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Abstract: Clarifying the distribution of temperature and pressure in the wellbore and cavern during hydrogen
injection and extraction is crucial for quantitatively assessing cavern stability and wellbore integrity. This paper
establishes an integrated flow and heat transfer model for the cavern and wellbore during hydrogen injection
and production, analyzing the variations in temperature and pressure in both the wellbore and the cavern. The
specific conclusions are as follows. (1) The temperature and pressure parameters of hydrogen and natural gas
within the chamber and wellbore were compared. Under identical injection and production conditions, the
temperature of hydrogen in the chamber was 10°C higher than that of natural gas, and 16°C higher in the
wellbore. The pressure of hydrogen in the chamber was 2.9 MPa greater than that of natural gas, and 2.6 MPa
higher in the wellbore. (2) A comparative analysis was conducted on the impact of surrounding rock’s
horizontal and numerical distance on temperature during hydrogen and natural gas injection processes. As the
distance from the cavity increases, from 5 to 15 meters, the temperature fluctuation in the surrounding rock
diminishes progressively, with the temperature effect in the hydrogen storage chamber extending at least 10
meters. (3) The influence of rock thermal conductivity parameters on temperature during the processes of
hydrogen injection and natural gas extraction is compared. The better the thermal conductivity, the deeper the
thermal effects penetrate the rock layers, with the specific heat capacity having the most significant impact.

Keywords: Underground hydrogen storage; Salt cavern; Flow and heat transfer model; Hydrogen
and natural gas; Diversity

1. Introduction

The process of hydrogen injection and extraction in salt cavern storage involves complex gas
flow and heat transfer, resulting in unclear temperature and pressure variations within the cavern
and wellbore. During hydrogen injection and extraction, the temperature and pressure within the
cavern and wellbore not only influence the stress conditions of the cavern and the tubing but also
significantly impact cavern leakage and wellbore corrosion rates. Clarifying the distribution of
temperature and pressure in the wellbore and cavern during hydrogen injection and extraction is
crucial for quantitatively assessing cavern stability and wellbore integrity[1-4] .

In the practical engineering of underground salt cavern gas storage, the thermo-hydro-
mechanical coupling effects of the surrounding rock mass are increasingly receiving widespread
attention [5-7] . Researchers both domestically and internationally have conducted studies on the
thermodynamic properties of in-cavity gases. Kushnir et al. [8,9] proposed two methods for analyzing
temperature and pressure variations within a reservoir based on the equations of mass conservation,
energy conservation, and the thermal conductivity of rocks. Xia et al. [10] proposed a simplified
analytical solution for calculating the temperature and pressure of the cavity air building upon
Kushnir’s analytical solution. Jiang et al. [11] validated the accuracy of the thermodynamic process
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calculation method for compressed air by relying on the quality of compressed air and the principles
of energy conservation. Niu et al. [12] developed a non-steady-state dynamic mathematical model
for the coupling of salt cavern storage and wellbores in gas storage, taking into account the properties
of real gases and the convective heat transfer between the gas and the surrounding rock at the cavern
walls. Li et al. [13,14] developed a thermal model for the conditions of injection and production,
investigating the effects of gas extraction rate on the temperature of the cavity. Yan et al. [15]
conducted a thermal analysis of cavernous natural gas storage facilities, determining the
temperature, pressure within the salt caverns, and the distribution of the thermal field within the
rock mass, while also analyzing various sensitivity factors. Zhang[16] developed a numerical model
for compressed air cavern storage, analyzing the variations in temperature and pressure within the
cavern over a single operational cycle. Yin et al. [17]conducted a comprehensive numerical simulation
analyzing the long-term variations in temperature and pressure at the Jintan Salt Mine’s old gas
storage facility. Wang et al. [18,19] investigated the high-temperature creep characteristics of salt rock
under various loading paths and the long-term stability of salt rock gas storage. Chen et al. [20]
utilized finite element numerical simulation to couple the surrounding rock temperature field with
the stress field, establishing a thermal stress model. He et al. [21] derived the functional relationship
between gas temperature and pressure within the salt cavity as a function of time when the injection
and extraction gas rates are constant based on variable mass thermodynamics theory.

The aforementioned studies primarily focus on the storage of natural gas in salt caverns, with
insufficient research on the thermo-mechanical coupling effects in the wells and cavern cavities
during hydrogen cyclic injection and production. This paper establishes an integrated flow and heat
transfer model for the cavern and wellbore during hydrogen injection and production, analyzing the
variations in temperature and pressure in both the wellbore and the cavern. The findings provide a
theoretical foundation for hydrogen storage projects in salt caverns.

2. Integrated Flow and Heat Transfer Model for Cavity and Wellbore

2.1. Model Assumptions

In the context of hydrogen injection and extraction, the following assumptions are made
regarding the flow and heat transfer model for salt caverns used as hydrogen storage facilities [22—
24].

(1) The hydrogen gas within the wellbore and cavity exhibits one-dimensional steady-state flow,
with temperature, pressure, and velocity uniformly distributed across any cross-section.

(2) The geothermal gradient remains constant, and the thermal conductivity of the formation
does not vary with depth.

(3) The heat transfer modes within both the wellbore and cavity are steady-state, adhering to the
dimensionless time function as defined by Ramey.

(4) The contact thermal resistance between structural material interfaces is neglected, and
radiative heat transfer effects are disregarded.

2.2. The Thermal Transfer Model for Wellbore Flow

Research indicates that during the hydrogen injection and production cycle, temperature
variations occur due to the compression and release of hydrogen. Given the temperature difference
between the hydrogen within the wellbore and the surrounding rock, thermal exchange between the
hydrogen and the surrounding formation ensues. Throughout the hydrogen injection and production
process, this thermal exchange manifests through convective heat transfer within the wellbore and
radial conductive heat transfer.

A steady-state hydrogen flow model is established a within the wellbore for the hydrogen
injection and production process based on the assumptions stated earlier. The fluid control model for
hydrogen within the wellbore is derived, encompassing the mass continuity equation, momentum
principle, and energy conservation equation.

The quality continuity equation:
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The gas momentum equation:
dp : pv|v] dv
o o— F 11 520 2
o~ Pesinb— [ = pv— (2)
The energy conservation equation :
dh vdv
Q+dpv(—+——-¢)=0 (3)
dz dz

In equations (1) to (3), p the fluid density, kg/m3; v the fluid velocity, m/s; z the depth of the
wellbore, m; p the fluid pressure, Pa; g the gravitational acceleration, 9.81 m/s?; 0 the well deviation
angle, °; fthe friction coefficient, dimensionless; d the internal diameter of the wellbore, m; Q the heat
transfer rate of the fluid per unit length of the wellbore, J/(m's); h the specific enthalpy, J/kg; T the
temperature, K; A the cross-sectional area of the tubing, m2.

Heat transfer between hydrogen gas and the inner walls of the well is governed by convective
heat transfer. According to Newton’s Law of Cooling, the heat transfer equation for hydrogen gas
within the well can be defined based on the rate of heat transfer between the hydrogen gas and the
well’s inner wall. :

szﬂ'rn'hf(Tf —T,)AL (4)

In equation (4), hr denotes the forced convective heat transfer coefficient for hydrogen gas within

the borehole and its walls:
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In equation (5), Nus denotes the Nusselt number for hydrogen. :

0.8 0.4
Nu, =0.023Re"* Pr, (6)
In equation (6), Prr denotes the Prandtl number of the injected fluid :
pr = Sty
f k
s )

In equations (7) to (10): r+ the radius of the borehole, m; ks the
thermal conductivity of hydrogen, W/(m-K); ur the dynamic viscosity
of hydrogen, Pa-s; ¢ the specific heat capacity of hydrogen at constant
pressure, J/(kg-K).

The radial heat conduction equation for the wellbore and surrounding rock :

0= —Zﬂrkz—fAL (8)

The convective heat transfer equation for hydrogen :
Q = 27[1’;0}1“ (1—;0 - T;i )AL (9)
In equation (9), harepresents the natural convective heat transfer coefficient for hydrogen:
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In equations (9) to (11): k« the thermal conductivity of hydrogen, W/(m-K); u. the dynamic
viscosity of hydrogen, Pa-s; ¢y« the specific heat capacity of hydrogen at constant pressure, J/(kg-K).

2.3. Turbulent Heat Transfer Model in Cavities

The mass continuous equation for hydrogen :

%+p(u-V)=O (12)

In the equation (12), p the density of hydrogen gas at various points within the chamber, g/cm3;
t the time, s; u the velocity vector of hydrogen gas at various points within the chamber.
The turbulent kinetic energy equation for hydrogen. :

ok
p P V=V (i Vi)+ p,
t (13)

In equation (13), p the pressure of compressed air at various locations, Pa; u the dynamic
viscosity of hydrogen, Pa-s; pr the turbulent viscosity of hydrogen; k the turbulent kinetic energy.
The energy conservation equation for hydrogen. :

pcp%—f+ pCu-V+V-(-AVT) =0 (14)

In the equation (14): Cy the specific heat capacity of materials, J/(g-K); A the thermal conductivity
of materials, W/(m-°C); T the temperature of materials, K.

Integrating the aforementioned wellbore pipe flow model and cavity turbulence model, we
establish a unified flow and heat transfer model for the hydrogen injection and extraction process, as
illustrated in Equation (15). This model innovatively incorporates the convective heat transfer of
hydrogen in the wellbore, radial heat transfer, the temperature-pressure coupling effects within the
cavity, and the turbulent heat transfer effects within the cavity.
dp

. pv|v] dv
A 60— — vt
T PESMOT I Ty

dh vdv
+Apy(—+—-g)=0
0 ,OV(dZ 7 g)
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ou

J
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3. Numerical Simulation Computation

3.1. Engineering Background and Geometric Model

The salt cavern in this paper is J106 in Jintan, Jiangsu Province of China. An axisymmetric
geological model as shown in Fig. 1 is established, and the simplified cavern shape is applied.
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Figure 1. Shape of the salt cavern J106.

3.2. Parameter Configuration

In order to simplify the calculations, all formations with less than 45 % mud content are
uniformly treated as salt rock formations in the numerical model. The physical and mechanical
parameters of the surrounding rock are shown in Table 1

Parameters Salt rock
Density (kg/m?) 2100
Elastic modulus (GPa) 3.6
Bulk modulus (GPa) 2.75
Poisson’s ratio 0.282
Initial permeability (m?) 5.47x10-%
Initial porosity 0.01
Biot’s coefficient 0.12
Cohesion (MPa) 3.69
Internal friction angle (°) 38.76

3.3. Software Settings and Boundary Conditions

The numerical model was solved in the software COMSOL Multiphysics. The solid mechanics
interface is used to solve the stress and deformation fields of the surrounding rock. The initial ground
stress is solved in advance and applied as prestress. Based on the actual operating curve of the
injection and extraction process, simulations are conducted for the stable operation phase from the
2nd to the 5th year, with a reasonable simplification of the pressure curve. The simplified pressure
curve will serve as the boundary condition for the cavity gas pressure, as illustrated in Figure 2. The
initial temperature of the gas within the cavity is set to 40°C, corresponding to the pressure.
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Figure 2. Boundary conditions of the numerical model.
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3.4. Software Settings and Simulation of Working Conditions
4. Results and Discussion

4.1. Simulation Results of Natural Gas Storage

Figure 3 illustrates the variation in natural gas pressure within the salt cavern storage over a
period of 1080 days. During the gas injection phase, the compression of the gas within the cavern
generates heat, resulting in an increase in the temperature of the gas as the injection proceeds.
Conversely, during the storage phase, the temperature of the gas slightly decreases due to thermal
exchange with the surrounding formation. The principal reason for the decrease in gas temperature
during the withdrawal phase is the reduction in gas pressure. Over the course of 1080 days, the gas
temperature rises to 59.5°C during the initial injection phase, then slightly decreases to 58.3°C during
the first storage period. Subsequently, the gas temperature rapidly drops to approximately 40°C
during the withdrawal phase. Each injection and withdrawal cycle exhibits a pattern of “sharp rise -
decrease - steep drop” in temperature. Overall, throughout the three-year cycle, there is a positive
correlation between the gas temperature and pressure within the cavern. The simulated gas
temperatures align closely with the actual measured temperatures, thereby validating the accuracy
and feasibility of the model.
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Figure 3. Variation in natural gas pressure within the salt cavern storage.
4.2. Comparison of Natural Gas and Hydrogen

4.2.1. Comparison of the Thermodynamic Properties of Gases in Cavity

Under the same injection and production parameters, the variation in cavity pressure over a
three-year injection-production cycle is illustrated in Figure 4. The pressure fluctuation patterns of
the two gases within a single injection-production cycle are strikingly similar, yet the pressure
differences are substantial. Under identical injection and production parameters, the cavity pressure
of hydrogen can reach up to 17.9 MPa, while the maximum pressure of natural gas is approximately
15 MPa.
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Figure 4. Variation in cavity pressure over a three-year injection-production cycle.

The temperature variations of hydrogen during a three-year injection-production cycle are
illustrated in Figure 5. The temperature fluctuation of hydrogen within a single injection-production
cycle bears striking resemblance to that of natural gas. However, due to differences in
thermodynamic parameters such as specific heat capacity and thermal conductivity between
hydrogen and natural gas, their temperature discrepancies are substantial. At identical injection-
production pressures, the temperature of hydrogen can reach up to 76°C, while the maximum
temperature of natural gas is approximately 60°C, a difference of around 16°C. During the production
process, the temperature drop of hydrogen is generally more pronounced than that of natural gas,
amounting to approximately 5°C.
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Figure 5. Variation in cavity temperature over a three-year injection-production cycle.

4.2.2. Comparison of the Thermodynamic Properties of Gases in Wellbores

Under identical injection and production parameters, the variations in gas pressure within the
wellbore over a three-year injection and production cycle are illustrated in Figure 6. Similar to the
cavity pressure, the pressure changes of the two gases within the wellbore during a single injection
and production cycle exhibit strikingly similar patterns, though with substantial differences in
pressure levels. Under the same injection and production parameters, the pressure of hydrogen
within the wellbore can reach up to 17.1 MPa, whereas the maximum pressure of natural gas is
approximately 14.5 MPa.
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Figure 6. Variation in wellbore pressure over a three-year injection-production cycle.

The variation in gas temperature within the wellbore over a three-year injection-production
cycle under identical parameters is illustrated in Figure 7. The pattern of gas temperature changes
within the wellbore during a single injection-production cycle closely resembles that within the
chamber. Under the same injection-production parameters, the temperature of hydrogen within the
wellbore can reach up to 71°C, whereas the maximum temperature of natural gas is approximately
55°C.
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Figure 7. Variation in wellbore temperature over a three-year injection-production cycle.

4.2.3. Surrounding Rock Temperatures at Varying Distances from the Cavity

As illustrated in Figure 8a, three monitoring points are established at varying horizontal
distances from the cavity, designated as A, B, and C, in order from nearest to farthest. The
temperature variations at these horizontal monitoring points during the injection and production
operation are depicted in Figure 8b. The temperature of the surrounding rock changes in accordance
with the temperature of the gas within the cavity during the injection and production cycle. As the
distance from the cavity increases, the amplitude of temperature change in the surrounding rock
diminishes. For the same monitoring point, the temperature of the surrounding rock when storing
hydrogen is higher than that when storing natural gas. Additionally, the rate of temperature increase
and decrease is more pronounced for hydrogen storage compared to natural gas, indicating a more
significant thermal exchange effect between hydrogen and the surrounding rock.
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Figure 8. Horizontal monitoring points setting and temperature variations.

4.2.4. Temperature Variations in Surrounding Rock at Different Burial Depth

As illustrated in Figure 9(a), three monitoring points are established at varying distances
horizontally from the cavity, designated as A, B, and C, progressing from closest to farthest. The
temperature variations at these horizontal monitoring points during the injection and extraction
process are depicted in Figure 9(b). The temperature of the surrounding rock fluctuates in response
to changes in the gas temperature within the cavity during the injection and extraction cycle; as the
distance from the cavity increases, the amplitude of temperature fluctuations in the surrounding rock
diminishes. For the same monitoring point, the temperature of the surrounding rock storing
hydrogen is consistently higher than that storing natural gas. When storing hydrogen, the rate of
increase or decrease in the surrounding rock temperature is greater compared to natural gas,
indicating a more pronounced thermal exchange effect between hydrogen and the surrounding rock.
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Figure 9. Vertical monitoring point setting and temperature variations.

4.2.5. Thermal Conductivity of Surrounding Rock

Set the thermal conductivity of the salt rock to 6.5 W/m°C, 55 W/m°C, and 4.5 W/m°C
respectively. The temperature variations around the cavity under these three different thermal
conductivities are depicted in Figure 10. For both hydrogen and natural gas, as the thermal
conductivity of the surrounding rock decreases, the peak and valley temperatures around the cavity
progressively diminish. At the same thermal conductivity, the temperatures during hydrogen storage
are consistently higher than those observed during natural gas storage.
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Figure 10. Temperature variations around the cavity with different thermal conductivities.

Figure 11 presents the thermal distribution contours of surrounding rock after three years of
injection and production cycles with varying thermal conductivity coefficients. When storing the
same type of gas, variations in thermal conductivity affect the extent of thermal effects; a higher
thermal conductivity results in a deeper penetration of thermal effects into the rock strata, although
the overall trend of thermal influence remains unchanged. The thermal effects of hydrogen are
generally greater than those of natural gas, and the thermal exchange with the surrounding rock is
also more pronounced.
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Figure 11. Temperature distribution of surrounding rock with different thermal conductivities.

4.2.6. Thermal Capacity of Surrounding Rock

Set the specific heat capacities of the salt rock to 920 J/kg-°C, 820 J/kg-°C, and 720 J/kg-°C,
respectively. The temperature variations around the cavity under these three different specific heat
capacities are illustrated in Figure 12. For both hydrogen and natural gas, as the specific heat capacity
of the surrounding rock decreases, the peak and trough temperatures around the cavity progressively
rise. Under the same specific heat capacity of the surrounding rock, the temperature is consistently
higher when storing hydrogen compared to storing natural gas.
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Figure 12. Temperature variation around the cavity with different thermal capacities.

Figure 13 illustrates the temperature distribution maps of surrounding rock with different
specific heat capacities after three years of injection and production cycles. When storing the same
type of gas, variations in specific heat capacity also alter the extent of thermal effects; a lower specific
heat capacity results in a deeper penetration of thermal effects into the rock. The reduction in specific
heat capacity has a similar effect to an increase in thermal conductivity, as both influence temperature
by affecting heat transfer. Generally, the thermal effect of hydrogen is higher than that of natural gas.
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Figure 13. Temperature distribution of surrounding rock with different thermal capacities.

4.2.7. Coefficient of Thermal Expansion

Set the thermal expansion coefficients of salt rock to 5x10-5/K-, 4.5x10-5/K-!, and 4x10-5/K-!
respectively. The temperature distribution maps of the surrounding rock after three years of injection
and production cycles with different thermal expansion coefficients are shown in Figure 14. The
temperature distributions around the cavity with different thermal expansion coefficients are
generally consistent. Variations in the thermal expansion coefficient do not alter the range of thermal
effects, similar to the thermal conductivity and specific heat capacity. For the same thermal expansion
coefficient, the thermal effect of hydrogen is generally higher than that of natural gas.
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5. Conclusions

(1) A unified flow and heat transfer model is established for the hydrogen injection and
extraction process. This model innovatively incorporates the convective heat transfer of hydrogen in
the wellbore, radial heat transfer, the temperature-pressure coupling effects within the cavity, and
the turbulent heat transfer effects within the cavity.

(2) The temperature and pressure parameters of hydrogen and natural gas within the chamber
and wellbore were compared. Under identical injection and production conditions, the temperature
of hydrogen in the chamber was 10°C higher than that of natural gas, and 16°C higher in the wellbore.
The pressure of hydrogen in the chamber was 2.9 MPa greater than that of natural gas, and 2.6 MPa
higher in the wellbore.

(3) A comparative analysis was conducted on the impact of surrounding rock’s horizontal and
numerical distance on temperature during hydrogen and natural gas injection processes. As the
distance from the cavity increases, from 5 to 15 meters, the temperature fluctuation in the
surrounding rock diminishes progressively, with the temperature effect in the hydrogen storage
chamber extending at least 10 meters.

(4) The influence of rock thermal conductivity parameters on temperature during the processes
of hydrogen injection and natural gas extraction is compared. The better the thermal conductivity,
the deeper the thermal effects penetrate the rock layers, with the specific heat capacity having the
most significant impact.,
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