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This paper utilizes CFD methods to simulate high pressure gas charging and dis-
charging in a horseshoe-shaped tunnel. Simulation results reveal linear pressure
and temperature variations during charging and discharging cycles, with stabi-
lized trends after several cycles. The evolution of air physical properties such as
density, viscosity, thermal conductivity, and specific heat capacity within the tunnel
is also analyzed. The air density increases with pressure and decreases with tem-
perature, stabilizing after several cycles. Viscosity and thermal conductivity exhibit
similar trends to temperature, with minor variations throughout the cycle. Specific
heat capacity increases during gas charging, remains constant during storage, and
decreases during gas release. The study contributes to the optimization of CAES
systems in abandoned coal mines by providing detailed insights into air-flow and
heat transfer characteristics.
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Introduction

The global energy sector aims to develop a green, low carbon, and efficient system,
with hydroelectric, wind, and photovoltaic power as main clean energy sources. Yet, wind and
photovoltaic power face volatility and randomness issues, hindering large-scale use [1, 2].
Compressed air energy storage (CAES) emerges as a solution, compressing air during low
grid loads and releasing it during highs to stabilize the grid [3]. Abandoned coal mines provide
ample underground space for CAES. Accurate thermodynamic predictions during charging,
discharging, and storage are crucial for evaluating underground caverns. Researchers have de-
veloped models to study cavern operations, advancing CAES theory, especially for unlined
rock caverns [4-7].

Despite progress, there is still a lack of understanding of air-flow states and physical
property evolution within the air storage chamber. To address this, CFD methods were used to
simulate high pressure gas charging and discharging in an unlined horseshoe-shaped tunnel.
The research revealed pressure and temperature variations, analyzed flow field states and heat
transfer characteristics, and summarized physical property trends. These findings provide theo-
retical support for optimizing CAES systems.
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Numerical model
Geometric model and boundary conditions

The study focused on the high pressure air charging, storage, and discharging process
with simulated large mass-flow. As shown in fig. 1, the model comprised two parts: a 50 m
long tunnel with a horseshoe-shaped section (1.5 m semi-circular arc roof, 3 m x 1.5 m rect-
angular base, 8.034 m? area, 401.71 m?® volume) surrounded by 1 m thick unlined rock. Initial
tunnel pressure was pre-set before operations.
The flow field inlet, set as a mass-flow bound-
ary with initial gauge pressure matching the
tunnel’s, served as both inlet during charging
and outlet during discharging. Mass-flow ad-
justments facilitated transitions between stag-
es. The air-rock contact was interfaced, other
boundaries were walled. Local mesh refine-
ment densified fluid and fluid-solid interfaces.
Figure 1. Numerical model of air charging and During charging, air entered and compressed
discharging in the tunnel within the tunnel.
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Mathematical model

The governing equations for fluid control consisted of the continuity equation, the mo-
mentum equation, and the energy equation. Among them, the continuity equation was given [8]:
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where p is the density of the fluid, # — the flow time, u,, u,, u; are the velocities along the three

directions of the co-ordinate system, xi, x,, x; — the co-ordinate distances along the three direc-
tions of the co-ordinate system, and S,, — the increase in the mass of the continuous phase caused
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by the discrete phase.
The momentum equation is presented [8]:
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where p is the pressure of the fluid, 7; — the deviatoric stress tensor, p,; — the body force
due to gravity, F; — the body force per unit volume, u — the molecular viscosity, and
0; — the Kronecker delta symbol.

The energy equation is presented [8]:

5 k, oT
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where E is the internal energy of the fluid, & — the effective thermal conductivity, 7' [K] — the
temperature, /1; — the enthalpy, J; — the diffusion flux, and S, — the volumetric heat source.



Cai, C.-Z., et al.: Compressed Air-Flow and Physical Property in Mine ...

THERMAL SCIENCE: Year 2025, Vol. 29, No. 2A, pp. 1145-1151 1147

Heat transfer model for rock

The focus of this paper was on the flow and heat transfer laws in compressed air ener-
gy storage within elongated tunnels. Consequently, the mechanical behavior of the surrounding
rock was disregarded, considering only the heat transfer between it and the high pressure air.
The heat conduction equation in the rock was [9]:

oT,
P, = VAVT) (6)

t
where p,is the density of the surrounding rock, ¢, — the specific heat capacity of the surrounding
rock at constant volume, /4, — the thermal conductivity, which was also equal to the product of
the thermal diffusivity &, specific heat capacity c,, and density p;.

Air physical property model

Drawing on Zhou et al. [10] and Zhang et al. [11], the compressibility factor Z was
computed using Berthelot’s gas equation of state. Air was modeled as a real gas with uniformly
distributed density, enabling the determination of pressure at any instance in the compressed air
energy storage process:
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where 7. is the air critical temperature and p. — the air critical pressure, which were 132.65 K
and 3.76 MPa, respectively.

The transport property equation by Lemmon et al. [12], using temperature and densi-
ty, was adopted. Based on this equation, the viscosity and thermal conductivity of air could be
obtained.

Solving procedure

The simulation was conducted in FLUENT’s pressure-based solver, coupling equa-
tions for mass, momentum, energy, and heat conductivity to simulate flow and heat transfer.
Air properties were updated based on pressure and temperature. Rock-related equations were
solved at each time step. Gravity (9.81 m/s?) was included, acting negatively. Fluid-solid in-
terfaces were set as conjugated boundary conditions, employing the conjugate heat transfer
method. Table 1 displayed the simulation parameters.

Table 1. Stimulation parameters

Tunnel (SR 1S Sl e Charging Initial
e length [m] Chanbls S s temperature [K] | temperature [K]
surface area [m?] volume [m’]
Value 50 535.62 401.71 310 300
Mass-flow Mass-flow rate Density of Therm.al. Specific heat
. . . . conductivity .
Parameter | rate of charging | of discharging surrounding . of surrounding
[kgs™] [kgs ™ rock [kgm3] ol b rock [Jkg 'K]
rock [J7's'K]
Value 50 75 2500 3 800
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Dynamic characteristics of temperature and
pressure during compressed air charging and discharging cycles

This study, grounded in practical engineering, set the initial tunnel pressure at standard
atmospheric and conducted compressed air energy storage simulations. Ten working cycles
were modeled within a 5-8 MPa pressure range, maintaining consistent air storage durations
post-charging/discharging. Figures 2 and 3 reveal linear pressure variation during charging
(peaking at 8 MPa) and discharging (dropping to 5 MPa), with minor (<0.1 MPa) fluctuations
during storage. From the second cycle, pressure stabilized within the 5-8 MPa range, showing
consistent changes across cycles. Regarding temperature, the first cycle saw significant varia-
tion, peaking at 420 K (a 120% increase) at 8 MPa. Subsequent cycles stabilized, with tempera-
tures oscillating between 330 K post-charging and 289 K post-discharging. Charging caused
temperature rise due to external air work, slowing as internal air volume increased. Discharging
led to linear temperature decrease. The first cycle exhibited extreme temperature shifts and
notable cooling during high pressure storage. As cycles progressed, temperature fluctuations
diminished, stabilizing after the seventh cycle.
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Figure 2. Pressure distribution curve Figure 3. Temperature distribution curve

Evolution of air physical properties
Compressed air density

Air’s compressibility makes its density susceptible to temperature and pressure vari-
ations during energy storage, causing fluctuations. As depicted in fig. 3, density rises with
pressure and falls with temperature. Starting from the first cycle, air density showed an up-
ward trend, reaching 65.54 kg/m?® at the end of the first charging phase and 83.45 kg/m* by
the seventh cycle. After the seventh cycle, temperature and pressure stabilized, leading to
steady density variations. The average densities at the end of charging and discharging were
83.45 kg/m?® and 61.5 kg/m?, respectively. Density varied inversely with temperature, as shown
in figs. 2-7, the first cycle saw significant temperature changes and lower density at higher tem-
peratures. With more cycles and constant working pressure, temperature fluctuations decreased
and stabilized, while density increased as temperature dropped. Eventually, both working tem-
perature and density stabilized with increasing cycle count.

Compressed air viscosity

The variation pattern of viscosity across the entire cycle exhibited similarities to that
of temperature, albeit with a notable distinction. At the onset of charging, temperature swift-
ly rose and stabilized during high pressure gas storage. Conversely, viscosity surged rapidly
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during the initial charging phase, then gradually increased, peaking at 2.5 - 10~ kg/ms, fig. 4. It
subsequently declined during high pressure storage and continued to decrease linearly during
discharging. During the initial low pressure storage phase, viscosity decreased at a slower rate.
As the number of cycles increased, the viscosity variation trend stabilized, with viscosity rising
to 2.14 kg/ms during charging and falling to 1.9 kg/ms during discharging. Although viscosity
fluctuations were relatively regular, their magnitude was minor, exerting no significant influ-
ence on the charging and discharging processes, fig. 5.
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Figure 4. Density change curve Figure 5. Viscosity change curve

Compressed air thermal conductivity

The variation pattern of the thermal conductivity during cyclic operation exhibited the
same trend as that of the viscosity. As shown in fig. 6, during the initial gas charging phase of
the first cycle, it rapidly increased in a short period, followed by a gradual increase, reaching a
maximum of 0.00372 W/mK. Upon entering
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lease, reaching a minimum of 0.0277 W/mK.
It remained stable during both high pressure
and low pressure gas storage phases. The
magnitude of the thermal conductivity vari-
ation throughout the entire operation was
not significant.

Compressed air specific heat

Figure 7 illustrates the specific heat
capacity of air throughout the cycle, mir-
roring the trend of air density. It increased
during gas charging, remained stable during
storage, and decreased during release. Initial-

Figure 6. Thermal conductivity change curve
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Figure 7. Air specific heat change curve
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ly, it rose rapidly, then linearly, peaking at 1071.43 J/kgK during high pressure storage. During
release, it decreased slowly and linearly, with a slight increase during low pressure storage. As
cycles increased, variations in specific heat capacity stabilized during charging and release.
During high pressure storage, it shifted from a slight decrease to a slight increase, while during
low pressure storage, it transitioned from a slight increase to a slight decrease. This transition
correlated with temperature changes, characterized by higher initial temperatures and lower
stabilized temperatures. Consequently, the specific heat capacity during gas storage exhibited
distinct characteristics before and after stabilization. When working temperature and pressure
stabilized, the specific heat capacity also tended to stabilize, varying between 1094.46 J/kgK
and 1105.2388 J/kgK.

Conclusion

The study utilizes computational fluid dynamics to simulate high pressure gas charging
and discharging in an unlined horseshoe-shaped tunnel. It offers a comprehensive analysis of
pressure, temperature, flow field, and heat transfer characteristics, as well as insights into the
evolution of air properties like density, viscosity, thermal conductivity, and specific heat capac-
ity during cyclic processes. Density increases with pressure and decreases with temperature,
stabilizing after cycles. Viscosity and thermal conductivity follow temperature trends with mi-
nor variations. Specific heat capacity rises during charging, remains steady during storage, and
falls during release. This research supports CAES system optimization and suggests abandoned
coal mines as potential energy storage sites.

Nomenclature

¢, — specific heat capacity of rock, [Jkg™'] T —temperature, [K]

E —internal energy of the fluid, [Jkg™'] u —velocity, [ms™]

h; — enthalpy, [Jkg'] V' —olume, [MPa]

J; —diffusion flux x — co-ordinate distances, [m]
k  — thermal conductivity, [Wm K] Z — compressibility factor
m —mass, [kg]

p — pressure of the fluid, [MPa] Greek symbols

R - gas constant, [Jmol'K'] p —density, [kgm™]

S, — volumetric heat source, [Jm3s!] i — viscosity, [Pa-s]
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