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Abstract: In view of the main problems of the condensing heat discharge modes of the existing
underground air-conditioning system, the technical scheme of using phase change heat storage
modules to improve the heat storage capacity of the reservoir is proposed. By establishing a 3D
flow and transient heat transfer model of the phase change reservoir, the effects of thermal property
parameters, package size and arrangement of the phase change heat storage modules on the heat
storage performance of the phase change reservoir were quantitatively analyzed based on three
indexes: heat storage capacity per volume ∆q, guaranteed efficiency coefficient η and slope of
temperature rise per unit load ε. The results show that when the phase change temperature is
29 ◦C (23 ◦C increased to 33 ◦C) and the latent heat value is 250 kJ/kg (100 kJ/kg increased to
250 kJ/kg), ∆q (110.92 MJ/m3, 112.83 MJ/m3) and η (1.22, 1.24) under both conditions are at their
most, respectively, indicating that the phase change temperature should be less than 4 ◦C at the
outlet temperature of the reservoir, and phase change materials with a high latent heat should be
selected in engineering design whenever possible. When the size of the phase change module is
150 mm × 20 mm and the phase change reservoir adopts four intakes, ε (0.259, 0.244) under both
conditions is the smallest, indicating that increasing the area of the phase change heat storage module
and the fluid and increasing the inlet disturbance of the reservoir can enhance its heat storage capacity.

Keywords: underground protection engineering; air-conditioning reservoir; phase change material;
phase change heat storage

1. Introduction

In recent years, with the rapid increase in electronic equipment and terminals, the
waste heat in underground protection engineering has upsurges, which results in a region
of high thermal density [1,2]. When engineering is in a general protection state, the
condensing heat generated by the ventilation and air-conditioning system is transported
to the outside by the cooling tower. This external cooling tower has poor concealment
and weak protection. It is very easy to cause infrared exposure and visible light exposure.
When underground engineering is in isolated states in wartime, the condensing heat is
stored in a large reservoir set inside. However, a longtime operation will lead to the rise of
the reservoir temperature and reduce the continuous support ability of the ventilation and
air-conditioning system to the internal environment of the engineering [3]. Therefore, it is of
great significance to adopt the appropriate technology to improve the heat storage capacity
of the reservoir and replace the outside cooling tower of the system without increasing the
volume of the reservoir. The technical scheme aims to prolong the operation time of the
air-conditioning system, avoid infrared exposure and improve the reliability of the system.

To solve the problems of concealment, protection and reliability in condensing the
heat treatment mode in traditional underground protective engineering, researchers have
carried out a lot of schemes for the replacement of cooling towers in the system, the
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improvement of cooling towers in the ground and the development of new condensing
heat discharge devices. Wang Jinsheng et al. [4] proposed the model of an underground
storage cooling tower. The cooling tower was placed above the underground reservoir,
and the waste heat was removed by the evaporation of water from the reservoir and by air
intake and exhaust from the diesel power station. He Yecong et al. [5] developed a rotary
spray indirect evaporative cooler according to the characteristics of subway operation.
This kind of cooler can be installed in the exhaust channel of underground buildings to
replace existing external cooling towers. Liu Yingyi et al. [6] moved the cooling tower to
the exhaust fan room near the underground air-conditioning room in the design of the
air-conditioning system of an actual underground protective engineering. They used the
engineering exhaust air and part of the fresh air as cooling air sources. Nevertheless, the
disadvantage is that the above schemes require the additional introduction of fresh air as
the exhaust air of the cooling tower and increased the size of the air duct and the operating
cost. To solve the problem of the vulnerable deficiencies of the cooling tower and based
on the fact that the water temperature of underground projects is stable at 7–26 ◦C all
year round, Geng Shibin et al. [7] proposed a combination mode of underground water
storage reservoirs and air-cooled heat pump units to replace cooling towers because of the
shortcomings of the traditional cooling tower. Aiming at the exposure characteristics of the
ground cooling tower, Zhang Hua et al. [8] proposed the ground source dehumidifying and
air-conditioning system. The system improved the protective capability of civil engineering,
which had the function of temperature adjustment and heat pump, and it could run in a
different mode with a different capacity unit, which could satisfy the different needs of civil
engineering in maintenance or wartime. Mao Jinfeng et al. [9,10] used buried tube heat
exchangers to discharge heat into the rock and soil. Their study focused on the heat transfer
performance of buried tube heat exchangers to improve the condensing heat discharge
capacity. Fei Chen et al. [11] researched the energy efficiency of U-shaped buried tube heat
exchangers, by using phase change materials (PCMs) as grouting materials in the backfill
area and analyzed the effects of physical parameters and operation modes on the energy
efficiency of ground source heat pumps.

Among all the above technical schemes, the scheme of installing the underground
cooling tower only reduces the infrared exposure point of the project but does not fun-
damentally solve the infrared exposure problem. In other schemes, the use of the water
loop heat pump to transfer heat does not transfer the heat out of engineering. However,
the water loop heat pump has high demands on the site of the engineering and inner load
distribution. The water loop heat pump system’s ability to control humidity underground
is limited at the same time. The condensing heat discharge scheme of the buried pipe
heat exchanger has problems such as deep drilling holes and easy thermal short circuits.
Therefore, the scheme of using a cooling reservoir to store condensation heat instead of
the cooling tower is still an effective technique to solve the concealment problem in un-
derground protection engineering. Under this circumstance, improving the heat storage
capacity of the reservoir is an effective idea to improve the continuous operation capacity
of the internal air-conditioning system of the project.

As a favorable medium for energy storage, PCMs have the advantages of high heat
storage density, large heat storage capacity, low cost and good chemical stability [12],
which are widely used in various applications including buildings [13,14], process heat [15],
concentrated solar power (CSP) plants [16–18] or solar cooling [19,20] and thermal energy
storage [21,22]. Mingkan Zhang et al. [23,24] proposed an innovative underground heat
exchanger which consisted of a water-filled tank that also contained a PCM to improve
the thermal storage capacity. The simulation results indicated that the underground heat
exchanger can better regulate the entering water temperature of a ground source heat pump
than a conventional vertical bore ground heat exchanger under short-term high thermal
load conditions, which has a better operating efficiency. Yanjun Zhang et al. [25] constructed
a shell heat storage device with a stirrer inside to strengthen the heat transfer performance of
the PCM. The results showed that the average charging rate increased by 32.23 J/s than that
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without stirring, and the average discharging rate increased by 47.39 J/s. The completion
time for charging/discharging with stirring was shortened by 9.61% and 48.61% than that
without stirring. Georg Scharinger-Urschitz et al. [26] conducted experimental research on
the thermal energy storage system with PCMs and quantified the heat transfer performance
of the thermal energy storage devices with different fin structures. Additionally, they
analyzed the PCM temperature trends and different melting patterns occurred in the radial
and axial directions and in the individual geometry sections based on the enthalpy function.
Therefore, it is an effective method to improve the heat storage capacity of a thermal energy
storage system by using PCMs. Therefore, the heat capacity can be increased without
increasing the existing volume of the reservoir under the condition that appropriate PCMs
are selected and applied to the reservoir of the existing underground engineering. In
the meantime, the operation time of the air-conditioning system can be prolonged. This
of greater significance when the underground engineering is isolated and protected. Li
Hong et al. [27] proposed a scheme of a phase change regenerative air-conditioning cooling
reservoir in the protection project. This aimed to enhance the condensing heat treatment
capacity of the reservoir and meet the heat discharge requirements of the continuous
operation of the system under isolation and protection conditions. This was theoretically
proven that adding suitable PCMs to the heat storage reservoir can greatly improve the
capacity of the reservoir without increasing the volume of the reservoir. Hou Pumin
et al. [28,29] proposed a phase change heat storage reservoir to deal with the waste heat of
underground engineering power stations. Meanwhile, through experimental studies, the
influences of the form and size of the heat storage module, heat exchange fluid flow and
inlet temperature on the temperature distribution and heat storage rate of the heat storage
reservoir were analyzed. Alicia Crespo et al. [30] developed a thermal energy storage
tank filled with commercial PCM flat slabs to provide heat at approximately 15 ◦C to the
evaporator of a seasonal thermal energy storage system and optimized the number, type
and configuration of slabs to enhance its thermal energy storage capacity.

To further explore the practical application of a phase change reservoir in underground
protection engineering to deal with condensing the heat of an air-conditioning system,
an experimental platform was built. The influence of the amount of the phase change
heat storage module and the flow of cooling water on the heat storage performance of
the reservoir under constant load [31] was studied. The heat storage per unit volume ∆q
and the guaranteed efficiency coefficient η of the reservoir defined based on the outlet
temperature are the evaluation indexes of the heat storage performance of the reservoir in
underground protection engineering. Due to the limited parameters that can be controlled
in the experimental process, it is not possible to carry out a more detailed analysis and
research on the various factors that affect its heat storage performance. Additionally, due
to actual limitations on the selection of PCMs, the physical properties of materials are not
necessarily optimized. Therefore, based on the flow and heat transfer characteristics of
the reservoir and the established experimental platform, a three-dimensional flow and
the transient heat transfer numerical model of the underground air-conditioning phase
change reservoir has been established. The effects of the physical properties of the PCM,
the structure size of the phase change heat storage module and the water distribution on
the heat storage performance of the phase change reservoir are analyzed.

2. Experimental Heat Storage System of Air-Conditioning Phase Change
Cooling Reservoir

The experimental heat storage system of a phase change cooling reservoir for under-
ground air-conditioning was described in previous research [31]: it consists of condensing
the heat load module of the air-conditioning system, a phase change cooling reservoir heat
storage module and an experimental test module. The system schematic diagram is shown
in Figure 1. The components of each module are as follows:
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Figure 1. Schematic diagram of experimental heat storage system for phase change cooling reservoir
of air-conditioning.

Condensing the heat load module of a system mainly consists of the pipe heater and
the circulating water pump. The heat generated by the pipe heater is used to simulate the
condensing heat load of the system. The circulating water pump provides the power of
circulation. The pipe heater used in the experiment has a rated power of 2 kW. The pump
is a German Welle pipe circulating pump with a rated pump head of 5 m and a rated flow
of 13 L/min. The inlet and outlet water flows are regulated by the circulating pump’s
three-gear power adjustment switch and the valve on the pipeline.

The heat storage module of the phase change reservoir is mainly composed of a reservoir,
phase change heat storage module and a bracket. The reservoir is poured on-site with cement
concrete, and its dimensions are length ×width × height = 1300 mm × 1300 mm × 1200 mm.
The water distribution mode is from top to bottom, and the inlet and outlet are in the center
of the upper and lower surfaces of the reservoir. During the experiment, the reservoir was
insulated and the effective volume of the reservoir was 1.86 m3. The packaging form of the
PCM was strip. Stainless steel was used as the packaging material considering the corrosion
and the high thermal conductivity of PCM. The dimensions of the package stainless steel
are 1100 mm × 100 mm × 30 mm. The liquid PCM was injected into hollow strip stainless
steel to form a phase change heat storage module. The encapsulated phase change heat
storage module is shown in Figure 2a. The bracket was used to place the phase change heat
storage module. A total of four layers were set from the bottom of the reservoir upward,
and six modules were arranged in each layer. The height of the bracket of each layer is
shown in Table 1, and each layer has 0.19 m between each other. The final phase change
reservoir heat storage module is shown in Figure 2b.
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Figure 2. Physical test bench. (a) The appearance of the reservoir; and (b) The arrangement of the
phase change module.
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Table 1. Setting the height of each layer of the bracket.

The Number of
Layers The First Layer The Second Floor The Third Layer The Fourth Floor The Fifth Floor The Sixth Layer

Height (m) 0.12 0.31 0.5 0.69 0.88 1.07

3. Three-Dimensional Flow and Transient Heat Transfer Model of Phase
Change Reservoir
3.1. Establishment of Governing Equations for Phase Change Reservoir

The flow and heat transfer of the phase change heat storage reservoir in underground
engineering air-conditioning mainly includes three processes: water flow and heat transfer
in the reservoir; heat transfer in the phase change module; and the unsteady heat transfer
of the reservoir wall. To simplify the model, the following assumptions were adopted in
the modeling process:

(1) The water body is considered an incompressible fluid. This means that the density
change caused by temperature is not considered;

(2) The unsteady effect of water flow is ignored. This means that the water flow field
does not change during the whole flow and heat transfer process;

(3) The physical properties of PCM are independent of temperature;
(4) The volume change of solid and liquid phases of PCM is ignored.

For water the flow in the phase change reservoirs, the classical k-ε two-equation model
is used to describe the turbulent velocity field of water. The unsteady energy conservation
equation considering water flow is used for heat transfer. The unsteady heat conduction
model is used for the heat transfer of the reservoir surface. In this research, the sensible
heat capacity method [32] is adopted for the phase change module in the module of the
reservoir to simulate the phase change heat transfer process. Only the heat conduction
process exists for the reservoir surface, so the differential equation of the heat conduction of
the constant physical properties without an internal heat source can be directly established.

Firstly, the water flow and heat transfer model in the reservoir is established, and the
mass conservation equation is:

∂ρ

∂t
+

∂ρu
∂x

+
∂ρv
∂y

+
∂ρw
∂z

= 0 (1)

The momentum conservation equations of the reservoir are:

∂(ρu)
∂t

+
∂(ρuu)

∂x
+

∂(ρv)
∂y

+
∂(ρwu)

∂z
=

∂

∂x
(ηe f f

∂u
∂x

) +
∂

∂y
(ηe f f

∂u
∂y

) +
∂

∂z
(ηe f f

∂u
∂z

) + Su (2)

∂(ρv)
∂t

+
∂(ρuv)

∂x
+

∂(ρvv)
∂y

+
∂(ρwv)

∂z
=

∂

∂x
(ηe f f

∂v
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) +
∂

∂y
(ηe f f

∂v
∂y

) +
∂

∂z
(ηe f f

∂v
∂z

) + Sv (3)

∂(ρw)

∂t
+

∂(ρuw)

∂x
+
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∂y
+

∂(ρww)
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∂
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) + Sw (4)

∂(ρk)
∂t

+
∂(ρuk)

∂x
+

∂(ρvk)
∂y

+
∂(ρwk)

∂z
=

∂

∂x
((η +

ηt

σk
)

∂k
∂x

) +
∂

∂y
((η +

ηt
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)

∂k
∂y

) +
∂

∂z
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ηt

σk
)

∂k
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∂(ρε)

∂t
+

∂(ρuε)

∂x
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∂(ρvε)
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+

∂(ρε)
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Su, Sv, Sw, Sk, Sε are source items
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∂x

+
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) +
∂
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(ηe f f

∂v
∂x

) +
∂

∂z
(ηe f f

∂w
∂x

) (7)



Energies 2022, 15, 5731 6 of 31

Sv = −∂p
∂y

+
∂

∂x
(ηe f f

∂u
∂y

) +
∂

∂y
(ηe f f

∂v
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) +
∂

∂z
(ηe f f
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∂y

) (8)

Sw = −∂p
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(ηe f f
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) +
∂
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(ηe f f
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(ηe f f
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∂(ρk)
∂t

+
∂(ρuk)

∂x
+

∂(ρvk)
∂y

+
∂(ρwk)

∂z
=

∂

∂x
((η +

ηt

σk
)

∂k
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) +
∂

∂y
((η +

ηt

σk
)

∂k
∂y

) +
∂
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((η +

ηt

σk
)

∂k
∂z

) + SkSk = ρGk − ρε (10)

Sk =
ε

k
(c1ρGk − c2ρε) (11)

where, u, v and w are the velocities in the x; y; z direction in the Cartesian coordinate system,
m/s. ρ is the fluid density, kg/m3. k is the turbulent kinetic energy, J. p is the pressure, Pa.
ε is the turbulence energy dissipation rate. ηe f f is the effective viscosity coefficient, N·s/m2.
η is the molecular viscosity coefficient, N·s/m2. ηt is the turbulent viscosity coefficient,
N·s/m2, ηt = cµρk2/ε. σk is the turbulent Prandtl numbers of k. σε is the turbulent Prandtl
numbers of ε.

The equation to calculate Gk is:

Gk =
ηt

ρ

{
2

[
(

∂u
∂x

)
2
+ (

∂v
∂y

)
2
+ (

∂w
∂z

)
2
]
+

(
∂u
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+
∂v
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)2
+

(
∂u
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+
∂w
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+

(
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+
∂v
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)2
}

(12)

The energy conservation equation of the reservoir is:

∂(ρT)
∂t

+
∂(ρuT)

∂x
+

∂(ρvT)
∂y

+
∂(ρwT)

∂z
=

∂

∂x

(
(

η

Pr
+

ηt

σt
)

∂T
∂x

)
+

∂

∂y

(
(

η

Pr
+

ηt
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)

∂T
∂y

)
+

∂

∂z

(
(

η

Pr
+

ηt

σt
)

∂T
∂z

)
(13)

where Pr is the Prandtl number. σt respectively represents the turbulent Prandtl number of
the temperature.

Three coefficients (c1, c2, cµ) and three constants (σk, σε, σt) are introduced into the
equations, and their values in the k-ε model are 1.44, 1.92, 0.09, 1.0, 1.3, and 0.9~1.0,
respectively [33]. The heat transfer model of the phase change module is established, and
the energy conservation equation of the module is:

ρCeq
∂T
∂t

+∇(−keq∇T) = Q (14)

where ρ is the density of PCM, in kg/m3; Ceq is equivalent specific heat, in J/kg·K; keq is the
equivalent thermal conductivity, in W/m·K; Q is the internal heat source intensity, in W/m3.

ρ = θρph1 + (1− θ)ρph2 = θ1ρph1 + θ2ρph2 (15)

Ceq =
1
ρ
(θ1ρph1CPph1 + θ2ρph2CPph2) (16)

keq = θ1kph1 + θ2kph2 (17)

θ is the solid-phase ratio of PCM, θ = θ1, θ2 = 1− θ1, θ =

{
1 T < TPC − ∆T

2
0 T > TPC + ∆T

2
, where

TPC is the phase change temperature of PCM, in ◦C; ∆T is the phase change temperature
range, in ◦C.

CP =
∂H
∂T

(18)

H is the enthalpy of PCM:

H =
1
ρ
[θρph1Hph1 + (1− θ)ρph2Hph2] (19)
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Define αm = 1
2

θ2ρph2−θ1ρph1
ρ , then Formula (18) can be expressed as:

CP =
∂H
∂T

=
1
ρ
(θ1ρph1CP ph1 + θ2ρph2CP ph2) + (Hph1 − Hph2)

dαm

dT
(20)

Define CL(T) = (Hph2 − Hph1)
dαm
dt , then Equation (20) can be further expressed as:

CP =
1
ρ
(θ1ρph1CP ph1 + θ2ρph2CP ph2) + CL (21)

CL(T) can be approximated as:

CL(T) = L
dαm

dT
(22)

where
L =

∫
TPC+

∆T
2

TPC−∆T
2

CL(T)dT = L
∫

TPC+
∆T
2

TPC−∆T
2

dαm

dT
dT (23)

Finally, the heat transfer model of the reservoir surface is established, and the energy
equation is:

ρC
∂T
∂τ

=
∂

∂x
(λ

∂T
∂x

) +
∂

∂y
(λ

∂T
∂y

) +
∂

∂z
(λ

∂T
∂z

) (24)

According to Figure 2, the analysis of the phase change heat storage reservoir shows
that the reservoir is a kind of axisymmetric body. Under these circumstances, the reservoir
can be symmetrically simplified. The reservoir is cut along the central axial plane of
symmetry, extracting its 1/4 structure as the research area of the numerical simulation.
This kind of processing method can ensure the accuracy of the calculation, greatly reduce
the demand for computer hardware and the amount of calculation and cost-effectively
save the calculation time. The extracted 3D model of the computational region is shown
in Figure 3a. The COMSOL Multiphysics software based on the finite element method is
used to simulate the above mathematical models and the simulation flowchart is shown in
Figure 3b. In order to achieve high computational efficiency, the solver was set as follows:
the velocity field was calculated first according to the coupling mass and momentum
conservation equations, and then the temperature field was calculated by the velocity
distribution previous simulated and energy conservation equations. The PARDISO solver
was used to numerically solve the mathematical model established above.

3.2. Single-Value Conditions of the Model
3.2.1. Initial Conditions

According to the investigation of underground engineering, the initial temperature of
the air-conditioning reservoir in the existing underground engineering in hot summer and
cold winter regions is mostly maintained between 18 ◦C and 21 ◦C. Therefore, the initial
temperature of the simulated reservoir, reservoir surface and phase change heat storage
module was set at 19 ◦C.

3.2.2. Boundary Conditions of Surface

The surface boundary of the reservoir adopts the wall function method, and the surface
of the temperature field is the third type of boundary condition:

− λ
∂T
∂x

∣∣∣sur f ace = h(T
∣∣∣sur f ace − Ta) (25)

where h is the convective heat transfer coefficient between the outside of the reservoir
surface and the air, in W/m2K; and Ta is the air temperature, in ◦C.
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3.2.3. Boundary Conditions of Inlet and Outlet

The inlet flow boundary conditions adopt a constant velocity boundary. Considering
the model established in this research to simulate the working conditions of a constant
heating load, the inlet temperature and outlet temperature are coupled, and the expression
of inlet temperature is:

Tin = Tout +
q

CPm
(26)

where q is the heating power of the reservoir, W.

3.2.4. Setting of Key Parameters during Simulation of Phase Change Module Model

This research was based on the COMSOL Multiphysics software platform, simulating
the heat transfer process of the module of the system using the sensible heat capacity
method. The sensible heat capacity method regards the latent heat of the phase change of
a substance as having a large sensible heat capacity in a small temperature range. Thus,
the phase change process described by partitions is transformed into a nonlinear thermal
conduction problem in a single region. The disadvantage of the sensible heat capacity
method is that, when the phase change temperature range is very narrow, the equivalent
phase change heat conduction process is highly nonlinear and the model convergence is
poor. In addition, due to the simulation of unsteady heat transfer under constant heat
load, when the time step selected in the simulation is too large, it is easy to cause the
temperature rise of PCM at adjacent time to be too large, exceeding the phase change
temperature interval set in the model. Under these conditions, it will overheat the stage as
it will jump from the solid phase directly to the liquid phase. This will lead to the latent
heat being ignored, distorting the calculation results and causing significant differences
from the actual situation. To investigate the influence of the time step and phase change
temperature interval on the simulation results, several simulation tests were carried out in
this research. Considering the calculation accuracy and cost, it is reasonable for the time
step to be set at approximately 0.5–2 h and the phase change temperature interval to be set
at approximately 2.5 ◦C.
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4. Model Verification

To verify the rationality and correctness of the theoretical model, the heat storage
performance test of the reservoir was carried out based on the experimental platform.
The PCM-type paraffin produced by Shanghai Joule Wax Industry was selected as the
PCM, with models of PCM-1 and PCM-2. Its physical parameters were provided by the
manufacturer, as shown in Table 2. The phase change heat storage module was arranged
in four layers. The upper two layers discharge the heat storage module encapsulated by
phase change wax PCM-2, and the lower two layers discharge the heat storage module
encapsulated by phase change wax PCM-1.

Table 2. Main physical parameters of PCM-1 and PCM-2 phase change wax.

The Name of the PCM Melting Point
(◦C)

Latent Heat
(kJ/kg)

Coefficient of Thermal Conductivity
(W/m2K)

Specific Heat
kJ/kg.K

PCM-1
phase change wax 29~30 220 0.21(solid)/

0.17(liquid)
2.4(solid)/

3.22(liquid)
PCM-2

phase change wax 31~32 220 0.22(solid)/
0.17(liquid)

2.6(solid)/
3.32(liquid)

The temperature of the reservoir and the temperature of the phase change heat stor-
age module are the key points of monitoring during the experiment. A total of eight
thermocouple measuring points were arranged in the reservoir, and “#” represents the
temperature probe number identifier. Thermocouple 1# was used to monitor the inlet
temperature of the reservoir; thermocouples 2#–7# were arranged from top to bottom in
the center of the reservoir and vertically at equal distances from the bracket to monitor
the vertical temperature of the reservoir; and thermocouple 8# was used to monitor the
outlet temperature of the reservoir. A thermocouple probe was arranged at the central
point of the module in the middle of each layer to monitor the temperature change of the
PCM. The thermocouple temperature data were collected every minute. Figure 4 shows the
layout diagram of temperature measuring points of the reservoir and the module under
test conditions. The cooling water flow of the reservoir was 350 L/h.
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The numerical results of the temperature of the inlet and outlet water and the temper-
ature of the phase change module were compared with the experimental results. Figure 5
shows the comparison between the calculated value and the experimental value of the
water temperature at the measuring points of the inlet and outlet of the reservoir, and
Figure 6 shows the comparison between the calculated value and experimental value of
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the internal temperature of the module. The temperature values calculated by the model
in this research are in good agreement with the experimental values. This means that the
model has a certain accuracy.
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Figure 5. Comparison of the experimental and simulated values of temperature during phase change.
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Figure 6. Comparison of the experimental and simulated values of internal temperature during phase
change heat storage module.

The error between the simulation and experiment can be explained from the following
aspects. First, the initial temperature of the material at each point in the device is not the
same at the beginning of the test, while the temperature at each point under the initial
conditions is uniformly distributed in the numerical calculation. Second, the inlet flow of
the cooling water and the heating power of the pipe heater are difficult to keep constant in
the actual test process, but these two values are set as constants in the numerical calculation.
Third, the physical property parameters of the PCM will change with temperature during
the actual test process, but the physical property settings of the PCM are simplified in
numerical calculation. Fourth, the boundary conditions are simplified in the numerical
calculation, and differ from the actual test conditions. Additionally, compared with the sim-
ulation calculation, the amount of encapsulated PCM is insufficient. Due to the difference
between the solid and liquid density of the PCM, the volume of test liquid decreases after
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encapsulation and solidification. The phase change module is not filled and contains air. In
addition, it was found that there was a leakage at the seal during the test, and the amount
of paraffin encapsulated in the phase change module was reduced to a certain extent.

In the simulation process, the above experimental effects were not considered. The
simulation assumes that the paraffin in the solid phase and liquid phase is completely filled
with PCMs, and there is no other material such as air in the phase change modules. The
above assumptions will cause the difference in thermal conductivity and filling quantity
in both the test and simulation process. In the simulation process, the PCM module has
excessive PCM filling and the thermal conductivity is higher. This results in the simulated
inlet and outlet water temperature values being lower than the test value in the late
simulation. In that case, the simulated heat storage performance of the reservoir is better
than the test, and the guaranteed operation time is longer. Due to the small amount and
uncertainty of the permeability and complex influence of air infiltration in the packaging
process on the heat transfer process, it was not considered under the subsequent simulation
conditions. Therefore, the effect of the simulation test may be better than the experimental
value. Considering the above experimental errors and the complexity of the phase change
heat transfer, the errors between the simulation and experiment are in an acceptable range.
Therefore, it can be concluded that the established model can better reflect the coupled
heat transfer characteristics between the PCMs and heat transfer fluid of the underground
air-conditioning phase change reservoir. Hence, the established mathematical model can
be used for the numerical calculation to further analyze the related characteristics of the
phase change heat storage reservoir.

5. Numerical Simulation Analysis of Heat Storage Performance of Phase Change Reservoir

The heat storage capacity of the phase change reservoir refers to the sensible heat
storage capacity and latent heat storage capacity of the water and phase change module.
To analyze the heat storage performance of the reservoir in underground engineering, the
heat storage capacity per volume and the guaranteed efficiency coefficient of the reservoir
were proposed in previous research [31] to measure its heat storage performance. The per
volume heat storage of the reservoir is:

∆q =
∆Q
V

=
mCw

∫
τ
0(tin − tout )dτ

V
(27)

where ∆q refers to the heat storage capacity per volume of the reservoir, in kJ/m3; V refers
to the effective heat storage volume of the reservoir, in m3, and its value is 1.86 m3 under
experimental conditions; Cw refers to the specific heat capacity of water, in kJ/kg.K; m refers
to the cooling water flow of the reservoir, in kg/s; tin refers to the inlet temperature of the
cooling water of the reservoir, in ◦C; tout refers to the cooling water outlet temperature of
the reservoir, in ◦C.

The guaranteed efficiency coefficient of the phase change reservoir defined based on
outlet temperature is:

η =
τp

τ0
(28)

where η is the guaranteed efficiency coefficient of the reservoir; τp is the duration from
the initial temperature t0 to the upper limit of the operating temperature tlim of the air-
conditioning system when the phase change heat storage module is added to the air-
conditioning reservoir, in h; τ0 is the duration from the initial temperature t0 to the upper
limit of the operating temperature tlim of the air-conditioning system when no phase change
heat storage module is added to the reservoir, in h.

According to the evaluation indexes of the heat storage performance in the under-
ground engineering phase change reservoir proposed above, and taking the phase change
heat storage pool system and phase change heat storage module as the research object, the
numerical model was established based on the COMSOL Multiphysics software platform.
The effects of the PCM properties, the structure size of the phase change heat storage
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module and water distribution mode on the operation, performance and efficiency of phase
change heat storage system in underground engineering were analyzed.

5.1. Influence of Physical Properties of PCMs on Heat Storage Performance of Water Reservoir

Among the physical properties of PCM, the phase change temperature, latent heat
value and thermal conductivity of PCM undoubtedly have the greatest influence on the
heat storage performance of the system. The influences of these three factors on the heat
storage of the system are analyzed in detail below. Table 3 shows the analysis conditions of
the influence of the properties of PCMs. To analyze the influence of these three different
physical parameters on the heat storage performance of the reservoir, the physical properties
of the different materials selected in the numerical calculation are shown in Table 3, and
can be divided into three working conditions representing the change in phase change
temperature, latent heat value and thermal conductivity, respectively.

Table 3. Physical properties of different PCMs.

The Groups Melting Point (◦C) Latent Heat (kJ/kg) Coefficient of Thermal
Conductivity (W/m·K)

The basic parameters 29 200 0.5
The first group 23 to 33, ∆T = 2 200 0.5

The second group 29 100–250, ∆L = 50 0.5
The third group 29 200 0.2–1.1, ∆ = 0.3

5.1.1. Influence of Phase Change Temperature Value of PCM on Heat Storage Performance
of Water Reservoir

The phase change temperature of PCMs should be compatible with the system’s
operating conditions. The temperature of the reservoir’s cooling water operation interval
is between 21 ◦C and 35 ◦C. Considering the fact that PCMs can achieve a phase change to
store energy, there must be a temperature gap between the cooling water and the phase
change heat storage module for a heat transfer. In that case, the temperature suitable
for underground engineering of the phase change temperature range of PCMs should
be 21 ◦C < tm < 35 ◦C.

Taking ∆T = 2, the heat storage of the reservoir in underground engineering with
a phase change temperature between 21 ◦C and 33 ◦C is analyzed. Figure 7 shows the
influence of different phase change temperatures on the outlet temperature of the reservoir.
As evident in Figure 7, the variation in the outlet water temperature of the reservoir presents
three stages.
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The first stage is the heat storage stage dominated by sensible heat. At this stage,
because the cooling water of the reservoir and the temperature difference between the
phase change heat storage module is small, the phase change heat storage module’s internal
temperature is below the melting temperature of PCMs. At this time, the condensing heat
which was brought into the cooling reservoir is stored in the form of the sensible heat of
cooling water and the phase change heat storage module. The outlet temperature of the
first stage has a higher slope and faster temperature rise compared with that of the second
stage. In the second stage, as the heat storage progresses, the temperature of the module
gradually increases. When it reaches the melting temperature of the PCM, latent heat
storage begins to play a role in the melting of the PCM. The slope of the exit temperature
rise curve at the second stage is significantly lower than that of the first stage. Finally, in
the third stage, as the PCM is melted, the heat is again stored in the form of the sensible
heat of the cooling water and phase change heat storage module. The slope of the outlet
temperature rise curve rises again until the outlet temperature reaches the upper limit of
the system’s operating temperature. This can also be seen in Figure 7 that with the increase
of the melting temperature of the PCM, the outlet temperature begins to rise in the second
stage, that is, the initial time of phase change heat storage in the phase change modules is
gradually delayed.

Figure 8 shows the analysis of the influence of the phase change temperature on
the guaranteed operation time of the reservoir. The analysis shows that, when using
the material whose phase change temperature is 33 ◦C, the guaranteed operation time is
significantly less than that of other working conditions. Combined with the change in
liquid phase ratio of the phase change module in Figure 9, it can be seen that the reason for
this phenomenon is that when the outlet temperature of the heat storage reservoir reaches
the upper limit operation temperature tlim, the module whose phase change temperature
is 33 ◦C has not completely melted and its liquid phase ratio is 46.5%. The heat storage
reservoir with PCMs at phase change temperatures of 23 ◦C, 25 ◦C, 27 ◦C, 29 ◦C and 31 ◦C
completely melted before the outlet temperature reaches the tlim. The latent heat of the
phase change has been fully utilized. There is little difference between the guaranteed
operation capacities of the reservoir with phase change temperatures 23 ◦C and 31 ◦C.
Considering that there was a temperature difference of 2 ◦C between 31 ◦C and 33 ◦C,
the phase change temperature was set as 32 ◦C for the simulation study. The calculated
guaranteed operation time is 31.5 h. When the outlet temperature of the reservoir reaches
tlim, the liquid phase ratio is 60.88%. The PCM with the phase change temperature of
32 ◦C does not complete the phase change when the outlet temperature of the heat storage
reservoir reaches tlim. The latent heat of the phase change is not fully released, thus
reducing its guaranteed capacity.
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Figure 8. Effect of phase change temperature on the guaranteed operation time of the reservoir.
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Figure 9. Effect of phase change temperature on melting rate of the heat storage module.

It can be seen from the above analysis that, under the simulated working conditions,
the phase change temperature of the selected material should be more than 4 ◦C lower than
the upper limit of the outlet temperature, which ensures that the PCM can be completely
melted and the latent heat can be fully released before the outlet temperature of the reservoir
reaches tlim (35 ◦C).

Further analysis shows that the lower the melting temperature of PCM is, the earlier
the phase change heat storage module starts the phase change and completes the heat
storage. This seems to be favorable for heat storage. However, combined with the analysis
of the heat discharge process of the reservoir, the lower the phase change temperature is, the
lower the temperature of the external heat transfer medium required by the solidification
and heat release is. When the temperature of the external heat transfer medium is higher,
a large amount of phase change stored heat cannot be released, which will inevitably
affect the recycling efficiency of the reservoir. This should be considered in practical
engineering applications.

Table 4 is the analysis of the influence of different phase change temperatures on
the heat storage performance of the reservoir, where the working condition “0” is the
simulation of the heat storage process of the reservoir without the phase change heat
storage module. It can be seen from Table 4 that the phase change temperature selection
of PCMs has a great influence on the heat storage performance of the reservoir. When the
phase transition temperature is between 21 ◦C and 35 ◦C, the heat storage capacity per
volume ∆q and the guaranteed efficiency coefficient η are both the highest at 29 ◦C. Only
the phase change temperature suitable for the design condition can give full play to the
heat storage efficiency. However, under working condition 6, due to the excessively high
phase change temperature, the melt rate of the PCM is low within the variation range of
the system-designed operating temperature. This results in its heat storage capacity per
volume ∆q and the guaranteed heat storage efficiency coefficient η being significantly lower
than other conditions.

Table 4. Effect of phase change temperature on the performance of the reservoir.

Working
Condition

Phase Change
Temperature (◦C) ∆Q (MJ) ∆q (MJ/m3)

Operation Guarantee
Time (h) η

0 - 169.13 90.93 26.65 1
1 23 201.81 108.50 31.8 1.19
2 25 203.33 109.32 32.04 1.2
3 27 203.59 109.45 32.08 1.2
4 29 206.31 110.92 32.51 1.22
5 31 203.08 109.18 32 1.2
6 33 195.46 105.09 30.8 1.16
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5.1.2. Influence of Latent Heat Value of PCM on Heat Storage Performance of Water Reservoir

Considering that the latent heat value of the phase change of existing low-temperature
PCMs is mostly between 100 kJ/kg and 250 kJ/kg [34,35], take ∆L = 50 kJ/kg. The heat
storage of the phase change reservoir in underground engineering is analyzed under that
condition. Figure 10 shows the influence of different latent heat values of phase change on
the outlet temperature of the reservoir.
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Figure 10. Effect of latent heat on the outlet temperature of the reservoir.

Combining Figures 7 and 10, it can be seen that similar to the influence of differ-
ent phase transition temperatures on the outlet temperature of the reservoir, The outlet
temperature of the reservoir under different latent heat values also presents three stages:
the first stage of heat storage is dominated by sensible heat; the second stage of heat
storage is dominated by latent heat from the changing phase; and the third stage of heat
storage is dominated by sensible heat. The slope change stage of the temperature rise
curve is the same.

The difference is that the outlet temperature rise and the slope of the reservoir at the
first stage are the same under different latent heat values. The reason is that the first stage
is the sensible heat storage stage. Apart from the latent heat value of the phase change, all
phase change heat storage modules have the same physical parameters.

Further analysis shows that, in the second stage of latent heat storage, with the increase
in the latent heat value of the phase change, the outlet temperature of the reservoir presents
two significant changes: one is that the slope of the temperature rise curve of the outlet
temperature decreases, and the other is that the duration of the phase change heat storage
phase increases. The reason for the first phenomenon is that the latent heat value of the
phase change increases, which increases the heat storage of PCMs. Nevertheless, the
condensing of the heat load into the reservoir is constant, so the heat storage of the water
body in the reservoir decreases and the temperature of the water body slowly rises. The
reason for the second phenomenon can be seen in Figure 11. The PCMs with different latent
heat values have the same phase change temperature, so they all being the phase change at
the same moment. The higher the latent heat value of phase change is, then the more the
phase change time is delayed, and the longer the time required to complete phase change
is. Thus, the duration of the phase change heat storage stage of the reservoir is longer.
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Figure 11. Effect of latent heat on the melting rate of the heat storage module.

By analyzing the outlet temperature of the reservoir at the third stage, with the increase
in the latent heat value of the phase change, the time required for the outlet temperature
to reach the set limit temperature tlim gradually increases. The main reason is that, as the
latent heat value of the phase change increases, the heat storage capacity of the reservoir
is enhanced. In that case, it can guarantee the improvement in the operation time of the
air-conditioning unit. Therefore, the higher the latent heat value of the phase change is,
the more favorable it is to the system energy storage. PCM with high latent heat should be
selected as far as possible in the heat storage system of the reservoir.

Figure 12 shows the guaranteed reservoir operation time under different latent heat
values of phase change which increases with the increase in the latent heat value. Further
analysis shows that, under simulated conditions, the slope increases more when the latent
heat value increases from 100 kJ/kg to 200 kJ/kg than when the latent heat value increases
from 200 kJ/kg to 250 kJ/kg. That is, with the further increase in the latent heat value, its
influence on the guaranteed operation time of the reservoir decreases. In consideration of
the reparability and economy of PCM with a high latent heat value, the availability and
price of PCM should also be considered in practical engineering design. In a practical
application, the PCM with a latent heat value of 200 kJ/kg has more types and a wider
selection range than PCM with a latent heat value of 250 kJ/kg.
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Figure 12. Effect of the latent heat value on the guaranteed operation time of the reservoir.

Table 5 shows the analysis of the influence of different latent heat values on the heat
storage performance of the reservoir, wherein the working condition “0” refers to the heat
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storage process without a phase change heat storage module. As can be seen in Table 5, the
latent heat value of the PCM has great influence on the heat storage performance of the
reservoir. The heat storage capacity per volume ∆q and guaranteed heat storage efficiency
coefficient η increase with the increase in latent heat value of PCMs.

Table 5. Effect of the latent heat value on the performance of the reservoir.

Working
Condition

Latent Heat Value of Phase
Transition (kJ/kg) ∆Q (MJ) ∆q (MJ/m3)

Guaranteed
Operation Time (h) η

0 0 169.13 90.93 26.65 1
1 100 190.39 102.36 30 1.13
2 150 198.64 106.79 31.3 1.17
3 200 206.31 110.92 32.51 1.22
4 250 209.87 112.83 33.07 1.24

5.1.3. Influence of Thermal Conductivity of PCMs on Heat Storage Performance of the Reservoir

The value ∆λ = 0.3 is taken to analyze the influence of PCMs with thermal conductivity
between 0.2 W/m·K and 1.1 W/m·K on the heat storage performance of the reservoir in
underground engineering.

Figure 13 shows the influence of different thermal conductivity values on the outlet
temperature of the reservoir. In Figures 10 and 13, it can be seen that under the working
conditions of different thermal conductivity values, the temperature change at the outlet of
the reservoir generally presents three stages: the first stage of heat storage is dominated by
sensible heat; the second stage of heat storage is dominated by latent heat; and the third
stage of heat storage is dominated by sensible heat. The slope change at each stage of the
temperature rise curve is the same as the previous.
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Figure 13. Effect of thermal conductivity on the outlet temperature of the reservoir.

It can be seen from Figure 13 that the thermal conductivity has no obvious effect on
the outlet temperature of the reservoir, and the four curves almost coincide. However, in
the phase change heat storage stage, when the thermal conductivity is 0.2 W/m·K, the
slope of the temperature rise in the second stage is higher than under other conditions. The
duration of the second stage is longer than under other conditions. The reason is that, when
the thermal conductivity value is lower, the melting rate of PCM is slower and the melting
duration is longer. As can be seen from the previous analysis, the outlet temperature of the
reservoir is significantly affected by the latent heat value and phase change temperature
value of the PCM. The influence of thermal conductivity on the heat storage performance
of the reservoir is the same under four working conditions in this section. Under the same
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latent heat value and phase change temperature, changing the thermal conductivity of
PCM has little influence on the outlet temperature.

Figure 14 shows the influence of different thermal conductivity on the melting rate
of PCMs. As can be seen from Figure 14, the difference in the liquid-phase ratio curves
increases as the thermal conductivity value increases from 0.2 W/m·K to 1.1 W/m·K.
The higher the thermal conductivity value is, the higher the slope of the liquid–phase
ratio curve is. This indicates that the melting rate of the PCM is faster, and the time
required to complete the melting is shorter. The difference in the curves gradually decreases
when λ > 0.5 W/m·K. The two liquid–phase curves with thermal conductivity values of
0.8 W/m·K and 1.1 W/m·K partially coincide after λ > 0.5 W/m·K. This indicates that,
when the thermal conductivity value of PCM is low, the effect of improving the thermal
conductivity to enhance the performance of the system is more obvious. When the thermal
conductivity of the PCM increases to a certain extent, further increasing the thermal
conductivity value will not have a significant effect on the phase change. The thermal
conductivity value of PCMs in practical applications is generally very low, such as the use
of paraffin wax in this study. According to the above analysis, the thermal conductivity of
PCMs must be improved to make the phase change heat storage system run efficiently.
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Figure 14. Effect of thermal conductivity on the melting rate of PCMs.

Figure 15 shows the influence of different thermal conductivity values on the guar-
anteed operation time of the reservoir. As can be seen from Figure 15, the guaranteed
operation time of the reservoir is the same with different thermal conductivities. This
indicates that the thermal conductivity has no obvious influence on the total heat storage of
the reservoir. However, increasing the thermal conductivity value can increase the melting
rate of PCMs. In that case, it is feasible to enhance the heat transfer and can be considered
in practical application. Under experimental conditions, when λ is 0.5 W/m·K, its thermal
conductivity has little difference from that when its value is 0.8 W/m·K and 1.1 W/m·K.
Compared with the high thermal conductivity value, it is easier to add graphite and other
materials into the PCM to increase the thermal conductivity to 0.5 W/m·K. The heat storage
of the system will change little due to the addition of fewer other substances. This can also
avoid the possibility of reducing the heat storage capacity of the device when too many
high thermal conductivity materials are added to the pure PCM.
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Figure 15. Effect of thermal conductivity on the guaranteed operation time of the reservoir.

Table 6 shows the analysis of the influence of different thermal conductivities on the
heat storage performance of the reservoir, in which working condition “0” refers to the
heat storage process of the reservoir without the phase change heat storage module. It can
be seen from Table 6 that the heat storage capacity per volume ∆q and guaranteed heat
storage efficiency coefficients η of the reservoirs with different thermal conductivity are the
same. This means that the thermal conductivity value of PCM has little influence on the
heat storage performance of the reservoir.

Table 6. Effect of thermal conductivity on the performance of the reservoir.

Working
Conditions

Thermal Conductivity
(W/m·K) ∆Q (MJ) ∆q (MJ/m3)

Guaranteed Operation
Time (h) η

0 0.5 169.13 90.93 26.65 1
1 0.2 205.49 110.48 32.38 1.22
2 0.5 206.31 110.92 32.51 1.22
3 0.8 206.38 110.96 32.52 1.22
4 1.1 206.25 110.89 32.50 1.22

5.2. Influence of the Geometric Size of Phase Change Heat Storage Module on Heat Storage
Performance of the Reservoir

On the premise of not changing the effective volume of the phase change heat storage
module, which also refers to the content of PCMs in the module, the geometric size of the
phase change heat storage module is changed to analyze the influence of the structural
size of the module on the heat storage performance of the reservoir and the module. The
geometric size simulation schemes of the phase change heat storage module are designed,
as shown in Table 7.

Table 7. Geometric size simulation scheme of the phase change heat storage module.

Scheme Geometric Type of Section Section Size (mm)

1 A rectangle 100 × 30
2 A rectangle 30 × 100
3 A rectangle 150 × 20
4 A rectangle 20 × 150
5 A rectangle 75 × 40
6 A rectangle 40 × 75
7 A square 57.44 × 57.44
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The heat storage process of the reservoir with different shapes of the modules was
numerically simulated, and the influence of the shape on the heat storage performance
of the reservoir was compared and analyzed. The aim was to determine the reasonable
packaging and layout of PCMs. In each scheme, only the section size of the module
was changed, and the length remains unchanged. The physical properties of PCMs are
shown in Table 3.

Figure 16 shows the influence of geometric dimensions of the phase change heat
storage module on the outlet temperature of the reservoir. It can be seen from Figure 16
that different geometric dimensions of the modules have a certain influence on the outlet
temperature of the reservoir. Figure 17 shows the simulated influence of the geometric
dimensions of the module on the operation guaranteed time of the reservoir. According to
the simulation calculation results, the order of a guaranteed operation time from long to
short is: 75 mm × 40 mm, 30 mm × 100 mm, 150 mm × 20 mm, 57.44 mm × 57.44 mm,
20 mm × 150 mm, 40 mm × 75 mm and 100 mm × 30 mm.
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Figure 16. Effect of the geometric size of phase change heat storage module on the outlet temperature
of the reservoir.
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Figure 17. The influence of phase change heat storage module geometry size on the guaranteed
operation time of the reservoir.

Further analysis of the numerical model shows that the calculation grid needs to
be redivided every time the geometric size of the module is changed. This is different
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from studying the change in the physical properties of PCMs. At the same time, affected
by the step size of the simulation calculation, even though the external heating power
input by the model is the same, there are still some calculation errors between working
conditions, which are reflected in certain errors in the heat storage calculated by the water
body, reservoir surface and phase change heat storage module. This will result in different
calculated heat storage power. The calculated heat storage and calculated heat storage
power values corresponding to the geometric dimensions of different phase change heat
storage modules are shown in Table 8. The results in the table are the values obtained by
simulating the 40 h duration.

Table 8. Calculated heat storage and calculated heat storage power corresponding to geometric sizes
of different phase change heat storage modules.

Scheme Section Size (mm) Calculated Heat
Storage (MJ)

Calculated Heat
Storage Power (kW)

1 100 × 30 251.42 1.746
2 30 × 100 239.47 1.663
3 150 × 20 243.94 1.694
4 20 × 150 251.42 1.746
5 75 × 40 238.03 1.653
6 40 × 75 261.65 1.817
7 57.44 × 57.44 244.66 1.699

As shown in Table 8, the heat storage power obtained by simulation calculation
has certain errors under different conditions of the phase change heat storage module
size. When the cross-section size change has little influence on the inlet and outlet water
temperature, the difference in the guaranteed system operation time caused by this error
may be greater than the change caused by actual different sizes. For example, in the
numerical calculation, the guaranteed operation time is the longest when the section size of
the module is 75 mm × 40 mm. However, Table 8 shows that its calculated heat storage
power is the lowest. As such, the influence of the section size on the guaranteed operation
time cannot be scientifically evaluated. Therefore, when the calculated heat storage power
is different, it is not advisable to judge the influence of the change of the module’s section
size on the operation effect of the system based on the guaranteed operation time.

To avoid the effect of different calculated heat storage quantities of the reservoir on
the efficiency, an improvement indicator appears to evaluate the heat storage performance
of the underground air-conditioning reservoir. This indicator is ε, which refers to the slope
of the temperature rise per unit load of the reservoir. It is defined as the ratio between
the slope of the outlet temperature change with time and the heat storage power after the
phase change heat storage reservoir runs for a period of time. Its calculation formula is:

ε =
[tin(τ)− t0]/τ

q
(29)

where ε is the slope of temperature rise per unit load of heat storage reservoir; and q is
calculated heat storage power, kW.

In the same heating time, the lower the slope ε of temperature rise per unit load of the
reservoir is, the slower the temperature rise at the outlet of the reservoir is, the longer it
takes to reach the upper temperature of system operation and the stronger the guaranteed
capacity of the reservoir is.

Table 9 shows the slope of temperature rise per unit load of reservoir corresponding
to the geometric dimensions of different phase change heat storage modules. As can be
seen from Table 9, the slope of the temperature rise per unit load of the reservoir ε does
not change much under the different geometric dimensions of the module. The results
show that the change in the module geometry has no obvious effect on the heat storage
performance of the reservoir.
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Table 9. Temperature increase slope of unit load of reservoir corresponding to geometric sizes of
different phase change heat storage modules.

Scheme Section Size (mm) Calculated Heat
Storage Power (kW) ε

1 100 × 30 1.746 0.269
2 30 × 100 1.663 0.261
3 150 × 20 1.694 0.259
4 20 × 150 1.746 0.263
5 75 × 40 1.653 0.265
6 40 × 75 1.817 0.263
7 57.44 × 57.44 1.699 0.264

Further analysis shows that the module with a cross-section size of 150 mm × 20 mm
has the minimum ε value. Figure 18 shows the y–z section flow field distribution at the
inlet center of the reservoir under different sizes of modules. To intuitively display the
flow field distribution in the reservoir, the display range of the velocity field cloud map is
0–0.15 m/s, and the actual inlet flow rate is 0.55 m/s (the same below).
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By Figure 18b, section size 150 mm × 20 mm of the module has a more distinct
phenomenon that shunts a high-temperature cooling water inflow from the reservoir
entrance than other sizes. The water mixing effect is better and the heat exchange area is the
largest. Under this section size of 150 mm× 20 mm, the slope value ε of the temperature rise
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per unit load is smaller than that of other section sizes. In practical engineering applications,
the size of the module should increase the heat exchange area as much as possible and
promote the full mixing of heat.

5.3. Influence of Water Distribution Mode on Heat Storage Performance of Reservoir

As can be seen from the analysis of the influence of the size of the module on the heat
storage performance of the reservoir, the change in the flow field in the reservoir has an
impact on it. In this study, the influence of different water distribution modes on the heat
storage performance of the reservoir was discussed. Different water distribution schemes
were designed for the reservoir, as shown in Table 10.

Table 10. Water Distribution Schemes for the Reservoir.

Scheme Water Distribution Modes Scheme Water Distribution Modes

1 One-inlet–one-outlet 5 Three-inlets–three-outlets-b
2 Two-inlets–two-outlets-a 6 Four-inlets–four-outlets
3 Two-inlets–two-outlets-b 7 Four-inlets–one-outlet
4 Three-inlets–three-outlets-a

The heat storage process of the reservoir under different water distribution modes
was numerically simulated. The influence on the heat storage performance of the reservoir
was comparatively analyzed. The aim was to determine the optimal water inlet and outlet
layout. The physical properties of PCMs selected in the research are shown in Table 3. A
1/4 model of the reservoir with different water distribution modes is shown in Figure 19.
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Figure 19. Water distribution scheme: (a) one-inlet–one-outlet; (b) two-inlets–two-outlets-a;
(c) two-inlets–two-outlets-b; (d) three-inlets–three-outlets; (e) three-inlets–three-outlets-b; (f) four-
inlets–four-outlet; and (g) four-inlets–one-outlet.

Figure 20 shows the influence of the water distribution modes on the outlet temper-
ature of the reservoir. It can be seen from Figure 20 that the different water distribution
modes have a great influence on the outlet temperature of the reservoir. The analysis shows
that, among all water distribution modes, the optimal mode is the four-inlets–one-outlet
water distribution mode. Under this circumstance, the duration required for the outlet wa-
ter temperature to reach the upper operating temperature of the system is 40.2 h. In the case
of the three-inlets–three-outlets-a water distribution mode, the duration required for the
outlet water temperature to reach the upper operating temperature of the air-conditioning
system is 28.7 h, which is the most unfavorable mode.
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Figure 20. Effect of simulated water distribution on the outlet temperature of the reservoir.
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Figure 21 shows the influence of the simulated water distribution modes on a reservoir
guaranteed operation time. According to the simulation results, the order of the guaranteed
operation times from longest to shortest is four-inlets–one-outlet; four-inlets–four-outlets;
two-inlets–two-outlets-b; two-inlets–two-outlets-a; three-inlets–three-outlets-b; one-inlet–
one-outlet; and three-inlets–three-outlets-a.
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Figure 21. The influence of water distribution mode on the guaranteed operation time of reservoir.

Further analysis of the numerical model shows that there are still some calculation
errors between the different water distribution modes, which is the same as in the study of
the geometric size change of the phase change heat storage module. This refers to the fact
that there are errors when calculating the heat storage quantity by the water, the surface and
the phase change heat storage module. This leads to the difference in calculating the heat
storage power. Different heat storage quantities and their power are calculated by various
water distributions, which can be seen in Table 11. The calculated heat storage and e power
values of each working condition in the table are the values obtained by simulating for 40 h.

Table 11. Calculated heat storage and calculated heat storage power corresponding to different water
distribution modes.

Scheme Water Distribution Modes Calculated Heat Storage (MJ) Calculated Heat Storage Power (kW)

1 One-inlet–one-outlet 251.42 1.746
2 Two-inlets–two-outlets-a 249.84 1.735
3 Two-inlets–two-outlets-b 242.78 1.686
4 Three-inlets–three-outlets-a 270.00 1.875
5 Three-inlets–three-outlets-b 261.50 1.816
6 Four-inlets–four-outlets 241.34 1.676
7 Four-inlets–one-outlet 230.26 1.599

As shown in Table 11, under different conditions of water distribution, the heat storage
power obtained by the simulation calculation also has certain errors, and the fluctuation
range is larger than the error value under the different conditions of the geometric size
change of phase transition module. Due to the existence of the error, the conclusion of
the influence the water distribution mode on the guaranteed operation time cannot be
scientifically drawn. For example, in the above analysis, the four-inlets–one-outlet water
distribution mode has the longest guaranteed operation time. Nevertheless, its calculated
heat storage power is the lowest according to Table 11. The three-inlets–three-outlets-a
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water distribution mode is the most unfavorable, but its calculated heat storage power is
the highest. Therefore, when the calculated heat storage power values are different, it is not
advisable to judge the influence of water distribution modes according to the guaranteed
operation time.

To avoid the influence of different heat storage quantities on the evaluation of the
guaranteed capacity of the reservoir, the slope of temperature rise per unit load of the
reservoir ε was also used as an evaluation index to investigate the influence of the water
distribution mode on the system operation.

Table 12 shows the slope of temperature rise per unit load of reservoirs corresponding
to different water distribution modes. It can be seen from Table 12 that the slope of
temperature rise per unit load ε of the reservoir varies greatly under different water
distribution modes. This indicates that the change in water distribution mode has an
obvious influence on the heat storage performance.

Table 12. Temperature increase slope of reservoir unit load corresponding to different water distribu-
tion modes.

Scheme Water Distribution Modes Calculated Heat Storage Power (kW) ε

1 One-inlet–one-outlet 1.746 0.269
2 Two-inlets–two-outlets-a 1.735 0.262
3 Two-inlets–two-outlets-b 1.686 0.248
4 Three-inlets–three-outlets-a 1.875 0.275
5 Three-inlets–three-outlets-b 1.816 0.255
6 Four-inlets–four-outlets 1.676 0.244
7 Four-inlets–one-outlet 1.599 0.244

Figures 22 and 23, respectively, show the flow field and temperature distribution of the
y–z section air-conditioning reservoir at the inlet center under different water distribution
modes. The analysis shows that the flow field and temperature distribution in the reservoir
differ greatly under different water distribution modes. In Figure 22a,b,d, the modes
whose temperature rise slope is high are one-inlet–one-outlet, two-inlets–two-outlets-a
and three-inlets–three-outlets-a. After the fluid enters the reservoir from the inlet, the
water flows downward along the gap of the module. The flow velocity on the inlet and
outlet channel of the reservoir is high, and the flow retention area in the reservoir is large.
Corresponding to Figure 23a,b,d, the temperature in the inlet and outlet passage of the
reservoir is high, and the temperature distribution in the reservoir is not uniform. As a
result, when the outlet temperature has reached its limitation, the temperature in most
areas of the reservoir has not reached the upper limit of the system, and the heat storage
effect of the reservoir is not good. As shown in Figure 23d, especially under the conditions
of three-inlets–three-outlets-a, due to the influence of the flow field in this arrangement,
there is an obvious thermal short circuit phenomenon between the exits. Heat accumulates
at the outlet, causing the outlet temperature to be significantly higher than that of the area
outside the inlet and outlet passage. Thus, the slope value of the temperature rise per unit
load is large, and the guaranteed operation capacity of the reservoir is poor.

By Figure 22c,e,f, the modes whose temperature rise slope is low are two-inlets–two-
outlets-b, three-inlets–three-outlets-b and four-inlets–four-outlets. After the fluid enters the
reservoir from the inlet, the water flow scours the phase change heat storage module, and
the water flow is strongly disturbed. The flow field in the reservoir is evenly distributed,
and no high-speed passage is formed between the inlet and outlet. Corresponding to
Figure 23c,e,f, the quantity of heat quickly spreads around. The temperature field in the
reservoir is evenly distributed, and there is no obvious temperature difference between
the outlet of the reservoir and the surrounding water. This means that the slope value
of the temperature rise per unit load is small, and the guaranteed reservoir operation
capacity is good.
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Figure 22. Flow field distribution chart of the reservoir under different water distribution modes: 
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Figure 22. Flow field distribution chart of the reservoir under different water distribution modes:
(a) one-inlet–one-outlet; (b) two-inlets–two-outlets-a; (c) two-inlets–two-outlets; (d) three-inlets–three-
outlets-a; (e) three-inlets–three-outlets-b; (f) four-inlets–four-outlets; and (g) four-inlets–one-outlet.
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Figure 23. Temperature cloud of the reservoir at 20 h under different water distribution modes:
(a) one-inlet–one-outlet; (b) two-inlets–two-outlets-a; (c) two-inlets–two-outlets; (d) three-inlets–three-
outlets-a; (e) three-inlets–three-outlets-b; (f) four-inlets–four-outlets; and (g) four-inlets–one-outlet.

As shown in Figure 22e, under the distribution of three-inlets–three-outlets-b, the
inlet and outlet located in the middle failed to flush the phase change heat storage module.
The thermal short circuit still exists in the middle inlet and outlet channel, as shown
in Figure 23e. Therefore, with the comparison between two-inlets–two-outlets-b and
four-inlets– four-outlets, the slope of the temperature rise per unit load of three-inlets–three-
outlets-b is slightly larger, and the reservoir guaranteed operation capacity is slightly poor.
Compared with two-inlets–two-outlets-b, the four-inlets–four-outlets water distribution
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mode has a more uniform water distribution, larger area of scouring phase change heat
storage module, more obvious flow disturbance and more significant heat diffusion. The
slope value of temperature rise per unit load is smaller, and the guaranteed reservoir
operation capacity is better.

To further investigate the influence of the outlet change on the heat storage perfor-
mance of the reservoir, four-inlets–four-outlets-and four-inlets–one-outlet were compared.
It can be seen from Figure 22f,g that the flow field distribution in the reservoir is consistent.
The corresponding temperature field distribution in the reservoir is also basically consistent,
as shown in Figure 23f,g. Meanwhile, it can be seen from Table 10 that the slope of temper-
ature rise per unit load ε of the reservoir is the same. In the case of the reservoir layout of
four inlets, there is no significant difference between the one outlet and four outlets.

To sum up, the water distribution modes of the reservoir show obvious disturbances in
the water body, which affect the heat exchange and the overall heat storage effect. Therefore,
in the upper-to-lower mode of water distribution, the thermal short circuit between the
inlet and outlet should be avoided. The layout position of the phase change heat storage
module in the reservoir should be fully utilized to enhance the water flow disturbance
so that the inlet water flow can exchange heat with the water in the reservoir as soon as
possible. Under the modeling conditions established in this research, it is necessary to make
the water flow directly scour the module, instead of arranging the water inlet and outlet
towards the gap between them. In addition to the above conditions, the uniform water
distribution mode with multiple inlets is more conducive to enhancing the heat storage
capacity of the reservoir and improving the guaranteed operation time of the system.

6. Conclusions

A three-dimensional unsteady heat transfer numerical model of a phase change reser-
voir in underground engineering was established in this paper. The influence on the
reservoir’s heat storage performance of PCM’s phase change temperature, latent heat value,
thermal conductivity, encapsulation size and the water distribution modes was calculated
and analyzed. The heat storage per unit volume of the phase change reservoir and the
support efficiency coefficient were defined based on outlet temperature, and the temper-
ature rise slope per unit load of the heat storage reservoir was evaluated. The following
conclusions were drawn:

(1) By studying the influence of the physical parameters of PCMs on the heat storage
performance of the reservoir, it was found that: the phase change temperature of the
PCM should be less than the upper limit of the reservoir outlet temperature of 4 K.
When the phase change temperature was 29 ◦C, the efficiency coefficients of the heat
storage η are 1.22, and heat storage support per unit volume ∆q are 110.92 MJ/m3,
which were the maximum values under various working conditions that the phase
change temperature tested increased from 21 ◦C to 35 ◦C. This means that the heat
storage capacity of the reservoir reaches the best. The heat storage capacity of the PCM
reservoir increases with the increase in latent heat in the range of 0~250 kJ/kg. When
the latent heat value of PCM is 250 kJ/kg, its heat storage support per unit volume
∆q and heat storage efficiency coefficients are η 112.83 MJ/m3 and 1.24, respectively,
which are the maximum values under working conditions. The thermal conductivity
has little effect on the heat storage performance of PCM when it increases from
0.2 W /m·K to 1.1 W /m·K.

(2) In this paper, different geometric sections are set, respectively: the phase change
heat storage modules of 100 mm × 30 mm, 30 mm × 100 mm, 150 mm × 20 mm,
20 mm × 150 mm, 75 mm × 40 mm, 40 mm × 75 mm and 57.44 mm × 57.44 mm
were compared. The slope of the temperature rise per unit load of the heat storage
reservoir is 0.269, 0.261, 0.259, 0.263, 0.265, 0.263 and 0.264, respectively. The slope of
the temperature rise per unit load of the reservoir with the geometric cross-section
size of 150 mm × 20 mm is the lowest, which indicates that under the condition of the
same volume of the phase change module, the greater the contact between the module
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and water area is, the stronger the degree of transverse scouring by water flow, and
the better its comprehensive heat storage performance. Therefore, in the actual design,
the heat storage capacity of the phase change module can be further enhanced by
improving the conditions of enhanced heat transfer when the heat storage volume of
the phase change module is constant.

(3) Under the modeling conditions established in this paper, seven heat storage reservoir
working conditions were set under the overall water distribution modes of water
flowing in and out of the heat storage reservoir: one-inlet–one-outlet; two-inlets–two-
outlets-a; two-inlets–two-outlets-b; three-inlets–three-outlets-a; three-inlets–three-
outlets-b; four-inlets–four-outlets; and four-inlets–one-outlet, for which the slope of
the temperature rise per unit load of the reservoir is 0.269, 0.262, 0.248, 0.275, 0.255,
0.244 and 0.244, respectively. Increasing water inlets can improve the heat storage
capacity of the reservoir. Further analysis of the influence of water inlets’ position on
the temperature field and flow field under various working conditions shows that the
more the water distribution at water inlets is uniform, the larger the area of scouring
phase change heat storage module is, the more obvious the water flow disturbance in
the reservoir is, the more uniform the distribution of temperature field and flow field
is and the stronger the heat storage capacity is.
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