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A B S T R A C T   

Hydraulic fracturing is widely used in enhancing hydrocarbon recovery efficiency of unconventional reservoirs 
including gas hydrate-bearing sediment (GHBS). However, the underlying mechanisms governing the influences 
of fractures on the intricate multi-field coupled processes during methane extraction remain poorly understood. 
This study develops a fully coupled thermo-hydro-chemical (THC) model for methane extraction from fractured 
GHBS under combined heat injection and depressurization operations. Novel dimensionless numbers are pro
posed to characterize the underlying heat transfer, fluid flow, and hydrate decomposition processes. The results 
reveal that depressurization induced fluid flow dominates methane extraction in the early stages, while heat 
injection induced thermal processes become the primary controlling factor in the intermediate and long-term 
stages. The flow field primarily governs the global-scale hydrate decomposition process, whereas the thermal 
field dictates the local-scale evolution of the pre-decomposition front. We find that increasing injection tem
perature and decreasing production pressure could improve gas recovery efficiency, although economic 
consideration may constrain these production strategies. Particularly, increasing injection temperature expands 
local hydrate decomposition zone and boosts gas production, while depressurization at the production well 
reduces the overall gas hydrate saturation and leads to extra gas production. Variation in well spacing show little 
effect on the gas recovery efficiency, but the total gas production changes for the change of reservoir scale. This 
study provides insights into the mechanisms of coupled thermo-hydro-chemical behaviors during methane 
extraction from fractured GHBS, and offers a fundamental model for the optimization of both extraction effi
ciency and economic viability of gas hydrate recovery.   

1. Introduction 

In recent years, the growing global demand for renewable energy has 
led to intense interests in natural gas hydrates (NGH) as an emerging 
clean energy source. NGH, also known colloquially as combustible ice, is 
a crystalline compound consisting of light hydrocarbon molecules [1]. 
NGH deposits are typically found in high-pressure, low-temperature 
environments such as marine sediments and permafrost regions [1]. 
According to Milkov’s 2004 study, the ocean contains approximately 
2.5×1015 m3 of NGH resources, demonstrating a significant opportunity 
for development [2]. As such, countries worldwide are actively engaged 
in the research of NGH exploration and development, employing various 

conventional extraction methods, including depressurization [3–7], 
thermal stimulation [8–11], inhibitor injection [12,13], and carbon di
oxide displacement [14], etc. 

Although several successful field trials have been conducted using 
these methods, methane extraction efficiency remains limited due to low 
productivity, short stable production time, and narrow hydrate spatial 
decomposition region during on-site tests [15]. The low permeability of 
gas hydrate-bearing sediment (GHBS) is the major issue that prevents 
commercially efficient methane extraction [16]. Anderson et al. esti
mated the GHBS permeability of Mount Elbert area in the United States 
by matching historical data, and the result was between 0.12 and 0.17 
mD [17]. Dai et al. measured the permeability of in-situ core samples 
from GHBS in the Indian Ocean, which was only 0.04 mD [18]. Jiang 
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et al. performed permeability tests on hydrate core samples from the 
Ulleung Basin, Korea, and the result was as low as 0.01 mD [19]. In 
China’s second hydrate reservoir trial production of Shenhu area, South 
China Sea, scientists found that the GHBS permeability was 2.38 mD [3]. 
In comparison, conventional oil and gas reservoirs typically exhibit 
permeability values of 100 mD or greater. To overcome the low 
permeability challenge, various methods have been proposed to 
enhance reservoir permeability, and thus improve methane production 
efficiency. For example, Liu et al. investigated hydraulic fracturing as a 
production enhancement technology for NGH through numerical sim
ulations and model experiments, and the results verified the effective
ness of hydraulic fracturing in enhancing gas production [20]. However, 
Sun et al. found that hydraulic fracturing alone was insufficient to 
ensure long-term efficient gas production from fine-grained reservoirs 
[21]. Combining hydraulic fracturing with depressurization has proven 
an effective method to increase gas production, especially with opti
mized fracturing and depressurization parameters [22–27]. Addition
ally, researchers have proposed various approaches to addressing issues 
such as excessive water production during hydrate extraction, including 
combining hydraulic slotting and burden sealing methods [28,29] as 
well as physical and chemical methods for reservoir re-heating [30–32]. 

The extraction of methane from GHBS entails intricate physical and 
chemical mechanisms, such as fluid flow in fractures and matrix, heat 
transfer, and hydrate decomposition. These processes play different 
roles at different stages. Some researchers also performed preliminary 
mechanistic analysis into synergistic hydrate extraction methods with 
the purpose of developing more efficient techniques to enhance gas 
production from GHBS. Feng et al. conducted hydrate dissociation ex
periments using large-scale simulator and presented that balancing the 
depressurizing rate and heat transfer rate is crucial for enhancing gas 
production [33]. Ju et al. proposed a method combining depressuriza
tion, hot water injection, and hydraulic fracturing. Their results indi
cated that thermal breakthrough was a critical signal of hydrate 
production mode [34]. Sun et al. performed laboratory experiments and 
found that hydraulic fracturing could significantly increase gas pro
duction in early stages, but its effectiveness was limited in later stages 
[21]. Ning et al. verified such a reduced effectiveness through numerical 
simulation and indicated that load sealing could improve long-term gas 
production efficiency [29]. Yu et al. have revealed that fractures with 

different orientations exhibit divergent impacts across varying time 
scales, whereby vertical fractures enhance short-term gas production 
efficiency while horizontal fractures primarily affect long-term gas 
production behavior [35]. Oluwunmi et al. conducted simulations of 
geological cycles spanning over 8000 years and observed that the evo
lution of the flow field progressed significantly faster than the variation 
of the temperature field. This suggests that the temperature field plays a 
crucial role in maintaining the long-term stability of sedimentary hy
drates [36]. Li et al. conducted indoor experiments on methane hydrate 
formation and decomposition with different porous medium conditions. 
They found that fluid flow and heat transfer played different roles in 
hydrate formation and decomposition [37]. Teng et al. performed 
dimensional analysis and proposed several dimensionless numbers to 
clarify the relationship between hydrate decomposition kinetics and 
fluid flow field under various spatial scales (reactor scale and reservoir 
scale) [38]. Previous studies also proposed several dimensionless models 
to describe the relation between fluid flow and hydrate reaction [39,40]. 
However, there are no dimensionless analytical studies on the time scale 
of fluid flow, heat transfer and hydrate reaction in the fractured GHBS. 
And the static dimensionless numbers are incapable to capture the 
spatial and temporal variations of physical fields in GHBS. A compre
hensive evaluation framework addressing the interplay among thermal, 
hydraulic and chemical processes is necessary to further reveal the re
lationships among these processes and their synergistic effect on gas 
production at different spatial and temporal scales, especially in the 
presence of fractures in GHBS. 

Therefore, in this study, a dynamic dimensionless analysis frame
work is employed for methane extraction from fractured GHBS. This 
framework delineates the complex interplay among hydrate reaction 
kinetics, fluid flow, and heat transfer across various temporal and spatial 
scales. To demonstrate the feasibility of the proposed framework, we 
employ a coupled thermo-hydro-chemical model to conduct numerical 
simulations under various injection temperature, depressurization, and 
well spacing conditions. The simulation platform was developed by Ju 
et al. based on high performance multiphysics code GEOS [34]. This 
paper is organized as follow. Except for the introduction section, section 
2 introduces the mathematical equations and assumptions. Section 3 
deducts the dynamic dimensionless numbers and explains their physical 
meanings. Section 4 describes the numerical cases of methane gas 

Nomenclature 

C Mass heat capacity (J/(kg ⋅K)) 
Da Damköhler number (− ) 
E Specific internal energy (J/kg) 
g Gravity vector (0,0, − 9.81m/s2) 
H Specific enthalpy (J/kg) 
k0 Intrinsic permeability (m2) 
kr Relative permeability (− ) 
Kb Klinkenberg factor 
λ Thermal conductivity (W/(m ⋅K)) 
μ Viscosity of fluid (Pa⋅s) 
L well spacing (m) 
M Molecule weight (g/mol) 
P Pressure (Pa) 
φ Porosity (− ) 
q Mass source and sink (kg/(s ⋅m3)) 
R Dynamic dimensionless number (− ) 
ρ Density (kg/m3) 
S Phase saturation (− ) 
t Time (s) 
T Temperature (K) 

τ Characteristic time (− ) 
v Velocity of fluid (m/s) 

Subscripts 
a Aqueous phase 
g Gaseous phase 
h Hydrate phase 
c Capillary 
s Sediment matrix 
r Parameters in reference state 
0 Original or initial state 
f Fracture 
inj Injection well 
prod Production well 

Abbreviations 
NGH Natural gas hydrate 
GHBS Gas hydrate-bearing sediment 
HFZ Hydrate-free zone 
BGZ Background zone 
STP Standard temperature and pressure  

M. Yang et al.                                                                                                                                                                                                                                   



Energy 292 (2024) 130490

3

extraction in fractured GHBS under different injection temperature, 
production pressure and well spacing. In Section 5, we analyze fluid 
production, hydrate saturation evolution, and gas extraction efficiency 
based on numerical simulation results. Section 6 employs the proposed 
dynamic dimensionless numbers to analyze the multi-field coupled 
processes and mechanisms. Section 7 summarizes the main findings of 
the study and discusses their implications for future research. 

2. Mathematical equations 

The recovery of hydrate is an extremely complicated multi-physics 
coupled process that involves phase transition, heat transfer, multi- 
phase flow, geomechanical response, particle transport, etc. [41]. This 
study primarily concerns the decomposition behavior of hydrates in 
fractured GHBS under the combined effect of thermal stimulation and 
depressurization. The following assumptions are adopted to develop the 
theoretical model. 1. Fluid flow is described by Darcy’s law. 2. Heat 
transfer is governed by thermal conduction and convection. 3. Hydrate 
is assumed to be pure methane hydrate, and an equilibrium hydrate 
decomposition model is used. 4. Geomechanical responses are treated as 
equivalent to pore compression involving the responses in porosity and 
fluid density due to pressure/temperature variations [42]. 5. Particle 
transport is ignored. 6. Fractures are represented by porous media with 
equivalent porosity and permeability. 7. For the purpose of exploring 
general trends, the spatial random distribution of physical parameters 
within the model is not currently considered. These assumptions facili
tate a comprehensive analysis of the model from three distinct 
perspectives-fluid flow, heat transfer, and phase transition. 

2.1. Mass balance equations 

The mass balance equations of gas-water two-phase flow coupled 
with hydrate decomposition are shown as follows: 

∂(ρaφSa)

∂t
− ∇ ⋅

[
ρakrak0

μa
(∇Pa − ρag)

]

= ρaqa (1)  

∂
(
ρgφSg

)

∂t
− ∇ ⋅

[(

1+
Kb

Pg

) ρgkrgk0

μg

(
∇Pg − ρgg

)
]

= ρgqg (2)  

Pc =Pg − Pa (3)  

∂(ρhφSh)

∂t
+ ρhqh = 0 (4)  

where the subscripts “a”, “g” and “h” represent aqueous phase, gaseous 
phase and hydrate phase respectively. ρ is the mass density; φ denotes 
the porosity of GHBS; S is the saturation of the corresponding phase; P is 
the pressure, while Pc is the capillary pressure; μ is the viscosity; k is the 
permeability; q is the source and sink; Kb is the Klinkenberg factor. qa, qg 

and qh are detailed in hydrate kinetic reaction equations from Moridis’ 
work [43]. 

Following the conventional treatment of reservoir simulators, the 
medium’s porosity is a function of changes in pressure and temperature 
from reference conditions, as follows 

φ=φr exp(αTΔT +αPΔP) (5)  

where αT is the thermal expansivity and αP is the pore compressibility. Δ 
T and ΔP are the changes of temperature and pressure respectively. 

Capillary pressure is calculated using von-Genuchten model [44]. 
The permeability of GHBS is a function of both porosity and hydrate 
saturation [45]: 

k0 = k0r

[

γ
(

φ
φr

− 1
)]{

max
[

φ(1 − Sh) − φc

φr − φc
, 0
]}β

(6)  

where k0r and φr are the intrinsic permeability and porosity respectively; 
φc is the critical porosity where the reservoir becomes impermeable 
[43]. γ and β are the index parameters. 

The relative permeability depends on capillary effect. In the present 
study, we employ von-Genuchten equation to calculate the relative 
permeability of aqueous phase (kra), and Korey’s method for the relative 
permeability of gaseous phase (krg) [46,47]. 

2.2. Energy conservation equation 

∂
[
φ
(
ρaSaEa + ρgSgEg

)
+ (1 − φ)ρsCsT

]

∂t
− ∇ ⋅

[
ρaHakrak0

μa
(∇Pa − ρag)

]

− ∇ ⋅

[(

1+
kb

Pg

) ρgHgkrgk0

μg

(
∇Pg − ρgg

)
]

+∇ ⋅ (λ∇T)+ qT = 0 (7)  

where Ea, Eg are the specific internal energy of aqueous and gaseous 
phases, and Ha and Hg are the enthalpy of the two phases respectively; qT 

is the energy source and sink owing to hydrate reaction; λ is the com
posite thermal conductivity of the reservoir, which can be calculated as 
the volume averaged thermal conductivity of each phase constituent. 

2.3. Equivalent permeability and porosity of fracture elements 

Fracture is represented as a thin layer of porous media in the 
developed model, with equivalent permeability kf and porosity φf 
calculated as follows [48] 

kf =
A3

12D
(8)  

φf =
A
D

(9)  

where A is the fracture aperture and D is the thickness of fracture ele
ments. 

3. Dimensional analysis 

Teng et al. derived classical dimensionless numbers considering the 
competition between mass-heat transfer processes and hydrate reaction, 
which can be represented mathematically as the Damköhler numbers, 
and listed as Daa, Daa, DaTa, DaT [38]. The derivation process and spe
cific expressions for these five Damköhler numbers are provided in 
Appendix A. 

These dimensionless numbers serve as a source of motivation for 
subsequent investigations, albeit with notable limitations. Specifically, 
the Damköhler numbers alone fail to quantify the relative magnitudes of 
fluid convection and thermal conduction. Furthermore, these parame
ters remain constant throughout the evolution process and therefore 
incapable of capturing the relative relationship of physical fields across 
different temporal and spatial domains during gas production. Finally, 
the spatial and temporal evolution of flow field may be altered by the 
presence of fractures, an effect that is not accounted for the Damköhler 
numbers. To circumvent these limitations, the present study proposes a 
set of dynamic characteristic times obtained from the governing equa
tions, from which five dynamic dimensionless parameters are subse
quently derived. These dynamic characteristic times are intrinsically the 
dimensionless time required for the depletion of a certain physical 
quantities (e.g., mass, energy) at the corresponding consumption rate (e. 
g., hydrate decomposition rate, convective rate, thermal conductivity 
rate): 

τc,a =
ρaφSaL
ρavat

=
φSaLμadf

krak0(P − Pb)tr
(10)  
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τc,g =
ρgφSgL
ρgvgt

=
φSgL

krgk0(P+Pc − Pb)

μgdf
tr

(11)  

τtc,a =

[
φ
(
ρaSaEa + ρgSgEg

)
+ (1 − φ)ρsCsT

]
L

ρavaHatr
(12)  

τtc,g =

[
φ
(
ρaSaEa + ρgSgEg

)
+ (1 − φ)ρsCsT

]
L

ρgvgHgtr
(13)  

τhc =

[
φ
(
ρaSaEa + ρgSgEg

)
+ (1 − φ)ρsCsT

]
Ldf

λ(Tb − T)tr
(14)  

τt,h =

[
φ
(
ρaSaEa + ρgSgEg

)
+ (1 − φ)ρsCsT

]

qhΔHtr
(15)  

τh =
ρhφSh

Mhqhtr
(16)  

where tr is the reference time. Each of the characteristic times, namely 
τc, τtc, τhc, τt,h, and τh, possesses a distinct physical significance. Specif
ically, τc signifies the dimensionless time required for the complete 
depletion of fluid under the current flow rate. τtc refers to the dimen
sionless time needed for complete heat loss of the system under the 
current thermal convection rate. τhc represents the dimensionless time 
required for the complete heat loss of the system through conduction, 
considering the current heat conduction efficiency. τt,h is the charac
teristic time required to consume the heat in the reservoir according to 
the current rate of hydrate decomposition. τh signifies the dimensionless 
time necessary for the complete consumption of hydrate by the system at 
the current hydrate reaction rate. The dynamic dimensionless numbers 
can be established based on these characteristic times. Notably, partic
ular attention should be given to the fracture, such that the flow velocity 
and Fourie heat transfer is correlated to the longitudinal distance from 
the fracture, denoted as df . In the processes involving mass and heat 
transfer, aqueous plays a more significant role than gaseous. Therefore, 
this article focuses primarily on analyzing the characteristic time of 
aqueous. 

R1 =
τc,a

τh
=

μaSaMhqhLdf

krak0(P − Pb)ρhSh
(17)  

R2 =
τhc

τtc,a
=

ρakrak0(P − Pb)Ha

μaλ(Tb − T)
(18)  

R3 =
τtc,a

τt,h
=

μaqhΔHLdf

ρakrak0(P − Pb)Ha
(19)  

R4 =
τhc

τt,h
=

ΔHqhLdf

λ(Tb − T)
(20) 

Besides, Prandtl number is wildly used to describe the ratio of mo
mentum diffusivity and thermal diffusivity, so we employ this number as 
a comparison: 

Pr =

(
μaCp,a + μgCp,g

)

λ
(21) 

With the exception of R2 and Pr, these dimensionless variables have 
corresponding relationships with the Damköhler numbers derived 
earlier. 

4. Numerical simulation 

4.1. Model setup 

The Shenhu Area is situated near the southeast of the Shenhu Un
derwater Sandy Bench, located along the central region of the north 

slope of the South China Sea. In May of 2007, significant scientific 
progress was made during a research expedition led by the China 
Geological Survey at sites SH2, SH3, and SH7 within the Shenhu Area of 
the northern South China Sea, wherein GHBS samples were successfully 
collected [49]. This noteworthy discovery marked the initial instance of 
an abundant hydrate found in the northern region of the South China 
Sea, thereby designating Shenhu as a vital strategic site for potential gas 
hydrate exploitation throughout China. The subsequent production test 
in 2017 and 2020 also confirmed the gas production potential from 
hydrate [3,50]. 

This study employed the GEOS_Hydrate simulator [34], which is 
developed based on GEOS [51] and has been validated in the second 
International Gas Hydrate Code Comparison Study [52]. 

Based on the geological model of the marine hydrate reservoir, a 
conceptual model and the corresponding planar computational model 
are derived in this study (Fig. 1). The GHBS are surrounded by extremely 
low permeable overburden and underburden layers. To enhance re
covery efficiency, this study employs a horizontal well system, and the 
heat injection sites and depressurization sites are located at different 
horizontal wells. 

To capture the multi-physics process and clarify the mechanisms 
behind them, it is acceptable to use a simple planar model that only 
contains the key features, namely the injection well, production well, 
and the fractures. The planar model was established, with the initial well 
spacing of 200 m (set as x-direction), and the fracture spacing of 150 m 
(set as y-direction), and the thickness of 30 m (set as z-direction). The 
local grid refinement was applied surrounding the wells and fractures 
with the grid’s resolution of 0.1 m. The number of grid blocks in the x- 
direction was set to 132 align with the initial well spacing while the y- 
direction contained 105 grid blocks, resulting in a cumulative usage of 
13,860 grid blocks. 

4.2. Initial and boundary conditions 

The numerical model resembles the condition in Shenhu area, South 
China Sea [34,53]. Table 2 listed the key parameters of this area. 

To evaluate the short-term and long-term reservoir evolutionary 
patterns under different recovery strategies, this study analyzed the 
GHBS temperature, pressure, and phase saturation over a decade under 
varying pressure drop (3 MPa–8 MPa), heat injection temperature (10 ◦C 
- 90 ◦C), and well spacing (50 m–300 m). We choose hot water as the 
heat injection fluid with a fixed injection rate of 0.025 kg/s. To avoid 
numerical inconsistency and divergency, instead of applying the target 
injection temperature immediately at the injection well, we gradually 
increase the injection temperature from the initial value (10 ◦C) to the 
target value linearly within 106 s. The imposition of no-flux boundary 
conditions on the elemental components situated along the four external 
edges of the computational domain is settled. Moreover, the thermal 
interactions with the overburden and under-burden remain unac
counted for, which may result in the failing of matching historical 
production data. These simplifications are made to tentatively offer a 
starting point for research. 

5. Simulation results 

In this chapter, we present simulation results under various pro
duction pressure, injection temperature, and well spacing in terms of gas 
production, water production, heat production, temperature variation, 
and pressure evolution. We then evaluate the gas production under 
different conditions. 

5.1. influence of production pressure (Pprod) 

Low production pressure not only disrupts the equilibrium condition 
of gas hydrates and leads to hydrate decomposition, but also induces a 
pressure gradient between injection and production wells to drive fluid 

M. Yang et al.                                                                                                                                                                                                                                   



Energy 292 (2024) 130490

5

extraction. This section summarizes the production performance of gas 
hydrate reservoirs under production pressures of 3 MPa, 4 MPa, 5 MPa, 
6 MPa, 7 MPa and 8 MPa. The injection temperature is fixed at 50 ◦C. 
The production pattern of methane gas varies greatly under different 
production pressures (Fig. 2a). When the production pressure is under 6 
MPa, the methane production rate is relatively high at the commence
ment of simulation and then gradually decreases. When the production 
pressure is over 6 MPa, the methane production rate is relatively low at 
the beginning, and then gradually increases, reaching a peak after 
approximately 10 days, and then decreases. One possible explanation for 
this phenomenon is that, in the early stages of production, the heat 
supplementation near the production well is insufficient, and the 
endothermic decomposition of gas hydrates due to depressurization 
causes a local temperature drop near the decomposition front. The 
temperature in this region may fall below the stability threshold of gas 
hydrates, resulting in the cessation of decomposition of gas hydrates 

under the current production pressure, unless additional thermal energy 
is supplied. This phenomenon is called self-preservation effect, which is 
more likely to occur when the production pressure exceeds 6 MPa [6]. 
After about 1000 days, the production rates of methane gas at different 
production pressures are almost identical, meaning that the production 
pressure is no longer the dominant factor affecting gas production. The 
cumulative gas production also varies greatly with different production 
pressures, i.e., 3.23 × 105 STP m3, 2.268 × 105 STP m3, 1.52 × 105 STP 
m3, 1.046 × 105 STP m3, 9.037 × 104 STP m3, and 8.016 × 104 STP m3 at 
3 MPa, 4 MPa, 5 MPa, 6 MPa, 7 MPa, and 8 MPa respectively (Fig. 2a). 
The gas production potential at 3 MPa is twice that at 5 MPa, and four 
times that at 8 MPa. Reducing production pressure can greatly increase 
production, but when the production pressure decreases to 2 MPa or 
below, ice will appear in the reservoir and impede gas production [54], 
and the multi-field process become more complex [55]. But ice forma
tion is not the primary focus of this article, and to avoid additional 

Fig. 1. Schematic diagram of combining depressurization-heat injection-fracturing methods to recover gas from GHBS in dual-horizontal well system: from 
geological model to computational model. Left: geological model. Right-bottom: conceptual model where both the overburden and underlying burden are imper
meable. Right-uppermost: computational model reduced to a 2D plane. 

Fig. 2. The production rate and the cumulative production of fluid at different production pressure. a: methane gas mass production. b: water mass production and 
injection. Solid lines: mass rate. Dashed lines: cumulative mass production or injection. Purple solid line in b: water mass injection rate. Purple dashed line in b: 
cumulative water mass injection. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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complexities associated with ice formation, we will temporarily exclude 
scenarios where the operating pressure is below 3 MPa. The cases with a 
lower production pressure exhibit higher water production rates before 
approximately 300 days. However, beyond that time, all cases experi
ence a decline in water production rate, ultimately approaching the 
water injection rate (Fig. 2b). Fig. 2 reveals that production pressure 
mainly impacts the short-term gas and water production behavior 
(within 1 year). In subsequent sections, we will further analyze that 
dominance effect of injection temperature on long-term production 
behavior. 

Heat production rates with different pressure show considerable 
consistency. As the injection temperature gradually increases to 50 ◦C in 
106 s, the deviation temperature dT gradually increases to a peak and 
then decreases. In the late period, the injection temperature remains 
constant at 50 ◦C, and therefore the decreases of dT is mainly caused by 
the increase in production temperature. Since hydrates decomposition is 
an endothermic process, the increase of production temperature in
dicates that the injected heat is not completely utilized by GHBS, and is 
transferred to the production well through fracture by hot fluid flow. 
Such a phenomenon is named thermal breakthrough, an important in
dicator of energy waste [34]. It is important to properly delay thermal 
breakthrough to improve energy utilization efficiency. As shown in 
Fig. 3b, the blue and red arrows annotate the onset points of thermal 
breakthrough at 3 MPa and 8 MPa, respectively. Increasing the pro
duction pressure will simultaneously postpone thermal breakthrough 
and impair the gas production, so further analysis is conducted to clarify 
the influence of production pressure on hydrate decomposition. The 
variation of gas hydrate saturation is an intuitive indicator for evalu
ating the effectiveness of reservoir exploitation, and gas hydrate satu
ration will directly affect the permeability, heat conductivity, and 
geomechanical properties of GHBS. In Fig. 4, during gas production, 
hydrate decomposition first occurs near the fracture due to the relatively 
low pressure and high temperature in the fracture, leading to the for
mation of a hydrate-free zone (HFZ) where hydrate is disappeared. The 
HFZ gradually expands towards model boundaries, dividing the reser
voir into two regions: the HFZ and the background zone (BGZ). Within 
HFZ, hydrate completely decomposes and results in a highly permeable 
fluid flow in this region. In contrast, the hydrate saturation in BGZ re
mains relatively high, and the permeability is therefore lower than that 
in HFZ. Overall, the production pressure shows little effect on the evo
lution of HFZ, but it will significantly impact the evolution of BGZ. At 
low production pressures (<5 MPa), the overall hydrate saturation in 
BGZ gradually decrease over time. While at high production pressures 
(>5 MPa), the hydrate saturation of BGZ remains almost constant, and 

even slightly increases at 7 MPa and 8 MPa scenarios. The increase of 
hydrate saturation indicates the occurrence of secondary hydrate for
mation within BGZ. Such a hydrate formation process actually means a 
negative contribution of gas production from BGZ, manifesting as the 
negative value in Fig. 5. Saturation variation in BGZ produces the main 
variation of gas production at different production pressures; while the 
variation of gas production in HFZ at different production pressures is 
relatively minor (Fig. 5). A positive gas production contribution in BGZ 
indicates that the hydrate in BGZ is decomposing and producing gas on a 
general basis (production pressure at 3 MPa, 4 MPa and 5 MPa). 
Conversely, a negative gas production contribution in BGZ suggests that 
secondary hydrate is being generated in BGZ, thereby consuming the 
produced gas from HFZ (production pressure at 7 MPa and 8 MPa). 

The simulation zone can be divided into two background zone (BGZ) 
and hydrate-free zone (HFZ) according to the hydrate saturation. 
Changing the production pressure mainly influences the hydrate satu
ration of BGZ. 

The solid lines are the gas production contribution of HFZ, and the 
dashed lines are that of BGZ. The purple dashed line represents the 
critical curve where the gas contribution from the BGZ reaches zero. 
Below this curve, it indicates that the corresponding BGZ exhibits 
negative gas contribution, signifying the presence of secondary gas hy
drate production. 

5.2. The influence of injection temperature (Tinj) 

Injecting hot water supplies heat for hydrate decomposition, a 
endothermal process, and the supplication efficiency is controlled by the 
injection temperature when the water flux is fixed. In this subsection, we 
analyze the production performance under injection temperatures of 10 
◦C, 20 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, 80 ◦C, and 90 ◦C with a fixed production 
pressure of 5 MPa. Two different temporal stages are identified from the 
gas production rate curves (Fig. 6). In the initial stage, gas production 
rate is almost identical for different injection temperatures. In the 
middle and later stage, the gas production rate increases with injection 
temperature, resulting in a significant difference in cumulative gas 
production (Fig. 6). The total gas production for Tinj = 90 ◦C is about 2.5 
times that for Tinj = 10 ◦C. Specifically, the ten-year cumulative gas 
production is 7.293 × 104 STP m3, 1.097 × 105 STP m3, 1.421 × 105 

STP m3, 1.52 × 105 STP m3, 1.602 × 105 STP m3, 1.727 × 105 STP m3, 
and 1.787 × 105 STP m3 when the injection temperatures are 10 ◦C, 20 
◦C, 40 ◦C, 50 ◦C, 60 ◦C, 80 ◦C, and 90 ◦C respectively. The water pro
duction rate and the cumulative water production are almost the same at 
different injection temperatures (Fig. 6b). In practical applications, it is 

Fig. 3. The heat production and the deviation of injection temperature with production temperature at different production pressure. a: heat production rate and 
cumulative heat production; b: deviation temperature, that is injection temperature subtracts production temperature (dT = Tinj − Tprod). The drop-down point of dT 
indicates arrival of the thermal breakthrough. 
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necessary to minimize water production to control production costs, so 
increasing the injection temperature is efficient to enhance gas pro
duction and suppress water production. However, it is important to note 
that raising the injection temperature results in bringing thermal 
breakthrough forward and amplifying energy dissipation, which is 
demonstrated by an increase in heat production (Fig. 7a). 

Hydrate formation or decomposition occurs synchronously at 
different locations in BGZ, because the hydrate saturation within BGZ 
shows a nearly uniform variation. The response of HFZ to different 
exploitation conditions is to alter HFZ area. Therefore, the imple
mentation of appropriate techniques to enhance production becomes 
crucial in reducing hydrate saturation within the BGZ and expanding the 
area of the HFZ, which ultimately facilitates the decomposition of hy
drates. The injection temperature shows no effect on the temporal 
evolution of hydrates within BGZ, as the saturation levels within BGZ at 
different injection temperatures are nearly identical during the same 
time period, while increasing injection temperature expands the area of 
HFZ (Fig. 8). The gas production contribution from BGZ and HFZ is 
correspondent to this phenomenon above (Fig. 9). The contribution of 
gas production from BGZ varies slightly with different injection tem
peratures, but the contribution from HFZ changes significantly when 
injection temperature changes. The results complement the effects 
caused by changing production pressure that depressurization mainly 

Fig. 4. Hydrate saturation distribution across multiple production stages under different production pressure.  

Fig. 5. The gas production contribution of HFZ and BGZ at different produc
tion pressures. 

Fig. 6. The production rate and the cumulative production of fluid at different injection temperature. a: gas mass production; b: water mass production. Solid lines: 
production rate. Dashed lines: cumulative production. 
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affects BGZ, and show minor effects on HFZ, which has been discussed in 
5.1. In the first half-year of exploitation, the gas contribution from BGZ 
is negative, indicating the formation of secondary hydrate within this 
zone. This phenomenon may be attributed to inadequate heat supply, 
forming a low-temperatures zone in the vicinity of HFZ. 

5.3. The influence of the well spacing (Lws) 

The above analyses indicate that the production pressure mainly 
affects BGZ, while the injection temperature primarily affects the HFZ. 
Such a phenomenon is governed essentially by the coupled interaction 
between fluid flow and heat transfer processes. This subsection aims to 
investigate the coupling relationship between flow and thermal con
duction under different well spacings (i.e., model size) from 50 m to 300 
m. The injection temperature and production pressure are fixed at 50 ◦C 
and 5 MPa respectively. The cumulative gas production increases pro
portionately with well spacing. Conversely, the water production rate is 
basically controlled by the injection rate and reservoir size, so the water 

production across different well spacings shows minor differences than 
gas production. After approximately 1000 days, the water production 
rates converge towards the injection rate (the solid purple line in 
Fig. 10b). 

At the initial stage of gas production, a larger well spacing exhibits 
higher heat production rate due to the larger scale of the model, 
accompanying with a higher water production and heat discharge. 
However, in the later period, the relationship between well spacing and 
heat production reverses and a smaller well spacing exhibits higher heat 
production rate. Such a notable transition occurs at approximately 110 
days, and mainly coursed by the increase of production temperature, 
that is thermal breakthrough. For the narrower well spacing case, 
thermal breakthrough arrives earlier (Fig. 11b). GHBS with a narrow 
well spacing shows a low gas yield and a high energy waste, so it is 
benefit to exploit the reservoir with a larger well spacing, and the in
jection and production wells should be connected with fractures. How
ever, the well spacing is limited by the hydraulic fracturing techniques 
in realistic applications. Well spacing has a relatively minor impact on 

Fig. 7. The heat injection and production along with the deviation between injection and production temperatures under various injection temperature. a: cu
mulative heat production and cumulative heat injection; b: deviation temperature (as defined in Fig. 3). 

Fig. 8. The hydrate saturation distribution across various production stages under different injection temperatures.  

M. Yang et al.                                                                                                                                                                                                                                   



Energy 292 (2024) 130490

9

both HFZ and BGZ (Fig. 12 & Fig. 13). 

6. Analysis and discussion 

6.1. Insights from dynamic dimensionless numbers 

The numerical simulations reveal the roles of depressurization and 
heat injection in extracting gas from fractured GHBS. In this subsection, 
we employ the dynamic dimensionless numbers proposed in Section 4 to 
further analyze how multiple-field coupled processes affect the gas 
production. We show the distribution of 5 dimensionless numbers cor
responding to production pressures of 3 MPa, 5 MPa, 8 MPa, and in
jection temperatures of 10 ◦C, 50 ◦C and 90 ◦C (Fig. 14). The distribution 
of these 5 dynamic dimensionless numbers is closely depend on hydrate 
saturation, and can also be roughly divided into two zones which 
resemble the BGZ and HFZ defined for hydrate saturation. In BGZ, the 
reaction rate of hydrate decomposition is much faster in terms of mass 
transport and heat transfer, as evidenced by the corresponding dynamic 
dimensionless numbers R1, R3, and R4 (much greater than 1). However, 
within HFZ, R1, R3, and R4 are all close to zero as there is no hydrate 
decomposition at all. Pr is widely used to capture the relative importance 
of momentum diffusivity (viscosity) and thermal diffusivity. The con
cepts of R2 bear considerable resemblance with Pr, but R2 represents the 
actual magnitude of thermal conduction and convection. In other words, 
R2 builds upon Pr by considering the effects of pressure and temperature 
gradients. Pr represents the potential for occurring convective heat 

Fig. 9. The gas production contribution curves of HFZ and BGZ under different 
injection temperatures (BGZ zero line is defined in Fig. 5). 

Fig. 10. The production rate and the cumulative production of fluid with different well spacing. b: water mass production. Solid lines: production rate. Dashed lines: 
cumulative production. 

Fig. 11. The heat production and the deviation of injection temperature with production temperature with different well spacing. a: differential and cumulative heat 
production; b: deviation temperature (as defined in Fig. 3). 
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transfer and thermal conduction, but it may not accurately depict the 
actual occurrence of these two processes (see Fig. 15). 

The red region in Pr plot indicates that conductive effect dominates 
heat transfer in the red region, and convection effect dominates heat 
transfer in the blue region. Therefore, to accelerate hydrate decompo
sition in the red region, increasing the heating temperature is effective as 
a higher temperature gradient induces more significant thermal con
duction. For the blue region, reducing production pressure (i.e., 
increasing pressure gradient) can enhance heat convection and therefore 
enhance gas production. 

The distribution of R2 reveals that thermal conduction is the main 
limit factor within HFZ, whereas heat convection is the main limit factor 
within BGZ. According to Fig. 14, the conclusions derived from Pr and R2 
are inconsistent and even contradictory to each other. The discrepancy is 
arisen mainly by two sources. Firstly, the decomposition of hydrates 

leads to a substantial increase in local permeability. Secondly, signifi
cant non-uniformity in pressure gradients exists across different tem
poral and spatial positions. R2 encompasses both sources of discrepancy, 
whereas Pr does not take them into account. So, in this problem, R2 is 
more persuasive and accurate to capture the relation of convective heat 
transfer and thermal conduction. According to R2, thermal conduction is 
the limiting factor in HFZ, while fluid convection is the limiting factor in 
BGZ. R2 explains why changing injection temperature has obvious im
pacts on HFZ, while alternating production pressure significantly affects 
BGZ. 

As a comparison, we demonstrate the key dynamic parameters at the 
early gas production stage (10 days). In the early stages of GHBS 
exploitation, the primary limiting factor is thermal conduction instead 
of fluid flow, and the controlling relation is more obvious when the 
pressure drop is not particularly small (except for 8 MPa) or the injection 
temperature is not significantly high (except for 90 ◦C). The early stage 
shows different coupling relation with the later stages, because the 
pressure gradient in the early stage is relatively high, resulting in a high 
flow velocity. Therefore, in the early stages of GHBS exploitation, fluid 
flow predominates both in BGZ and HFZ. In the later stages of exploi
tation, flow velocity is the primary limiting factor within BGZ, while 
heat transfer dominates within HFZ, which controls the expansion of the 
hydrate decomposition front. 

We further analyze the distribution of R2 with different well spacings 
and in different gas production stages (Fig. 16). The variations in well 
spacing do not affect the distribution feature of R2. It provides a further 
explanation for the conclusion reached in subsection 5.3 that enlarging 
the well spacing will not affect the gas recovery efficiency, but will in
crease the total gas production. 

Notably, R1, R3, and R4 are directly proportional to the square of the 
model scale, as shown in Eq. 22, 24, 25. This suggests that at small scales 
(e.g., reactor vessel scale), the rate of hydrate reaction may be compa
rable to the rates of heat transfer and fluid flow, where the rate of hy
drate reaction could become the limiting factor. However, both Pr and 
R2 are scale-independent and mainly depends on the intrinsic properties 
of the reservoir, and therefore these two dimensionless numbers are 
applicable to the analysis of models with any spatial scale. 

Fig. 12. The hydrate saturation distribution during varies production stages with different well spacings.  

Fig. 13. The gas production contribution curves of HFZ and BGZ with different 
well spacings (BGZ zero line is defined in Fig. 5). 
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6.2. Estimating production stages using R2 

In the above section, R2 is proven an effective factor for quantifying 
the relationship between heat transfer and fluid flow. R2 also provides 

insights into the optimization strategy of gas production from fracture 
GHBSs. For instance, when R2 is significantly less than 1, heat transfer 
becomes the primary controlling factor and fluid flow is the limiting 
factor. In such a scenario, decreasing production pressure helps to 
further increase gas production. Conversely, when R2 is significantly 
greater than 1, fluid flow becomes the primary controlling factor, and 
increasing injection temperature is effective to enhance gas production. 
However, R2 varies over time and space. We further analyze the varia
tions of R2 in BGZ and HFZ separately over time (Fig. 17). R2 in BGZ is 
greater than 1 initially and gradually decreases below 1 for all cases 
(Fig. 17a), Fluid flow plays a primary controlling role in the early stages 
of exploitation, whereas in later stages, heat transfer becomes the pri
mary control factor. The transition time between the two modes highly 
depends on operation parameters, especially the injection temperature. 
At lower injection temperatures, the transition from a flow-controlled 
mode to heat transfer-controlled mode happens at late stage of the 
production (about 350 days for 10 ◦C). Conversely, at high tempera
tures, this transition can be completed within a few days (about 2 days 
for 90 ◦C). Production pressure also affects the transition time. Larger 

Fig. 14. The distribution of proposed dynamic dimensionless numbers under the conditions of injection temperature of 10 ◦C, 50 ◦C and 90 ◦C, and production 
pressure of 3 MPa, 5 MPa, 8 MPa, after 10 years of gas production. 

Fig. 15. The distribution of R2 and Pr under the conditions of injection temperature of 10 ◦C, 50 ◦C and 90 ◦C, and production pressure of 3 MPa, 5 MPa, 8 MPa, after 
10 days of production. 

Fig. 16. The distribution of R2 with different well spacing at 10 days 
and 10years. 
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production pressure induces earlier transition from flow-controlled 
mode to heat transfer-controlled mode. The impact of well spacing on 
transition time is relatively minor. Referring to the definition of R2 in 
Table 1, it can be concluded from Fig. 17b that in HFZ fluid flow is the 
limiting factor in the region under different production conditions. The 
disappearance of hydrate in HFZ will exceptionally enhance the absolute 
permeability of the medium, thus promoting fluid flow in HFZ. 

6.3. Improving gas recovery efficiency using R2 

Previously, we utilize the concept of dynamic dimensionless 
numbers to elucidate the relationships between fluid flow and thermal 
conduction. However, in the context of practical engineering applica
tions, there is a demand of clarifying the relationship between produc
tion conditions and gas recovery efficiency. This section summarizes the 
gas recovery efficiency obtained from different numerical simulation 
cases. Both decreasing production pressure and increasing injection 
fluid temperature can increase the gas recovery rate, but the mecha

nisms are distinct. As discussed in sections 5.1 and 5.2, reducing pro
duction pressure will increase the hydrate decomposition from BGZ, 
while increasing injection temperature will increase the hydrate 
decomposition from HFZ. Unlocking the limiting factor helps to increase 
the gas recovery efficiency of GHBS, and the parameter R2 serves as a 
precise indicator of these limiting factors. The value of R2 is independent 
of model size, and thus altering well spacing cannot direct impact gas 
recovery efficiency, which is consistent with the simulation result in 
Fig. 18c. With the reference of R2 evolution in section 6.2, to further 
increase the gas recovery efficiency, we can take strategies to enhance 
the fluid flow in BGZ or increase the thermal conduction in HFZ. In 
addition to increasing injection temperature and reducing production 
pressure, reservoir modification can be employed to manipulate the 
controlling factors of BGZ and HFZ. This involves enhancing the thermal 
conductivity coefficient within the HFZ and augmenting the perme
ability within the BGZ through some specific reservoir stimulation 
techniques. With the assistance of R2, we can systematically conduct 
various types of gas production enhancement studies. 

7. Conclusions 

The physical processes of recovering gas from fractured GHBS are 
extremely complex. This work proposes a series of dynamic dimen
sionless numbers to quantify the specific temporal and spatial scale of 
hydrate reaction, fluid flow, and thermal conduction. Three sets of nu
merical simulation cases with different injection temperatures, pro
duction pressures, and well spacings are conducted to evaluate the 
multi-physics relations and discuss effective methods to enhance gas 
production. The analyses combining numerical cases and dynamic 
dimensionless numbers reaches the following conclusions: 

Fig. 17. The temporal evolution of the mean R2 values in BGZ and HFZ is the subject under consideration. a: R2 in BGZ; b: R2 in HFZ.  

Table 1 
The detailed explanation of the five dynamic dimensionless numbers.   

Formal name Physical meaning Indication of magnitude 

R1 Damköhler 
number 

Relative rates of hydrate 
decomposition and fluid 
convection. 

R1≫1, hydrate decomposition 
is faster than fluid convection, 
and convection is the limiting 
factor. R1≪1, hydrate 
decomposition is the limiting 
factor. 

R2 Nusselt 
number 

Ratio of convective and 
conductive heat transfer. 

R2≫1, heat convection is faster 
than conduction, and heat 
conduction is the limiting 
factor. R2≪1, heat convection 
is the limiting factor. 

R3 Damköhler 
number 

Ratio of hydrate 
endothermic 
decomposition and heat 
convection. 

R3≫1, hydrate endothermic 
decomposition is faster, and 
convection is the limiting 
factor. R3≪1, hydrate 
decomposition is the limiting 
factor. 

R4 Damköhler 
number 

Ratio of hydrate 
endothermic 
decomposition and heat 
conduction. 

Similar to R3 

Pr Prandtl 
number 

Ratio of the momentum 
diffusivity and thermal 
diffusivity. 

Similar to R2 

These dynamic dimensionless numbers are capable of dynamically evaluating 
the intensity relationship of various physical fields at different times and loca
tions, assisting us in identifying the dominant physical processes. 

Table 2 
Key parameters of simulation model.  

Parameter Value 

Sediment density 2650 kg/m3 

Initial temperature 10.325 ◦C 
Initial pressure 12.299 MPa 
Porosity 0.3 
Intrinsic permeability 10− 13 m2 

Fracture aperture 0.88 mm 
Initial hydrate saturation 0.4 
Initial gas saturation 0.0 
Production well size 0.1 m × 0.1 m 
Injection well size 0.1 m × 0.1 m  
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(1) During the gas production through heat injection and depres
surization, the fractured GHBS can be divided into two parts, 
namely, HFZ and BGZ. The HFZ extends along the periphery of 
the fracture.  

(2) Changing the injection temperature mainly affects the expansion 
of HFZ, while adjusting the production pressure mainly affects 
the saturation evolution in BGZ. Therefore, the increase in gas 
production resulting from raising the injection temperature is 
attributed to HFZ. The gas production enhancement by reducing 
production pressure is mainly attributed to BGZ.  

(3) Dynamic dimensionless number analysis shows that thermal 
conduction is the main controlling factor in HFZ (local scale). 
Intensifying the thermal conduction process could lead to the 
expansion of HFZ.  

(4) In the short term, thermal conduction is the main limiting factor 
in BGZ (global scale). In the mediate and long term, fluid flow is 
the main limiting factor in BGZ, and augmenting fluid flow pro
cesses would accelerate the decomposition of hydrates within 
BGZ at that time. This transition from thermal conduction-limited 
to fluid flow-limited mode is mainly influenced by injection 
temperature and production pressure.  

(5) If technically feasible, increasing the well spacing is effective to 
enhance the total gas production without compromising the gas 
recovery rate.  

Glossary  

Nomenclature 
C Mass heat capacity (J/(kg ⋅K)) 
Da Damköhler number (− ) 
E Specific internal energy (J/kg) 
g Gravity vector (0, 0, -9.81 m/s2) 
H Specific enthalpy (J/kg) 
k0 Intrinsic permeability (m2) 
kr Relative permeability (-) 
Kb Klinkenberg factor (-) 
λ Thermal conductivity (W/(mK)) 
μ Viscosity of fluid (Pa⋅s) 
L well spacing (m) 
M Molecule weight (g/mol) 
P Pressure (Pa) 
φ Porosity (− ) 
q Mass source and sink (kg/(s ⋅m3)) 
R Dynamic dimensionless number (− ) 

(continued on next column)  

(continued ) 

ρ Density (kg/m3) 
S Phase saturation (− ) 
t Time (s) 
T Temperature (K) 
τ Characteristic time (− ) 
v Velocity of fluid (m/s) 
Subscripts 
a Aqueous phase 
g Gaseous phase 
h Hydrate phase 
c Capillary 
s Sediment matrix 
r Parameters in reference state 
0 Original or initial state 
f Fracture 
inj Injection well 
prod Production well 
Abbreviations 
NGH Natural gas hydrate 
GHBS Gas hydrate bearing sediment 
HFZ Hydrate-free zone 
BGZ Background zone 
STP Standard temperature and pressure  
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Appendix A 

The deduction of Damköhler numbers 

Firstly, analyzing this problem in the one-dimension condition. At the same time, considering the gas and liquid percolation processes together 
helps to reduce the complexity. 

∂
(
ρaφSa + ρgφSg

)

∂t
=

∂
∂x

(
ρava + ρgvg

)
+ Mhqh (a1)  

∂
[
φ
(
ρaSaEa + ρgSgEg

)
+ (1 − φ)ρsCsT

]

∂t
=

∂
∂x

(

ρavaHa + ρgvgHg − λ
∂T
∂x

)

− qhΔH (a2) 

In order to dimensionlessize these formulas above, the following dimensionless variables need to be introduced 

x̂ =
x
L

(a3)  

P̂ =
P0 − P
P0 − Pb

(a4)  

T̂ =
T − T0

Tb − T0
(a5)  

ρ̂a =
ρa

ρa,0
; ρ̂g =

ρg

ρg,0
(a6)  

v̂a =
va

va,0
; v̂g =

vg

vg,0
(a7)  

t̂ =
t
t0

(a8)  

q̂h =
qh

qh,0
(a9)  

λ̂ =
λ
λ0

(a10)  

Ĥa =
Ha

Ha0
; Ĥg =

Hg

Hg0
(a11)  

ΔĤ =
ΔH
ΔH0

(a12)  

Where L is the characteristic size of the reservoir; the parameters with subscript “0” indicate the initial state value, and that with “b” means the 
boundary value. va,0 is the initial aqueous velocity, and vg,0 is the initial gaseous velocity. t0 is the initial characteristic time. The effect of gas slip in this 
process is small and is not the subject of this study, so the Klinkenberg slip factor kb is ignored. Gravity is also ignored. So, the velocity and char
acteristic time can be defined as 

va,0 =
kra,0k0

μa,0

P0 − Pb

L
; vg,0 =

krg,0k0

μg,0

P0 − Pb

L
(a13)  

t0 =

(
ρa,0φSa + ρg,0φSg

)

Mhqh,0
(a14) 

Under these treatments, the dimensionless form of equation a1 and equation a2 are 

ρa,0∂(ρ̂aφSa) + ρg,0∂
(

ρ̂gφSg
)

(
ρa,0φSa + ρg,0φSg

)
∂̂t

=
1

Daa

∂ρ̂a v̂a

∂x̂
+

1
Dag

∂ρ̂g v̂g

∂x̂
+ q̂h (a15)  

Mh∂
[
φ
(
ρaSaEa + ρgSgEg

)
+ (1 − φ)ρsCs T̂ (Tb − T0)

]

ΔH
(
ρa,0φSa + ρg,0φSg

)
∂̂t

=
1

DaTa

∂(ρ̂a v̂a Ĥa)

∂x̂
+

1
DaTg

∂
(

ρ̂g v̂g Ĥg
)

∂x̂
−

1
DaT

∂
∂x̂

(
λ̂∂T̂
∂x̂

)

− q̂hΔĤ (a16)  

Where Da is the Damköhler number, which is used in chemical engineering and chemical kinetics to describe the relative rates of chemical reaction 
and transport phenomena in a system. 

Daa =
Mhqh,0
(

ρa,0va,0
L

)=
Mhqh,0L2

ρa,0kra,0k0(P0 − Pb)
/

μa,0
(a17)  

M. Yang et al.                                                                                                                                                                                                                                   



Energy 292 (2024) 130490

15

Dag =
Mhqh,0(
ρg,0vg,0

L

)=
Mhqh,0L2

ρg,0krg,0k0(P0 − Pb)
/

μg,0
(a18)  

DaTa =
qh,0ΔH0L

ρa,0Ha,0va,0
=

qh,0ΔH0L2

ρa,0Ha,0kra,0k0(P0 − Pb)
/

μa,0
(a19)  

DaTg =
qh,0ΔH0L

ρg,0Hg,0vg,0
=

qh,0ΔH0L2

ρg,0Hg,0kr,g0k0(P0 − Pb)
/

μg,0
(a20)  

DaT =
qh,0ΔH0L2

λ0(Tb − T0)
(a21) 

Daa and Dag are the Damköhler number of aqueous phase flow and gaseous phase flow respectively, the physical meaning of which are the relative 
strength of the chemical reaction in relation to the convective flow in the corresponding phase of fluid; DaTa and DaTg are the Damköhler number of 
aqueous and gaseous phase thermal flow respectively, with the physical meaning of the relative strength of the thermal process of a chemical reaction 
in relation to convective heat transfer. DaT is the Damköhler number of the heat conduction process, and the physical meaning is the relative strength 
of the chemical reaction heat process and heat conduction. DaTa and DaTg are the results of superimposing energy transport on Daa and Dag 

respectively, and there is an overlap in their physical meanings. As a result, it is feasible to select only Daa and Dag for further research. Additionally, 
Mh is the molecular weight of methane hydrate, which is 160 g/mol in this work. 
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