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13 Abstract: This numerical study aims to improve the melting uniformity of the phase change plate
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15  system of data centers. The anterior-to-posterior slope ratio (#,), fin configuration, and volume of
16  the PCP are optimized. For the practical application of the PCP with an optimized structure and
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23 relationship between the cooling performance of the system and the main four variables is proposed.
24 This work provides guidelines for the application of PCP in data center.
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Nomenclature
Temperature, °C

Area average air temperature at the

inlet and outlet, °C
Phase change temperature, °C

AT= Tin- Tou, °C
Average temperature difference

Pressure, Pa
Specific heat, kJ /(kg-K)
Volumetric heat source, W/m?
Time, s
Liquid fraction
Length, Width and Height
Anterior-to-posterior slope ratio of
PCP
Length of fin
Inlet air velocity, m/s
Greeks
Density, Kg/m?
Dynamic coefficient of viscosity,

N-s/m?

IAT
ASV
PCT

PCES

PCM

PCP

o]

Gravity, m/s’

volumetric heat source, W/m?

Coefficient of thermal
expansion, 1/°C

Thermal conductivity, W/(m-K)

Thickness, mm
Thermal resistance, °C/W
Abbreviation

Inlet air temperature
Air supply velocity
Phase change temperature
Phase change energy storage

Phase change material

Phase change plate
Value coefficient
Function coefficient

Cost factor
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1. Introduction

Data centers, as information processing carriers, contribute mightily to the vitality of businesses
in the digital economy [1.2]|. However, the normal operation of data centers requires a huge amount
of energy, with their electricity consumption accounting for about 1% to 1.5% of the global electricity
consumption [3.4]. The total energy consumption of data centers in China was 266.792 billion kWh
in 2023, exceeding the total electricity consumption of Australia in 2018 [5]. The air conditioning
system is an important subsystem of the data center, which maintains the temperature and humidity
inside the server room within the normal operating environment requirements of I'T equipment [6.7].
The cooling system accounts for about 40% of the total electricity consumption of the data center
being the largest energy consumption except IT equipment [8.9]. Although traditional cooling
methods such as mechanical refrigeration and liquid cooling can meet the cooling requirements | 10],
they suffer from high electricity consumption, high water consumption and environmental impact
[ 11,12]. Therefore, it is urgent to find energy-efficient, high-efficiency and environmentally friendly
cooling technologies for data centers.

Free cooling technology provides the cold source for server room by utilizing natural cold air
for heat exchange and is a key focus of the data centers industry [13.14]. As the goal of carbon peak
and carbon neutrality is established [15], the use of free cooling for refrigeration is the basic way to
achieve zero carbon emissions in cooling systems [16]. Li et al. [17] utilized cold mist direct
evaporative cooling technology with natural cold sources to cool high-temperature fresh air,
significantly reducing carbon emissions from data centers. Fan et al. [18] designed a novel free
cooling system that can reduce refrigeration energy consumption by 4.4%~62.6% in different regions.

Temiz et al. [19] designed a renewable energy power generation system for data center refrigeration,
3
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which reached 24.33% of the energy conversion taking advantage of the environment of the Arctic.
Wang et al. [20] confirmed that the application of direct free cooling for data center refrigeration is
technically and economically feasible to a certain extent.

Phase change energy storage (PCES) utilizes phase change material (PCM) to absorb or release
large amounts of latent heat during phase change for energy storage [21] and temperature regulation
[22.23]. Binetal. |24 ] designed a novel PCES system, achieving the emergency refrigeration for 300s
under the conditions of an inlet temperature range of 31°C to 39°C. Priyadarshi et al. [25] proposed
that paraffin-bonded desiccants for cooling systems could save energy and improve air quality. Ren
et al. [26] proposed a heat exchanger with multiple ring-shaped PCM layer conduits to increase the
fresh air treatment capacity. Wang et al. [27]| mixed liquid metal with PCM for CPU cooling resulted
in 23% energy conservation. Yi et al. [28] found that the use of PCP enabled the free cooling capacity
to be continuously released into the server room during the high-temperature period. Yang et al. [29]
proposed a PCP-assisted direct ventilation natural cooling system for data center cooling, which could
reduce the 70% energy consumption. Combining free cooling with PCES for cooling systems
facilitates to transformation of their energy structure towards energy conservation and environmental
protection [30.31]. However, the application of PCES in data centers still faces challenges, especially
how to optimize the structure of PCP, making PCMs evenly heated and improve energy storage
efficiency and thermal performance.

The thermal performance of PCM can be enhanced by using different container geometries such
as spheres, squares, trapezoids and triangles [32]. Liang et al. [ 33] evaluated the thermal performance
of PCP in different configurations through case studies of data centers to enhance grid stability and

reduce costs. Zhu et al. [34| numerically studied latent heat storage of PCM with different fin
4
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configurations to optimize the working strategy. Kosdere et al. [35] studied the influence of different
fin geometry parameters on heat transfer coefficients and developed a lower-cost radiator. Boujelbene
et al. [36] found that channel geometry was considered as an effective technique to enhance the
melting/solidification performance of PCM. Poorya et al. [37] found that PCP melting time with a
stepped fin structure was reduced by 52% compared with a straight fin structure under the same
conditions. Najim et al. [38] numerical investigated the effects of adding a new design fins
arrangement to a latent heat storage system, revealing that utilizing the tringle fins enhances the
thermal performance. Guo et al. [39] found that a high-humidity environment can greatly increase the
melting rate of PCP under experimental conditions by more than 60%. Ma et al. [40] found that the
cooling ability increased with the increase of PCM thermal conductivity through experiments and
numerical simulation. Most designs of PCP mainly rely on conventional planar or sheet structures
now [41.42]. Although these structures have advantages in cost [43.44], they have certain limitations
in heat transfer efficiency and energy storage capacity [45]. Geng et al. [46| deemed that PCM face
limitations in terms of regulating phase change temperature, low thermal conductivity and so on.

In conclusion, although the integration of free cooling with PCES enhances energy conservation
of data center cooling systems, rectangular cavity PCP exhibits uneven melting due to structural
limitations. However, the conventional PCP often exhibits non-uniform melting, which negatively
affects the overall performance of the system. Therefore, achieving uniform heating of the PCP to
enhance heat transfer efficiency and promote energy conservation is a critical challenge in the
optimization of cooling performance.

This research aims to improve the effectiveness of PCP-assisted free cooling for the data center

located in Gui'an New District, Guiyang, Guizhou Province, China. A novel scheme based on the
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optimization of a uniformly heated PCP structure is proposed in this paper. Specifically, firstly,
compared the different anterior-to-posterior slope ratios to make the PCP melt evenly. Secondly,
double fins are incorporated into PCP to further improve its thermal performance, and the optimal
configurations of these fins are examined. Finally, the economical and suitable volume of PCP is
determined in combination with PCP's charging and discharge requirements. Additionally, the effects
of different inlet air temperatures (IAT), air supply velocities (ASV), phase change temperatures (PCT)
and thermal conductivities (L) are studied to analyze the relationship between the system cooling
performance and them. This study promotes the evolution of data center industry in a green and low-
carbon direction.
2. Methodology
2.1 Experimental principle

Compared the trends of the ambient temperature and the power load in the server room during
the high temperature in summer to explain the experimental principle, as shown in Fig.1 (a). The
outdoor air temperature and the power load in summer have similar change trends, and the time points
at which they reach the minimum and maximum values are relatively close to each other. Before 9:00
a.m., the outdoor air temperature does not exceed 27°C, and the power consumption of the server
room 1is in the off-peak period. After 9:00 a.m., the outdoor air temperature gradually increases,
reaching approximately 34°C between 12:00 p.m. and 3:00 p.m., during which time the power
consumption of the server room peaks.

The combined application of natural cold air and PCES mainly contains two processes. The first
process is the charging process of PCP. During the off-peak h of the server room, the outdoor cold air

can be directly passed into the server room for cooling after a little treatment. And the load of the
6
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server room is minimal, resulting in the underutilization of the cold air. The PCP stores the nature
cold air at night. The second process is the discharge process of PCP. The PCP that has been solidified
by cold air is in contact with high-temperature air for heat exchange. The PCM absorbs heat and
gradually undergoes melting, resulting in a progressive cooling of the air.

The natural cold air at night solidifies the PCM and completes the charging of the PCPs. The
working principle of the daytime system is shown in Fig.1 (b). The outdoor high-temperature air and
little hot air generated by the server enter the front end of the channel, exchanging heat with the
concretionary PCPs at low temperatures. The treated cold air is sent into the air intake area passage

of the racks by the fans. Then cold air cools down the servers that are running at high temperatures.

|
Exhaust
Hot-air from the servers ‘Xhermal c‘hannel ‘ port v

Ambient /£ §
air,

Off-peak period

On-peak period

Outdoor air temperature (°C)
2
Electricty load

(2)Discharging process ‘ g
Cfﬂ»‘:’/
mm Storage capacity of PCP it
Absorbed heat of PCP
00:00 o Time (h) Striiner  * Air channel ])(711s Falis Tréated air R"'Ck‘
(a) Research technical schematics (b) System working principle

Fig .1. Experimental principle

2.2 Experimental details

The experimental platform of PCP-assisted free cooling is shown in Fig.2. The experimental
platform is mainly composed of three parts: the artificial environment room, the combined system
and the data acquisition instrument. The artificial environment room is consisted of three parts: the
console platform, the ventilation room and the cooling room. It controlled the air temperature in the
environmental laboratory at -20°C~50°C, and the control accuracy did not exceed + 0.5°C. The direct

ventilation channel was assembled from Smm thick acrylic sheet lap joints, with dimensions of 200cm
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(L) x70cm (W) x65cm (H). PCPs were placed at 45 cm away from the inlet end in the channel. These
PCPs with dimensions of 100 cm (L) x 3 cm (W) x 58 cm (H) were welded into a rectangular cavity
using 1 mm thick stainless steel sheets. A total of 10 PCPs were evenly placed in the channel, with
the distance of 4 cm between each two. Four PT100 thermocouple wires were evenly inserted inside
each PCP to capture the temperature changes as the PCM melts and solidifies. Paraffin wax was

encapsulated inside the PCPs. The main thermal performance parameters of the experimental material

paraffin are shown in Table 1.

(b) top

Megasuri
probe

Speed regulator

(c) inside (d) back

Fig .2. Details of the experimental platform



1  Tablel

2 PCM thermal performance parameters

Paraments Values
Material Paraffin wax
Phase change temperature (°C) 25. 84
Density (kg/m?) 880 - 770 (solid-liquid)

Thermal conductivity (W/(m-K)) 0.21
Latent heat (kJ /kg) 217
Specific heat (kJ /(kg-K)) 3.22

Flashing point (°C) > 250
Maximum working point (°C) 200

Pure solvent melting heat (J/kg) 165900

3 2.3 Working condition design
4 The control variable method and the interpolation method were used to design the simulation
5  conditions. Firstly, the /7, was studied for the uniform melting of PCM. Secondly, to further enhance
6  the thermal performance of PCP and improve structural stability, the optimal position of the double-
7  fin layout in PCP was explored. Then, to facilitate the practical application of the PCP with an
8  optimized structure and configuration, the external environment and the thermal parameters of PCM
9  were studied.
10  2.3.1 Optimization of the anterior-to-posterior slope ratio of PCP
11 The discharging experiment of PCP in the system was carried out in the early stage of the design.
12 It was found that at the end of the experiment, the front part of PCP was almost melted, while there
13 was some solid PCM in the partial back end, as shown in Fig .3 (a). Because the front end of the PCP
14 is preferentially exposed to high-temperature air, so the front end of the PCM is preferentially melted

15  over the back end. In this paper, the width of the front end of the PCP (;) was gradually increased



1  and the width of the back end of the PCP (W2) was reduced under the premise of controlling the total
2 capacity of PCM and the length and height of the PCP were consistent with the experimental research,
3 as shown in Fig .3 (b). Interpolation method was used in this study. At first, the optimization range
4  was gradually narrowed through extensive W, comparisons. Finally, the feasible range was defined

5 as 1~2, and four groups of optimization proportions were gradually refined, as shown in Table 2.

Front-end

Back-end

6 Back-end
7 (a) Uneven melting of rectangular PCP (b) Structure size of trapezoidal PCP
8 Fig .3. W, design of PCP
9 Table2
10  Different parameters of W,
Model Wi (cm) W> (cm) W: (Wi:W>2)
Experiment 3 3 1

1 3.33 2.67 1.25

2 3.6 2.4 1.5

3 3.815 2.185 1.75

4 4 2 2

11 2.3.2 Double fin layout design
12 The double fin can provide enough surface area to accelerate the heat transfer and is more

13 uniform and stable than the single fin [47]. Compared with multiple fins, double fins are structurally

10
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simpler, avoiding the potential for complex flow patterns and additional weight to affect overall
efficiency [48.49]. In this study, the layout design of the double fins is studied as shown in Fig .4.
Both sides of these three layouts are arranged close to the inner wall of the PCP, and the fins are 50cm

long and 0.1cm thick.

-
-
<
~_

S0qm 18.9¢m

(a) (b) (c)
Fig .4. Layout diagram of the fin of the inner PCP: (a) Vertical parallel-A; (b) Horizontal

parallel-B; (¢) Cross parallel-C

2.3.3 Simulation conditions

The temperature in the server room is required to be between 18°C and 27°C, and the highest
temperature record in Gui'an in the past three years is 34.4°C, so the temperature range explored is
28°C-36°C. The ASV of the direct ventilation system is calculated concerning the scale of the data
center in the Gui'an. The size of the machine room is 18m (L) x16m (W) x6m (H), and the required
air volume is 1968m?>/h~4076m?/h, that is, ASV is 1.21m/s~3.47m/s.

A total of 19 sets of cases are involved in this study, as shown in Table 3. Cases 1 and 2 are used
for computational preparation, case 2 is used in the optimization part of the PCP unit, and additional

cases are added for sensitivity analysis.

11



1 Table 3

2 The simulation conditions

Case Tin (°O) Ve (m/s) Tpe (°C) 4 (W/(m-K))
1 32 3 25. 84 0.21
2 30 2 25. 84 0.21
3 28 2 25. 84 0.21
4 32 2 25. 84 0.21
5 34 2 25. 84 0.21
6 36 2 25. 84 0.21
7 30 1.5 25. 84 0.21
8 30 2.5 25. 84 0.21
9 30 3.0 25. 84 0.21
10 30 3.5 25. 84 0.21
11 30 2 23 0.21
12 30 2 24 0.21
13 30 2 25 0.21
14 30 2 26 0.21
15 30 2 27 0.21
16 30 2 25. 84 0.11
17 30 2 25. 84 0.31
18 30 2 25. 84 0.41
19 30 2 25. 84 0.51

3 2.4 Numerical model

4 The k-e model was used to solve the calculation model to visualize the changes in the interface
5 during the solidification and melting of PCM. The Standard k-e model was adopted as a turbulence
6  model for the calculation of natural convection heat transfer problems [50]. Necessary assumptions

7  are made to the numerical model to simplify the calculation [51,52]:

8 (1) Both air and PCM in the calculation domain are isotropic;
9 (2) Air is Newton incompressible;
10 (3) Each air channel in the system is evenly arranged, assuming that the ASV of the heat transfer

11 fluid is uniform;

12 (4) Heat transfer is mainly through convection and heat conduction, ignoring radiant heat

12
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Transfer;
(5) The air wall is a constant temperature boundary;
(6) Ignore the viscous effects of the fluid.
Based on the above Settings, the following governing equation can be used to calculate.

Continuity equation:
% v.pv=0 1)
at
p is the paraffin density (kg/m?), t represents time (s), and v represents the velocity vector (m/s)
Momentum equation:
p%+pu.Vv=—Vp+u-V2v+pa(T—Tref)g+S )

Where p isthe pressure (Pa), 1 is the dynamic viscosity coefficient (N-s/m?), a is the coefficient
of thermal expansion (1/K), T, is the temperature value of the reference surface, g is the gravity
(m/s?), and S is the source term of the momentum equation, which can be calculated as follows:

(1+£)?
= ey Amush? ©)

f1is the liquid fraction, w is the coefficient to avoid zero division taking 0.001, and the continuity

coefficient of amush solid-liquid mixing takes 1x10°. The formula for calculating f is as follows:

0 Tpcm =< Ts
Tpcm_Ts

f = W Ts < Tpcm < Tl (4)
1 Tpcm 2T,

Where Tpem is the temperature of PCM at any time (°C), 7 is the temperature at which PCM
begins to melt (°C), and 77 is the temperature at which the melt ends (°C).

Energy equation:

13
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pc, (5. +v.VT) = AV?T + q ()

Where ¢, is specific heat (kJ/(kg-K)), 4 is thermal conductivity (W/(m-K)), g is volumetric heat
source (W/m?).

2.5 Solution methodology and numerical validation

Based on the experimental setup of the previous study, a numerical computational model of the
PCP direct venting unit of the same specification was built using ANSYS ICEM 2022. The physical
model dimension of the ventilation system was 200cm (L) x70cm (W) x65cm (H). 10 PCPs were
evenly distributed in the center within the model.

Numerical simulations were carried out using ANSYS Fluent 2022. The computational region
was set as an unsteady, laminar/turbulent, solid/liquid phase change model. The inlet was set as
pressure inlet boundary condition, the outlet was set as free flow outlet boundary condition, the outer
wall of the channel was the heat flux. And walls between PCP and fin were set as coupled. According
to experimental results and meteorological data of Gui 'an, for charging progress, the initial
temperature of PCM was 26.5°C. For discharging progress, the initial temperature of PCM was
22°C.The gravity was 9.8 m/s? and the operating pressure was 101325 Pa.

The SIMPLE algorithm was used for transient calculations and a second-order formulation was
used to ensure numerical accuracy. The relaxation factors for Pressure, Momentum, Turbulent Kinetic
Energy, Turbulent Dissipation Rate and Turbulent Viscosity were set as 0.7, 0.3, 0.5, 0.8 and 1. The
simulations converge when the residuals of both mass and momentum were less than 1 x 10 and the
residuals of energy were less than 1 x 107,

2.5.1 Grid independence

The numerical computational model is a standard symmetric structure. A structural mesh was
14
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used to divide the numerical computational model into two basins, one for the air basin and the other
for the PCM solid-liquid mixing. The schematic diagram of the grid division of the calculation area

is shown in Fig.5.

70 cm

Sectional view

e Air
65 cm e
'50}‘

}—~

o

|

{

(b) (©)
Fig .5. Model grid. (a) Grids of the system; (b) Grids of the PCM; (c) Grids of the outlet

To ensure that the numerical simulation results are not affected by the computational grid density,
five different structured grids were divided for grid independence verification. All the grid qualities

are 1, and their numbers are 586332, 834987, 989874, 1215028, and 1779456.
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3 Fig.6 plots the trend of T, at 1h, 3hand 5h with the increase of the number of grids. Compared

4 with that of higher than 12x10°, the T, at different moments is larger when the number of grids is
5  lower than 12x10°. After 12x10, the T,. remains almost unchanged as continues to generate finer
6  grids for the computation. The number of grids was chosen to be about 12x10° for economical and
7  appropriate computational accuracy.

8 2.5.2 Time step
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11 At the beginning of the computation, a small-time step of 0.1s was used to increase the

12 convergence rate. As the computation converges, gradually increase the time step to reduce the
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computation time. As shown in Fig.7, it can be noticed that when the time step is less than 8s, the
time step has little effect on the computational results. But when the time step is greater than 8s, the
computational results change significantly with its increase. Therefore, the numerical results fluctuate
within an acceptable range for 8s. In the following numerical simulation, the time step is set to 8s.

2.6 Model validation
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Fig .8. Model validation

Two different operational conditions were selected to validate that the model can accurately
predict the heat exchange process between PCPs and air. Fig .8 compares the temperature difference
between the inlet and outlet (47) of the system during the experiment and simulation respectively.
From Fig .8 (a) and Fig .8 (b) can be seen that the simulation shows the same downward trend as the
experiment curve, and numerical simulation results are slightly less than experimental results. As in
the experimental process, the ventilation device built in the experiment has a few gaps for heat
dissipation, but the wall of the device in the simulation is set to be insulated. The deviation value is
expressed as the absolute value of the difference between the experimental value and the simulated

value, divided by the percentage of the experimental value. The deviation of the two conditions is all
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less than 10%. And the maximum deviation value is 5.3%. Considering the existence of certain
fluctuations in the experimental conditions, the error in the model validation is within the acceptable
range, and the model is reliable and can be applied in subsequent research.

3. Results

3.1 Thermal performance of the PCP

3.1.1 Charging process

27
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Fig .9. Thermal parameter curves in the PCP charging process

The charging process of PCP is studied by using the rectangular PCP model when the T;, is
22°C and the ASV is 2m/s is simulated. The PCP temperature and the liquid fraction of PCM (f)
during the charging process are plotted in Fig.9. Both the PCP temperature and the f show a decreasing
trend with the increase of time. At the beginning of the cold storage simulation, the PCP temperature
at which discharge is completed during the day is around 26.5°C. As the natural cold air is
continuously delivered into the direct ventilation channel, the high-temperature PCP encounters the
cold air for heat exchange, so the temperature is reduced. After nearly 14 h, the PCP temperature drop
intersects with the inlet temperature and tends to coincide, indicating that the night charging is

complete. The freaches 0.15. Under this condition, it takes about 14 h to complete the PCP charging.
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3.1.2 Discharging progress
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Fig .10. Thermal parameter change curve in PCP discharging process

Fig .10 plots the change of PCP temperature, AT and f when the IAT is 30°C and the ASV is 2
m/s. The PCP temperature and the /' show the trend of increasing rapidly first and then slowly with
the increase of time. The AT drops rapidly first and then drops slowly with the increase of time. When
the PCP temperature rises near the PCT (25. 84°C), the change of the PCP temperature is relatively
small. The value of fincreases from 0.15 to 0.81, which means 81% of the PCM has melted, and 19%
remains solid. 15% liquid paraffin wax means that some latent heat still has not been released.
Incomplete solidification will reduce the total cold storage capacity of the system and may not meet
the continuous cooling requirements. However, a temperature drop of 1.5°C within the first hour can
be regarded as effective cooling. In the first 2h, the AT shows a sharp decreasing trend. After that, the

AT slowly decreases with time and finally stabilizes. The cooling range of PCPs is 0.6 -1.7°C, and

3 4 5 7
Time (h)

the total heat capacity of PCPs is 5534 kJ under this condition.
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1 3.2 Optimization of the PCP unit

2 3.2.1 Anterior-to-posterior slope ratio of PCP
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(b) Liquid cloud map at the central cross-section of PCP

7 Fig .11. The influence of different ¥, on the uniformity

[o¢)

The fis used as the index to assess the uniformity melting of PCP. Specifically, the values of the
9  fat monitoring points set at intervals of 10 cm along the length direction of the PCP are selected for
10 analysis. Compared these values after a duration of 4 h with the IAT is 30°C and the ASV is 2.0 m/s.
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From Fig. 11 (a) can be observed that when W, is 1, the f at the front end of the PCP reaches 0.5,
while at the back end it is 0.4. When W, is set to 1.25 and 1.5, the f of different locations remains
stable. In comparison, the f'at W, of 1.5 is both more stable and higher. When the W, is 1, 1.25, 1.5,
1.75 and 2, the variances of the f at different measurement points are 1.4x1073, 9.4x1073, 5x1073,
4.2x10** and 1.5x1073 respectively. The smaller the variance indicates that the fat each point is closer
to the average value, and the PCP melting is to closer uniformity. So, selecting a W, of 1.5 results in
a 93% enhancement in the uniformity of melting at both the front and back ends of the PCP.
Compared the liquid cloud maps of the central cross-section of PCP of five different WV to study
the effect of the 7, on the melting uniformity of PCM, as shown in Fig.11 (b). The PCP with a W, of
1 has a larger front-end f during the simulation. The PCPs with a W; of 1.75 and 2 both have a larger
back-end f. The PCP with W, of 1.25 and 1.5 has similar f'in the front-end and posterior parts. For
uniform melting of PCM can be judged that the PCP with a 7, of 1.25 and 1.5 is a feasible board

optimization ratio.
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Fig .12. The influence of different ¥, on the system: (a) Liquid fraction; (b) Temperature
difference between inlet and outlet

Fig.12 (a) compares the trend of the f at the time of PCM melting with different W, The f
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gradually increases with time. The f'is higher when W, is 1.25, 2and 1.5 than those of the initial
experimental setup. The W, is 1.5, which is the highest overall. When W, changes from 1 to 1.5, the /'
reaches 0.89, increasing by 11.1%. The fof the 1.75 W, is lower than that of the experimental setup,
which is the smallest among the five ratios.

Fig.12 (b) compares the effects of different 7, on the AT. The AT shows a gradual nonlinear low
trend with time. The W, of 1.25 is analogous to that of the experimental device (the W, is 1). The AT
of the PCP system with a W, of 1.75 is lower than the experimental device, which is the smallest
among the five .. The AT with a W, of 1.5 and 2 is higher than that of the initial experimental setup.
When the 7, is 1.5, the AT is the highest among the five ratios, ranging from 1.6°C to 0.8°C.

From discussion above can be concluded that the overall thermal performance of the system is
better when the W, is 1.5. Therefore, the optimized W, of the PCP of the system is 1.5.

3.2.2 Double fins layout
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(c) Temperature cloud image at the central cross-section of PCP
Fig .13. The effect of adding fins at different locations on system performance

Fig.13 compares the effect of adding fins at different locations within the PCP. Fig.13 (a) shows
the AT over time with different double-fin layouts. The AT of PCP with fins is significantly greater
than that of no fins. The addition of fins in the PCP indirectly increases the contact area between the
hot air and the PCM, which improves the cooling performance of the system by about 14%.

The variation curve of the f gradually increases with time, and the f with fins is significantly
larger than that of no fins, as shown in Fig.13 (b). However, the AT curves and the ftrends and values
of the three different fin layouts are consistent. The AT caused by these three is 0.01 °C~0.24 °C, and
the temperature difference of the fis 0.03~0.07. According to the enlarged image, A and B are slightly
better than C.

In addition, from Fig.13 (c¢) can also be seen that the fin layout has a certain degree of influence
on the system. After 3 h, the PCM temperature around the fin is slightly higher than that at other parts.
Compared A with B, the B makes the overall temperature distribution of PCP more uniform. In

summary, B is chosen as the preferred fin layout.
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3.2.3 The volume of PCP

The volume is adjusted by factors of 0.4 and 0.8, respectively, to modify the volume relative to
the original 19 L. When PCM temperature drops to 22°C, charging is considered complete, and the
time it takes is the charging time. The time when the AT is greater than or equal to 1°C during the

melting process is regarded as the effective discharging time.

1.0

Charging time —&— Liquid fraction
16 Effective discharging time
40.8
S
. 12 ™ ;
< 8
]
g 40.6 g
8 2
=
N |
40.4
4k
0 0.2
7.6 152 19 26.6 34.2
Volume (L)

Fig .14. Effect of volume on solidification time, effective working time and liquid fraction

From the Fig.14 can be seen that the solidified time and effective working time of PCP are
extended with the increase of volume. In addition, the liquid fraction at the time of losing cooling
abilities increases first and then decreases with the increase of volume. And the liquid fraction reaches
peak of 0.85 when PCP volume is 19 L. The volume reduces to 0.4 times the original (7.6 L) needs
8.3h to charge and works effectively for 1.6h, and the liquid fraction is 0.29. The charging time and
discharging time increase by 3.3 h and 4.6 h respectively and the liquid fraction increases by 0.56
when the volume increases from 7.6 L to 19 L. Compared with the 19 L and 26.2 L, the volume is
increased by 1.4 times, the charging time increases by 3.1 h, the effective working time increases by

1.8h, and the liquid fraction decreases by 0.12.
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1 Considering that the cold storage time at night is limited and does not exceed 14 h, the applicable
2 volume does not exceed 26.6 L. According to statistics, the temperature on a high-temperature day
3 usually lasts for about 4 h, and the effective working h should exceed 4 h. It should exceed 15.2 L.
4  Therefore, the suitable volume range for PCP is between 15.2 L and 26.6 L. Therefore, the suitable
5  and cost-effective capacity within the system is 19 L. The more the volume of the PCP increases, the
6 charging time and PCM will also increase. Based on the necessity of fulfilling the cooling
7  requirements of the data center, a smaller size of the PCP will lead a reduction in operating costs. The
8  freaches the maximum value within the appropriate range when the volume is 19 L. Its performance
9 is cost-effective. The charging time of the optimized system is 11.6 h, which is 28% shorter than that

10 of the rectangular PCP of the same volume.

11 3.3 Sensitive analysis

12 3.3.1 Effect of the inlet air temperature

2.1

— T J1.00
[~ —@— Liquid fraction
1.8+ Ho95 =
®
)
c | g
& 15k 000 E
&~ =
N T =
o85S
1.2 <}
i —0.80
0.9
1 1 1 1 1 1 1 1 1
28 30 32 34 36
13 Ty (°0)
14 Fig .15. The influence curve of IAT
15 Fig .15 compares the 8-hour average temperature drop (AT) and final liquid fraction trend of the

16  system at PCT of 25.84°C, 2 of 0.21, ASV of 2m/s, and IAT of 28°C, 30°C, 32°C, 34°C and 36°C. It
17  can be observed that the AT and liquid fraction of the system show an approximately linear upward
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trend with the increase in IAT. This simulation study satisfies the general theorem that the larger the
temperature difference, the stronger the heat transfer. The greater the difference between the
temperature of the heat exchange fluid and the melting point of the PCM, the stronger the driving
force for heat transfer becomes. Therefore, more heat is transferred per unit time, resulting in a greater
final degree of melting.

When the IAT is 28°C, the system is cooled by an average of 0.96°C within 8 h, and the PCP
melted by 81%. The system almost meets the supply air temperature requirements of the data center
at 28°C. When the IAT increases from 28°C to 34°C, the system cooling increases by about 0.8°C,
and the liquid fraction increases by 0.15. The average increase in cooling capacity is approximately
89% from 28°C to 34°C. At the IAT of 36°C, the AT and liquid fraction is the largest, and the average
PCP per meter is cooled by about 1.95°C. It is more than twice that at 28°C. When the inlet
temperature significantly exceeds the phase transition temperature, the surface of the paraffin may
rapidly melt, resulting in the formation of a liquid layer. Should a temperature differential exist
between the liquid paraffin and the heat exchange fluid, this will facilitate enhanced internal heat
transfer. Conversely, if the inlet temperature approaches the phase transition temperature, the melting

process occurs at a slower rate and predominantly depends on heat conduction.
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3.3.2 Effect of the inlet air velocity
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Fig .16. The influence curve of ASV

Fig .16 compares the AT and the final liquid fraction trend of the system within 8 h when the
IATis 30°C and ASV is 1.5 m/s, 2.0 m/s, 2.5 m/s, 3.0 m/sand 3.5 m/s, respectively. The AT decreases
with the increase of ASV, but the liquid fraction increases with the increase of ASV. The rapid velocity
of ASV results a short heat exchange duration between the PCM and the hot air, preventing the PCM
from fully releasing its heat. But higher ASV can provide more heat to PCP, which makes PCM melt
faster and the liquid fraction grows faster. Because the ASV increases, the boundary layer between
the fluid and the surface of the PCP becomes thinner, resulting in reduced thermal resistance. So, heat
is transferred more efficiently to the surface of the PCP.

When the ASV is 1.5m/s, the AT of the system is 1.5°C, and the liquid fraction is 0.8. When
the minimum ASYV increases to 2.0 m/s and 2.5 m/s, the temperature drop difference between adjacent
wind speeds varies greatly. The liquid fraction just increases by 0.02 but AT decreases by 14% when
the ASV increases from 2.0 m/s to 2.5 m/s. When the ASV gradually increases, the temperature
difference between adjacent wind speeds changes slightly. When the ASV increases from 1.5 m/s to
2.0 m/s, the AT of the system decreases by about 0.3°C. When ASV increases from 2.5 m/s to 3.0
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m/s, the AT decreases by about 0.1°C.

3.3.3 Effect of the phase change temperature
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Fig .17. The influence curve of the PCT

PCT is an important factor in PCES’s management of storage and release, which affects the
storage efficiency and service life of the system. Fig .17 plots the AT and liquid fraction of the
system at the IAT of 30°C, the ASV of 2 m/s, and a PCT of 23°C, 24°C, 25°C, 26°Cand 27°C,
respectively. The AT and liquid fraction of the system show a nonlinear decreasing trend with the
increase of PCT. When the PCT is 23°C, the AT and liquid fraction of the system are the largest, and
the liquid fraction is the maximum 1, and the PCP is completely melted. Under the above conditions,
PCP with PCT of 23°C per meter can be cooled by an average of 1.5°C. The AT and the liquid
fraction decrease dramatically at a PCT of 27°C. Compared with PCT of 23°C and 27°C, the liquid
fraction decreases by 0.24, dropping 24%; the AT decreases by 0.6°C, dropping 40%. Because when
the temperature of the heat exchange fluid is constant, the higher PCT reduces the temperature
difference between the PCM and the heat exchange flow, and may not absorb enough heat during heat
absorption. The upper limit of the allowable supply air temperature in the server room shall not exceed
27°C. Therefore, the PCT of PCES used in data center cooling system should be lower than 27°C.
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And the PCT that is too low may result in an inadequate phase change process and ineffective
release of heat. The highest temperature at night in Gui'an is about 25°C, the lowest temperature is
about 18.6 °C in summer, and the average temperature is 20°C. To ensure that the system can be
effectively applied in the data centers of Gui'an, the reasonable PCT range is 25°C-26°C.

3.3.4 Effect of the PCM’s thermal conductivity
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Fig .18. The influence curve of A

Fig.18 compares the trend of AT and the liquid fraction when IAT at 30°C, ASV at 2m/s, PCT
is 25.84°C, and A is 0.11 W/(m-K), 0.21 W/(m-K), 0.31 W/(m"K), 0.41 W/(m-K) and 0.51 W/(m-K),
respectively. With the increase of A, the AT of the system first increases rapidly and then slowly
increases, and the liquid fraction increases nonlinearly. The growth rates of the AT are 28% ,3.3%,
1.6%and 4.7%, respectively. According to Fourier's law, the thermal resistance (R), R = %, is
inversely proportional to the A during heat conduction. An increase in A results in a reduction of the
R of the PCM. Heat transfer within the PCP mainly occurs through conduction, thus, a lower R

facilitates the transfer of heat between the PCM. Additionally, paraffin molecules can readily acquire

sufficient energy for phase change, leading to a high £ The A is 0.21 W/(m-K), the AT of the system
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is about 1.2°C, and the liquid fraction is 0.85. The A of paraffin wax is usually at 0.2 W/(m-K). The
increase of A has a great effect on the .. When A increases from 0.21 W/(m-K) to 0.51 W/(m-K), the
AT of the system increases by 0.1°C, and the liquid fraction increases by 0.11.
4. Discussions
4.1 Analysis of the value engineering

To obtain the best comprehensive benefits of the system and achieve the necessary functions of
the system at the lowest life cycle cost. The value engineering is analyzed based on the following
formula (considering product value, functionality, and cost as a whole).

Vo= ¢ ©)

Where: V is the value coefficient; F is the function coefficient, F = the performance weight
score of each scheme system / the total score of the two scheme systems; C is the cost factor, C =
the cost of each scheme system / the total cost of the scheme systems.

The function of the system is to cool down servers in an energy-efficient manner. According to
ASHRAE T(C9.9, the maximum allowable air supply temperature of the data center is 27°C, and the
mechanical cooling energy savings of the data center air conditioning system can be calculated using

Eq. (7).

Ve (Ti=27t=Y ] (T;=27-AT)t;
Tieg (Ti—27)

n x 100% @)
Where: # is the energy saving rate (%); T; is the air temperature (°C); t; is the time when
mechanical refrigeration is used (h).
The temperature data of Gui'an in 2024 is used to calculate the #. As can be seen from Fig .19,

the average annual temperature in Gui'an is low, with the highest temperature of 34.3°C. Temperatures

above 27°C are concentrated in July, August, September and October. According to the Fig .19, the
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total time of the temperature exceeding 27°C in this region is 472 h, accounting for about 5.39% of

the total time of the year. The largest proportion of the excess temperature range is 27°C-28°C, with

178 h. Under the same meteorological and environmental conditions, the # of the system application

in the preliminary experiment is 61%, and the # of the optimized system is 83%.

According to the feedback from the user experience questionnaire of the data center in Gui’an.

A full score of 10 points is used as the standard: 5 points for the cooling function of the pre-

optimization system and 5.5 points for energy saving; 6.5 points for the cooling function and 8 points

for energy saving of the optimized system. The main functions of optimization in this study are

efficient cooling and energy saving, both of which are equally important. Therefore, the cooling

capacity and energy-saving capacity are given the same weight, accounting for 0.5 each. The F of the

old system is 0.43, and the F of the optimized system is 0.57.

36.0

31.5 |- —— Ambient temperaturg

Twr i

270 o — — —

22.5
18.0
13.5
9.0
4.5
0.0

Ambient temperature (°C)

4.5 -
9.0 -

Number (h)

Jan

Time (h)

(a) Temperature changes of year

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

180

—_
W
(=]

—
N
(=]

O
(=]

(o)
(=]

(9%}
(=]

178

121

92

47

11 17

S 1

27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35
Temperature range (°C)

(b) The number of h when the temperature exceeds 27°C

Fig .19. Trend of air temperature change in Gui’an in 2024

The cost of the system includes the cost of production and the cost of use. The production cost

mainly refers to the materials and equipment to be consumed, including PCM with a unit price of ¥30

/kg, steel plates with a material and processing fee of ¥200/piece, and axial fans with a unit price of
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¥20 /piece. Optimized PCP has added accessories, so the materials and processing fee have increased
by about ¥260 /block. The cost of use exists in the risk of material leakage in the encapsulated PCP,
which requires regular maintenance and overhaul.

Considering the function and cost of the system before and after optimization, the results of the
system product value analysis are shown in Table 4. According to the value engineering theory, the
design scheme with the largest V' is the optimal scheme, and the optimal system is the optimized new
system. In this study, the optimization cost increases slightly, and the function increases significantly,
which is an investment enhancement value. The V of the optimized system is close to 1 at 1.05, which
means that the price matches the performance, quality and function of the product. It has strong

market competitiveness and can be widely accepted by the market.

Table 4

Value engineering analysis of system optimization

System Cost (¥ Ten thousand) C n F V

Pre-optimization system 1.09 0.45 61% 0.43 0.93
Optimized system 1.35 0.55 83% 0.57 1.05
Change +0.30 +0.1  +22%  +0.14 +0.12

4.2 Analysis of the practical application of the system

The main requirements for the cooling system in the data center environment include strong
cooling capacity, small enthalpy difference and large air volume to ensure reliable operation. The
previous research discussion shows that the optimized PCP effectively assists with free cooling and
reduces the cooling energy consumption of the data center. To facilitate the production design of the
system equipment in the data center, the influence equation between the average cooling performance

of the optimized system and environmental factors such as the AT, ASV, PCT, and the A are further
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Fig .20. Fitting curves of average temperature drop: (a) 4; (b) ASV; (¢) PCT; (d) IAT

From Fig .20 can be observed that the AT exhibits a strong linear relationship with the IAT, a
quadratic functional relationship with the ASV and the PCT, and a cubic functional relationship with
the 1. And the R? of these four fitting equations are all greater than 0.97. Therefore, the mathematical
relationship between AT and these four factors can be respectively assumed as:

AT =f (4, Vi, Tpe, Ti) = aA> + bA* +cA+d Vi +e Vg +f Ta +gTpcth Ty +i 9)

Where AT is the average temperature drop of the system (°C); A is thermal conductivity
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(W/(m-K)); Vais the air supply velocity of the system (m/s); 7. is phase change temperature of PCM
(°C); a, b, c,d, e, f, g, h and i is the model parameters.

Substitute the AT values at different IAT, ASV, PCT and the 4 in Table 3 into the Eq (9).
Through regression analysis, within the 95% confidence interval, the nine coefficients from a to i
were solved. Then the mathematical relationship between AT and the four variables is as follows:
AT =f (2, Va, Tpe, Tin)=17.8523 =19.54 2% + 7.232 +0.14 V5 -V,— 0.03 Tp+
1.38T, +0.13T;, -17.51 (10)

According to this quantitative relationship to assess the cooling performance of the trapezoidal
PCP system applying in different temperature zones. It establishes a model that links cooling
performance of PCP with climatic parameters, so a certain extent of selection can be made for the
PCT and the A of PCM based on specific regional cooling demands and climatic characteristics.
Additionally, this relationship provides theoretical grounds for optimized system operating
parameters, including setting the PCT threshold and controlling the flow rate of the cooling medium,
among key operational indexes that ensure the best cooling efficiency under targeted climatic
conditions.

5. Conclusions

Integration of free cooling with PCES enhances energy conservation of data centers. However,
the uneven melting of the PCP leads to low conversion energy efficiency. This study numerically
investigates structure and configuration of the PCP. The eftects of 7, ASV, PCT and 4 on the
optimized system are studied to provide a design basis for the application of the trapezoidal cavity
PCP in ventilation systems. The main conclusions of this paper are as follows:

(1) When the PCP changes from a rectangular cavity to a trapezoidal cavity, the uniformity of
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melting is improved by 93% and effectively shorts the charging time of the PCP from 14 h to 11.6 h.

(2) The optimal structure of the trapezoidal cavity PCP in the system is a W, of 1.5, a horizontal
parallel arrangement of double fins in the PCP, and a PCP volume of 19 L. The optimized system
increases the average cooling range by about 0.5°C and achieves a 22% increase in energy
conservation.

(3) The cooling performance of the PCP increases with the increase of the IAT and A, and
decreases with the increase of ASV and PCT. A nonlinear functional relationship between the average
cooling performance of the system and the main four variables is proposed.

This work presents a systematic investigation into the structural and parameters of PCP assisted
ventilation system of data center under constant working conditions. This research provides the
theoretical guidance for the design of PCES assisted free cooling of ventilation systems. However,
there exists a shortcoming between the charging and discharging performance of the PCP and the
surrounding ambient temperature. In the future, the impact of real-time and dynamical changes in

environmental temperature on the performance of PCP will be studied.
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