2

h2
Dpð1þ vÞ

� 0:61 (34)

Furthermore, the parameter, v is estimated based on the
perforation phasing angle as:

V ¼

8>>>>><
>>>>>:

1:5; if q ¼ 3600

sin

0
B@ p
360
q

1
CA; if q not equal to 3600

(35)

2.3.3. Well productivity model for cased hole gravel pack
For a vertical well located in a natural gas hydrate (NGH) envi-

ronment with a cased hole gravel pack system, the well produc-
tivity is estimated using the conventional gas well productivity
equation under the assumption that the NGH reservoir is under
pseudo-steady state condition of flow. That is, the NGH reservoir
pressure has dropped below its dissociation pressure. Also, it is
assumed that the gas hydrate reservoir is homogenous and
isotropic in the horizontal direction. The gas flow rate in the U.S
field unit is defined as:

Qg ¼
Kh h

�
P
2 � p2wf

�
1424mgðT þ 460Þ

�
ln 0:472re

rw
� 3

4 þ SCG

� (36)

Where Qg refers to the gas production rate in Mscf/d, refers to
effective horizontal reservoir matrix permeability to gas flow in
md, h refers to the thickness of gas hydrate reservoir in ft, refers to
the average reservoir pressure in psia, refers to the bottom hole
flowing pressure in psia, mg refers to gas viscosity in cp at the
average reservoir pressure, z refers to the average gas compress-
ibility factor estimated at the average reservoir pressure, T is the
NGH formation temperature in oR, is the radius of the drainage area
in ft, and rw is the radius of the wellbore in ft, and SCG refers to
gravel pack skin factor.

2.4. Proppant selection/sizing model

The dissociation of methane gas from NGH reservoirs results in
grain detachment and migration toward the sand-control media's
outer boundary, and with some fines and clay content penetrating
through the sand-control media [49]. Consequently, sand control
techniques adopted in conventional oil and gas reservoirs (open
hole gravel packing, internal gravel packing and frac packing) can
be employed in an NGH reservoir with unconsolidated sands
[49,59]. Both gravel packing and frac-packing techniques require
proper sizing and proppant selection based on particle size distri-
bution characteristics [34,60]. Using large proppant sizes will
enhance gas productivity and reduce skin effect, but could result in
massive sand production, erosion of wellbore, and total loss of well.
On the other hand, using small proppant/gravel sizes would lower
sanding risk in the wellbore. However, it may in-crease the likeli-
hood of plugging by formation fines or clay and reducing produc-
tivity in an NGH well. Therefore, it is crucial to optimize the design
objective to meet sand exclusion requirements and allow the free
flow of formation fines [49].

Coberly and Wagner [60] proposed that for uniform sands, the
gravel or proppant should have a D10 size that is less than 10e13
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times the d10 of the formation particle size. However, this approach
resulted in permeability impairment due to large gravel sizes,
which could not pre-vent the invasion of formation fines. Efforts to
remedy field failures from applying Coberly and Wagner approach
were made by several researchers [61e63]. Hill [61] recommended
reducing the ratio (D10/d10) to 8; however, there was no improve-
ment. Later, Buzarde et al. [62] recommended that the pack to
formation sand ratio (D50/d50), based on the 50 e percentile points,
be � 8, and (D90/d90) based on the 90-percentile points, be � 12:
Later, investigators realized that formation fines were critical in
designing sand control [63,64]. Schwartz [64] proposed a gravel
sizing procedure based on a uniformity coefficient that is at most
1.5. He suggested the following rules: D10 ¼ 6d10 for uniform sands
(UC < 3); D40 ¼ 6d40 for non-uniform sands (5 < UC < 10); and
D70 ¼ 6d70 for severe nonuniform sands (UC > 10). Next, Saucier
[65] proposed a rule used as an industry standard to select prop-
pant sizes. He recommended that the diameter of the median size
of the gravel pack D50 be five to six times the diameter of the
median size in the formation sand (D50 ¼ 5 - 6d50). Saucier's cri-
terion retains formation fines at the boundary of the proppant pack,
resulting in the reduction of permeability at this interface, and
subsequently, loss of productivity [34]. Later, Jennings [66] raised
the multiplier by 6e8 times (D50 ¼ 6 to 8 times d50) to allow some
invasion of formation fines rather than retaining the sand at the
proppant/sand interface.

A recent study was conducted by Li et al. [49] to select unique
proppant sizes with a focus on retaining coarse formation particles
and eliminating formation fines through the sand control media for
clayey hydrate-bearing formations in the Shenhu area, South China
Sea, owing to its characteristics high clay content which could
result in screen plugging. Their work divided the formation sand
into two components based on particle size distribution: coarse
component and fine component. Then, they determined the gravel
sizes required to retain coarse components and eliminate fine
components, respectively. Next, they found the proper gravel size
by intersecting the two components (coarse and fine). Although
this is a novelmethod for sand control in an NGH environment with
a high clay content, it is based on a technical feasibility study, and it
is yet to be applied in field trials. In this study, we propose the
following procedure to select proppant sizes to retain coarse par-
ticles while allowing the invasion of formation fines to some extent
into the proppant pack based on the formation particle size
distribution:

(1) The maximum allowable proppant size DMaxP is equal to 6.5
times the 10-weight percentile of formation particles so that
large particles (top 10%) are retained outside of fracture and
can be defined as

DMaxP ¼6:5d10 (37)

(2) The minimum allowable proppant size DMinP is equal 6.5
times the 90-weight percentile of formation sand particles,
this enables retaining of least 90% of formation particles in
the proppant pack, and it is defined as

DMinP ¼ 6:5 d90 (38)

(3) The 50-weight percentile points of the proppant/gravel (D50)
is designed based on the constant uniformity coefficient as

D50 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DMaxPDMinP

p
(39)

(4) D10 and D90 of the proppant/gravel can be determined by
Equation (40) and Equation (41), respectively as

D10 ¼ 0:7 DMaxP (40)

D90 ¼
DMinP
0:7

(41)

2.4.1. Fracture or proppant permeability
Fracture or proppant permeability can be estimated using

empirical correlations that are based on the size distribution of
proppant particles (mainly D50) and as well as their fractional
porosity (Ø) according to studies conducted by some authors
[42,67e70]. Krumbein and Monk [67] estimated the permeability
of sand packs (in Darcy) of constant 40% porosity for specified size
and sorting ranges. They developed a correlation that relates the
permeability to the geometric mean of grain diameter (in milli-
meters) and the standard deviation of grain diameter (in phi units).
Although the Krumbein and Monk equation does not include
porosity as a factor, however, Beard and Weyl [68] adopted their
experimental technique and later found that Krumbein and Monk's
correlation fit their experimental data reasonably for sample
porosity ranging from 23% to 43%. Both researchers: Krumbein and
Monk [67] and Beard and Weyl [68], used sieved sands from a
common source, and grain properties like angularity, sphericity,
and surface texture did not differ much. Also, sorting was inten-
tionally controlled to be log-normal. In another study, Morrow et al.
[71] proposed that permeability correlated best with the log of
grain size times sorting for fines fraction less than 44 and this was
based on statistical data from Gulf Coast sands. Later, Berg [42]
developed a model that linked grain size, shape, and sorting to
estimate permeability. Berg considered “rectilinear pores” and
defined them as pores that penetrated the solid without a change in
shape or direction in various packings of spheres and derived a
simple relation as:

kf ;g ¼80:8∅5:1D2
50e

�1:385P (42)

where kf ;g is fracture or proppant permeability in md, D is particle
diameter in micrometers (mm), 4 is fractional porosity. P is the
sorting term, usually expressed in the phi unit (phi ¼ - Log2 D) and
accounts for the spread in grain size. The sorting term, P, is defined
by the simple relation as:

P¼ � log 2ðD90Þ þ log 2ðD10Þ (43)

In this study, Berg’s [42] equation was used to estimate fracture
and proppant permeability since the correlation was derived by
assuming that the smaller grain fractions primarily control
permeability (in md). Berg [42] model was developed to determine
the permeability of unconsolidated sediments with relatively clean
consolidated quartz rocks, giving a good result for sand packs with
fractional porosity less than 30%.

3. Workflow diagram for well completion selection type in
marine class IG NGH reservoir

Fig. 1 represents the workflow diagram for selecting well
completion types in a typical Class 1G marine gas hydrate
reservoir with clayey silt lithology, which is used for this study.
Here, the least vertical stress orientation determines which
model to be used to design for frac-packing: Economides et al.
[41] or the modified Shan et al. [40] model. Also, the decision to
design for frac-packing or cased-hole gravel pack well system will

E. Ekhator and B. Guo Petroleum 7 (2021) 414e426

420



depend on the frac-packed wells' productivity ratio to the cased-
hole gravel pack well.

4. Field case studies

This segment presents well productivity estimations based on
the three productivity models (Frac-Pack vertical well with a ver-
tical hydraulic fracture, a Frac-pack NGH with horizontal fracture,
and a cased hole gravel pack well) considered in this study. The
NGH reservoirs in Shenhu area, Northern South China Sea, is used
as a field case study. Based on Su et al.’s [72] report, the NGH in the
Shenhu area, South China Sea, is located about 3870 ft below the
mud line. The NGH bearing layer extends from 510 ft to 580 ft
below the mud line. The seawater has a pressure gradient of 0.465
psi/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. The reservoir lithology is clayey silt with three intervals. In
interval “a,” the mean effective porosity is 35%, the mean hydrate
saturation is about 34%, and the mean permeability is 2.9 md. In
interval “b,” the mean effective porosity is 33%, the mean hydrate

saturation is 31%, and the mean permeability is 1.5 md. While in
interval “c,” the mean effective porosity is 32%, the mean gas
saturation is 7.8%, and themean permeability is 7.4 md [33]. The gas
compressibility factor z is 0.815, and it is estimated using Brill and
Beggs correlation [73]. The gas viscosity mg is 0.014cp, and it is
estimated using Carr-Kobayashi-Burrow Correlation [73]. Table 1
summarizes the NGH parameters from the site SH7 of GMGS-1
and GMGS-3 in the Shenhu area [72].

4.1. Proppant sizing and permeability estimation

Table 2 shows an estimated particle size distribution of the NGH
sediments located in the Shenhu field [33]. The maximum forma-
tion particle size from all three intervals is 29 mm, which is char-
acterized as formation fines (<44 mm). Estimation of the following:
(a) minimum allowable proppant size, Dminp (mm), (b) maximum
allowable proppant size, Dmaxp (mm), (c) average median diameter
of proppant, D50 (mm), (d) the sorting term P, and (e) the proppant
or fracture permeability are based on the formation particle size
distribution of the hydrate-bearing layer in the interval “a.” Based
on the steps outlined in Equation (37) to Equation (43), the average
median diameter of proppant (D50) is estimated as 54.38 mm
(0.00214 inch), the maximum allowable proppant size, Dmaxp is
91 mm (~0.004 inch), the minimum proppant size is 32.5 mm
(~0.0013 inch), and the proppant or fracture permeability estima-
tion is 1187. The estimated variables from this study are shown in
Table 3.

4.2. Productivity of frac-pack well with a vertical fracture

Table 4 shows a complete summary of the parameters used in
estimating the productivity of a Frac-pack NGH well with a vertical
fracture in the Shenhu area. An assumed 50,000 Ibm of proppant
mass pumped during the fracture treatment resulted in a propped

Fig. 1. Workflow Diagram for selecting types of well completion in marine Class 1G gas hydrate reservoirs.

Table 1
NGH reservoir Parameters used for the study [72].

Parameter Value Unit

Reservoir thickness 70 ft
Reservoir pressure 2,053 psi
Reservoir temperature 57.7 � F
Porosity 0.32
Gas viscosity 0.014 cp
Gas z factor 0.815
Horizontal permeability 2.65 md
Vertical permeability 0.88 md
Fracture permeability 1,187 md
Wellbore radius 0.328 ft
Wellbore pressure 500 psi
Drainage radius 5000 ft
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volume of 504 ft3. Based on the Unified Fracture design method-
ology [41,46], the optimum fracture propped width is estimated as
1.361 inch, the optimum fracture length (Xf) is estimated as 32 ft,
and lastly, a gas production rate of 14.9 MMScf/d is obtained using
Equation (8), under pseudo steady-state flow condition.

4.3. Productivity of frac-pack well with a horizontal fracture

Table 5 shows a summary of the parameters used in estimating
the productivity of a Frac-pack NGH well with a horizontal fracture
in the Shenhu area. An assumption is made with the fracture-tip
pressure equivalent to the minimum formation stress (in the ver-
tical direction). Estimating the vertical stress (¼ fracture tip pres-
sure) yields 2345 psi at the mid-zone depth of 4,415 ft. The vertical
stress or fracture tip pressure is calculated based on a pressure
gradient of 0.456 psi/ft above the mud line and an overburden
stress gradient of 1.0 psi/ft below the mud line. The same propped
volume of 504 ft3 (used for the Frac-Pack NGH well with a vertical
fracture) is used during the treatment operation, which gives a
resultant fracture radius of 111 ft. The estimated gas production rate
using Equation (17) yields 5.621 MMscf/d.

4.4. The productivity of cased-hole gravel-packed well

The optimal perforation parameters in Table 6, are assumed to
minimize gravel pack skin factor. The estimated gas production

rate, Qg, using the conventional gas productivity model shown in
Equation (36), under pseudo steady flow condition gave a value of
11.47 MMscf/d. Table 7 shows a summary of the parameters used in
estimating the productivity of a cased hole gravel pack well in the
Shenhu NGH reservoir.

5. Sensitivity analysis

A sensitivity analysis was conducted to determine influencing
parameters affecting the productivity of Frac-pack NGH well based
on the parameters shown in Tables 4 and 5

5.1. Effect of proppant mass on frac-pack well productivity

The influence of proppantmass (Ibm) and proppant volume on a
Frac pack NGH well (Both Frac-pack well with horizontal and ver-
tical fracture) is determined by varying the proppant mass. Fig. 2
and Fig. 3 show the effect of proppant mass (Ibm) on well pro-
ductivity. Both figures show that well productivity is improved
slightly with the increase in proppant mass (Ibm) for the Frac-pack
NGH well with a vertical fracture and horizontal fracture, respec-
tively. However, for a frac-pack well with a horizontal fracture, an
increase in proppant mass (Ibm) above 100,000 Ibm creates a lesser
improvement in productivity.

5.2. Effect of fracture permeability on frac-pack well productivity

The sensitivity analysis on fracture permeability's impact on
well productivity for the Frac-Pack NGHwell with a vertical fracture

Table 2
Reservoir properties of three intervals in the Shenhu field [33].

Parameters Interval “a" Interval “b" Interval “c"

d10 (mm) 14.00 11.70 28.14
d50 (mm) 8.49 7.10 17.06
d90 (mm) 5.00 4.18 10.05
Porosity 0.35 0.33 0.32
Permeability (md) 2.90 1.50 7.40

Table 3
Estimated proppant size and permeability from study.

Parameter values unit

10 percentile weight of hydrate PSD, d10 14 mm
90 percentile weight of hydrate PSD, d90 5 mm
Maximum allowable proppant size, Dmax, p 91 mm
Minimum allowable proppant size,Dmin, p 32.5 mm
D 10 size of proppant 64 mm
D 90 size of proppant 46.42 mm
sorting, P 0.46
d50 54.38 mm
Estimated proppant pack permeability 1187 md

Table 4
Summary parameters for well productivity estimation.

Parameter Value Unit

Proppant pack permeability, Kf 1187 md
Mass of proppant for two wings, M 50000 Ibm
Height of fracture, hf 70 ft
Porosity of proppant 0.400
Specific gravity of proppant material (Water ¼ 1) 2.65
Volume of proppant, Vp 504 ft3

Proppant Number, Nprop 0.0001
Dimensionless productivity index at Maximum, Jdmax 0.18
Optimum dimensionless fracture conductivity, Cfd opt 1.6
Volume of one propped wing, Vf 252 ft3

Optimum Fracture length, Xf opt 32 ft
Optimum fracture width, Wopt 1.361 in
Skin factor, Sf �3.2
Gas production rate, Qg 14.89 MMScf/d

Table 5
Summary parameters for estimation of well Productivity.

Parameter Value Unit

Proppant pack porosity,∅ 0.4
Estimated fracture permeability, kf 1187 md
Bottom treatment pressure, Pf 2500 psi
Fracture tip pressure, Pt 2345 psi
Fracturing flow rate, qi 60 bpm
Overall Proppant concentration in the slurry, Cp 0.35
Fanning Friction factor, Ff 0.1
Fluid density, 9l 75 Ibm/ft3

Average fracture width 0.45 in
Fracture propped width, wp 0.16 in
Propped volume,Vp 504 ft3

Fracture radius, R 111.16 ft
Production rate, Qg 5.62 MMscf/D

Table 6
Summary of parameters used for well productivity estimation.

Parameter Value Unit

Plane flow effect, Sh �0.94
Vertical pseudo skin effect, Sv 0.17
Wellbore effect skin, Swb 0.01
Perforation skin effect, Sp �0.76
Permeability of proppant pack, Kg 1187 md
Dimensionless Variable, rtD 0.10
Dimensionless Variable, HpD 0.30
Dimensionless Variable, tDct 0.30
Dimensionless permeability, Kd,cg 447.92
Parameter n 0.71
Perforated liner skin factor, Spl 0.58
Gravel pack skin factor (gravel filled

casing and cement tunnel), Scg, ic
0.04

Gravel pack skin factor (perforation cavity
extending into the formation), Scg, oc

�0.70

Cased hole Gravel pack skin factor, Scg �0.66
Gas production rate, Qg 11.35 MMscf/D
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and a horizontal fracture are displayed in Fig. 4 and Fig. 5, respec-
tively. The frac-pack NGH well with a vertical fracture case shows
that the well productivity increases linearly with an increase in
fracture permeability. However, it is essential to note that the
fracture permeability is a function of the proppant size distribution,
which is sized based on the formation particle size distribution. The
Frac-pack NGH well horizontal fracture case indicates that the well
productivity increases nonlinearly with fracture permeability, but
at larger values of fracture permeability, Kf, the well productivity
plateaus. That means when the fracture permeability exceeds a
threshold value of 50,000 md, the well productivity tends to flatten
out.

6. Discussion

An assessment study was conducted on the productivity of a
frac-packed natural gas hydrate well with a vertical hydraulic
fracture, a frac-pack NGH well with a horizontal fracture, and a
cased hole gravel pack well in a class 1G NGH reservoir located in
the Shenhu area, South China Sea, China, under pseudo-steady
state flow condition. The productivity ratio between the frac-

packed well and cased-hole gravel pack well might be used as a
reference to select well completion types in a marine class 1G gas
hydrate reservoir with clayey silt lithology. The productivity ratio
benchmark for well completion selection types will help minimize
the uncertainties associated with the well productivity models’
assumptions.

The assumption of a single-phase of gas flow during the gas
recovery process from the Class 1 G hydrate reservoir is based on
the free gas present in the hydrate-bearing zone (i.e., the hydrate-
bearing layer contains free gas plus hydrate) and the underlying
free gas layer beneath the hydrate-bearing area.

The frac-pack NGH well (vertical hydraulic fracture) productiv-
ity was estimated using the Unified Fracture Design method
developed by Economides et al. [41,46]. The estimated productivity
for this case was 14.89 MMscf/d. Whereas, For the frac-packed NGH
well with a horizontal fracture, the modified Shan et al.’s [40]
model was used, which gave an estimated production rate of 5.62
MMscf/d. Also, using conventional gas well productivity models
found in most standard petroleum engineering textbooks for the
case of a cased-hole gravel packwell in the Shenhu NGH reservoir, a
gas production rate of 11.35 MMscf/d was obtained. It is crucial to
note that the lower productivity obtained from the frac-packed
well with a horizontal fracture compared to the cased hole gravel
pack well is due to a converging horizontal flow, which creates a
choking effect wellbore flow area. That is, the wellbore flow area is
the limiting factor. Therefore, the decision to carry out a frac-
packing or conventional gravel packing depends on the frac-
packed wells' productivity ratio to the case-hole gravel pack well,
and this is also further dependent on the orientation of the mini-
mum formation stress. From the study, we anticipate that designing
for frac-packing might be the preferred choice for a case where the
vertical stress is the maximum (i.e., minimum formation stress is in
the horizontal direction). In contrast, for a case where the vertical
stress is the least (i.e., minimum formation stress is in the vertical

Table 7
Summary of perforation parameters used for study.

Parameter Value Unit

Wellbore radius, rw 0.328 ft
Wellbore pressure, Pwf 500 psi
Perforation radius through the casing, rt 0.4 in
Perforation radius through formation, rp 0.4 in
Length of perforation tunnel through casing and cement, tct 1.2 in
length of perforation tunnel through formation, lp 10 in
Perforation shot density, np 10 SPF
Phasing angle, q 90 Deg
Perforation spacing (inverse of shot density), hp 0.1 ft

Fig. 2. Effect of Proppant Mass on the productivity of a Frac-pack NGH well with a
vertical fracture.

Fig. 3. Effect of proppant mass on the productivity of a Frac-pack NGH well with a
horizontal fracture.

Fig. 5. Effect of fracture permeability on the productivity of a frac-packed NGH well
with a horizontal fracture.

Fig. 4. Effect of fracture permeability on the productivity of a frac-packed NGH well
with a vertical fracture.
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direction), designing for a cased-hole gravel pack well system
should be considered since preparing for frac-packing (fracture
orientation is horizontal) for this case might give lower well pro-
ductivity compared to a cased-hole gravel pack well.

Overall, thewell productivity models' applicability for this study
is limited to only Class 1G marine gas hydrate reservoir where the
gas hydrate has dissociated into gas and water.

7. Conclusions

In this study, the productivity of frac-packed wells (with vertical
hydraulic fracture and horizontal hydraulic fracture) and cased-
hole gravel-packed wells in a Class 1G NGH reservoir are assessed
using the data from the NGH accumulations in the Shenhu area of
the Northern South China Sea. The gas hydrate resource in this
location is Class 1G because a free gas bearing section underlies it,
and owing to this, the free gas will be produced before the disso-
ciated gas in the hydrate-bearing area via depressurization. The
Unified Fracture Design methodology proposed by Economides
et al. [41] was used to estimate fracture geometry for the frac-
packed well with a vertical hydraulic fracture. An existing frac-
pack well productivity model was modified to account for flow
across all reservoir sections (fractured and un-frac areas). The size
distribution of formation particles was used to design proppant size
requirements and as well as to estimate fracture permeability.
Sensitivity analysis was conducted to investigate parameters
affecting well productivity. The following conclusions are drawn:

(1) The productivity of a frac-packed well with a horizontal
fracture increases nonlinearly with fracture permeability;
however, the increasing trend levels off above a value of
50,000md. Thus, further increasing fracture permeability
will not significantly improve well productivity. This is
explained as the result of the choking effect near the
wellbore.

(2) The well productivity of a frac-packed well with vertical
hydraulic fracture increases nonlinearly with fracture
permeability. The increasing trend does not level off, indi-
cating a preferable behavior of the well type.

(3) Productivity of both types of frac-packed wells (horizontal
and vertical fracture) increases with proppant mass; how-
ever, proppant mass has a more significant effect on the frac-
packed well with vertical fracture than the frac-packed well
with a horizontal fracture.

(4) Case studies show that, with a proppant mass of 50,000 lbm
and a corresponding proppant volume of 504 ft3, gas pro-
duction rates of 14.89 MMscf/d, 5.621 MMscf/d, and 11.35
MMscf/d can be achieved using frac-packed well with ver-
tical fracture, frac-packed well with horizontal fracture, and
gravel-packed well, respectively. These numbers are not
considered accurate due to the assumption of single-phase
gas flow. Their ratios (14.89/11.35 ¼ 1.3, 5.621/11.35 ¼ 0.5)
can be used as references for well-type selection for marine
Class 1G NGH reservoirs with clayey silt lithology, especially
for those in the Shenhu Area of South China Sea, China.
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Abbreviations

a Dimensionless parameter
b Dimensionless parameter

C Dimensionless parameter defined by Equation (16)
C1 Dimensionless parameter
C2 Dimensionless parameter
CFD,opt Dimensionless fracture conductivity at optimum
Cp Proppant concentration in fraction
Dg Grain diameter in mm
DmaxP Maximum permissible proppant diameter in mm
DminP Minimum permissible proppant diameter in mm
D10 10 weight percentile of proppant
D50 50 weight percentile of proppant
D90 90 weight percentile of proppant
d10 10 weight percentile of particles
d50 50 weight percentile of particles
d90 90 weight percentile of particles
e base of natural logarithm
fF Fanning friction factor
h Thickness of gas hydrate reservoir in ft
hD Dimensionless variable
hdp Dimensionless variable
Jdmax Maximum dimensionless productivity index
Kcg Permeability of gravel in perforation tunnel in md
Kdcg Dimensionless variable
kf ;g Fracture/proppant pack permeability in md
kH Matrix horizontal permeability in md
kV Matrix vertical permeability in md
Lp Perforation length in inch
Mp Mass of proppant in Ibm
NGH Natural gas hydrate
np Perforation shot density in shots/ft
Np Proppant Number
P Sorting term
p Average reservoir pressure in psia
pe Pressure at the no-flow boundary in psia
pF Wellbore fracturing pressure in psia
pt Fracture tip pressure in psia
pw Wellbore pressure in psia
qi Injection rate in bpm
Qg Total gas production rate of a gas well in gas hydrate

conditions in Mscf/d
R Radius of the fracture in ft
rct Radius of perforation through casing in inch
rp Radius of perforation in inch
rpD Dimensionless variable
Scg Cased hole gravel pack skin factor
S0CG;iC Gravel pack skin factor throgh perforation tunnel in

casing
S0CG;OC Gravel pack skin factor through perforation on tunnel

outside casing
Sh Plane flow effect skin
Sv Vertical pseudo skin effect
Swb Wellbore skin effect
rdct Dimensionless variable
rw Wellbore radius in ft
T Formation temperature in ℉
Tdct Dimensionless variable
UC Uniformity coefficient
mg Gas viscosity in cp
w Average fracture width in inch
wp Propped fracture width in inch
v Dimensionless parameter defined by Equation (35)
Vp Volume of proppant in ft3

Vr Drainage volume in ft3

xf Fracture half-length in ft
z Gas compressibility factor
rL Fluid density in Ibm/ft3
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Øp Proppant fractional porosity
rp Proppant pack density in Ibm/ft3

f Dmensionless variable based on common phasing angle
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