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ABSTRACT

Phase change material (PCM) is widely used to control temperature because of its easy control, and inde-
pendent work even without external power supply. However, few studies focus on temperature control
via a PCM cooling system without auxiliary facilities, in an intensive heat-releasing space during emer-
gency power failure. This study takes an information system room with an emergency power failure as
the research object. A cooling system implementing PCM plates is proposed and its feasibility is analyzed.
A mathematical heat transfer model, which considers the air, heat source, phase change cooling devices,
and the enclosure structure of room, is established. The performance of the PCM and air temperature are
analyzed, and the effects of the melting temperature, latent heat, thermal conductivity, and size of the
PCM plates are systematically investigated. Analysis results indicate that: (i) Under the condition of
parameter optimization, the air temperature is 32.10 °C at 9 h. Therefore, the cooling system utilizing
the PCM plates can effectively maintain the air temperature of the information system room below
35 °C within 9 h. Until 16 h, the air temperature remains below 35 °C. (ii) Increasing the aspect ratio
of PCM plates and decreasing PCM latent heat have the similar effect on the air temperature control.
Additionally, the two parameters are related to the surface area of the PCM plates. (iii) The lower the
melting temperature of the PCM, the better the air temperature can be controlled. For the conditions con-
sidered in this study, the appropriate melting temperature is approximately 25 °C. (iv) As thermal con-
ductivity increases, air temperature reduces, and fluctuation of the PCM heat flow significantly
decreases. However, as the thermal conductivity approaches 1 W/(m-K), further increases in the thermal
conductivity have no marked impact on air temperature control.

© 2020 Published by Elsevier B.V.

1. Introduction

icant rise in the temperature of the information system room,
which can greatly influence the safe operation of the units and

Currently, the information era is developing. Information sys-
tem rooms, an important part of information transmission, an
important part of information transmission, are typical closed
spaces with intensive heat-releasing and high temperature control
requirements. The relative standards of China require that the tem-
perature of an information system room should be controlled at 5-
35 °C when the equipment is not running, and at 22-24 °C when
the equipment is running [1]. In the case of a power outage, the
air conditioning system will not work properly. However, other
equipment in the information system room will continue working,
because of an uninterruptible power supply. This leads to a signif-
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other process equipment in the room. Phase change material
(PCM) is widely used to control temperature because of its easy
control, and independent work even without external power sup-
ply. According to phase change energy storage theory, temperature
can be controlled as long as the amount of latent heat from the
PCM is enough to satisfy the requirement of the cooling load.
Therefore, PCM can be used to control the temperature in the infor-
mation system room.

Many scholars have studied the use of PCM to control temper-
ature. Jin Hou et al. [2] used PCM to reduce thermal stress and
improve human thermal comfort in the thermal environment. Taig
Young Kim et al. [3] and Adeel Arshad et al. [4] combined PCM with
radiators to reduce the temperature of radiators. Wanfan Wu et al.
[5] proposed a shape-stabilized PCM with high thermal
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Nomenclature
Ap Area, m?
Amush Mushy zone constant

Specific heat, J/(kg-K)

Constant pressure specific heat, ]J/(kg-K)
Acceleration of gravity, m/s?
Convective heat transfer coefficient, W/(m?K)
Enthalpy, J/kg

Enthalpy, J/kg

High, mm

Thermal conductivity, W/(m-K)
Heat transfer coefficient,W/(m?-C)
Feature size, m

Length, m

Latent heat, kJ/kg

Number

Pressure, Pa

Heat, ]

Momentum source term
Temperature, °C

Velocity, m/s

Volume, m*

Velocity, m/s

Velocity, m/s

Width, mm
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Greek symbols

Expansion coefficient, 1/K
Constant number
Thickness, mm
Difference

Modification

Liquid fraction

Density, kg/m>

Time, s

AT NN DNSIMR

7 Dynamic viscosity, Pa/s

) Kinematic viscosity, m?[s
D Heat flow, W

Subscript

P PCM plate

a Air

ref Reference

X x Direction

y y Direction

S Solid

1 Liquid

e Enclosure structure of information system room
f Flow air

m Melt

efr External wall, floor or roof
da Daily average

pc Position correction

i Inner enclosure

ao Average outdoor temperature
ar Adjacent room

\Y Volume

Abbreviation

CFD Computational Fluid Dynamics
PCM Phase Change Material

UDF User Define Function

Dimensionless numbers

Nu Nusselt number
Pr Planck number
Gr Grashof number

conductivity to be used on a spacecraft, aiming to address the dam-
age incurred by spacecrafts due to short-term high heat flow.
Angelo Maiorino et al. [6] applied PCM to a refrigerator cabinet
to reduce the temperature gradient in the refrigerator and the fluc-
tuation of food temperature. It can be seen from these various
applications that PCM can play an important role in energy conser-
vation and temperature control. However, in contrast to electronic
components and the human body, an information system room
without power experiences a large heat release and small temper-
ature differences. Therefore, the effect of temperature control in
the information system room via PCM needs to be analyzed.

In the literature on temperature control via PCM, many studies
focus on the application of PCM in buildings. Some scholars have
combined PCM with building envelopes to reduce indoor air tem-
perature [7-11], for example, with Mushtaq I. Hasan et al. [7] com-
bined PCM with the walls and the ceilings of residential buildings.
Other scholars have combined PCM with the cooling or heating
system in buildings. M. Alizadeh et al. [12] proposed a new, free
cooling and heating approach that combines PCM with ceiling fans.
Xiaoming Chen et al. [13] studied the potential application of ven-
tilation systems with thermal energy storage (TES) using PCM for
space cooling in air-conditioned office buildings in Beijing during
the summer. Sanghoon Baek et al. [14] studied the PCM radiant
floor heating system and analyzed its impact on the indoor envi-
ronment and energy consumption. Chaiyat N et al. [15] proposed
adding PCM to the air conditioning system to improve the cooling
efficiency of air conditioning.

Our team has conducted research that focuses on environmen-
tal temperature control in buildings without auxiliary facilities.
Yuan and Cao et al. [16,17] applied a PCM cooling system without
auxiliary facilities to control the temperature of the refuge cham-
ber. Numerical results showed that this system can satisfy temper-
ature regulation requirements, according to which the
temperature should not exceed 35 °C within 96 h without any
external power supply. The temperature of surrounding rock is
low and stable, such that the surrounding rock of the refuge cham-
ber can pre-cool the refuge chamber; thus, the surrounding rock is
beneficial for temperature control. However, the environment of
the information system room is different than the environment
of the refuge chamber. The enclosure structure of information sys-
tem room is affected by the external environment, which increases
the indoor load. Additionally, the heat release of the information
system room is much larger than that of the refuge chamber, which
will have an adverse influence on the effect of temperature control.
Therefore, the feasibility and effect of temperature control in an
intensive heat-releasing machine room by using a PCM cooling
system without auxiliary facilities must be analyzed.

This study takes an information system room with an emer-
gency power failure as the research object. PCM is used to absorb
heat and maintain air temperature below 35 °C in a period of
9 h. To avoid the frost caused by the combination of PCM and
the envelope of the information system room, PCM plates are
placed indoors. The current study aims to demonstrate the feasibil-
ity of temperature control in an intensive heat-releasing space by
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applying phase change cooling devices that implements PCM
plates. Moreover, analyzing the PCM physical parameters for better
cooling performance is another purpose of this study. Thereafter,
the mathematical heat transfer model, which addresses the air,
heat source, phase change cooling devices, and the enclosure struc-
ture of room, is established. Moreover, some results are analyzed,
such as the liquid fraction of PCM, heat flow of the total PCM
plates, and air temperature. Finally, the factors affecting the air
temperature change, including the melting temperature, latent
heat, thermal conductivity, and size of the PCM plates, are investi-
gated in detail.

2. Physical model and parameters

According to the Chinese standard [1], the temperature of an
information system room should be maintained at 5-35 °C when
the equipment is not running, and at 22-24 °C when the equip-
ment is running. Therefore, the initial temperature of an informa-
tion system room is set to 22 °C, with the intent to maintain the
temperature of the room below 35 °C within 9 h in the case of
an emergency power failure. Here, the geometry size of the infor-
mation system room is 6.74 m x 6.2 m x 2.7 m. The total heat load
from the equipment in the room is 18 kW. There are 10 sets of
racks in the room, divided into two groups. The size of each rack
is1.2m x 0.75m x 2 m [18].

There is a large amount of equipment in the room, and the space
provided for the PCM is not enough. Additionally, the combination
of the PCM and the envelope may cause frost. Therefore, here it is
proposed that the PCM plates be placed on brackets, and the brack-
ets placed on the aisle between the equipment. The three-
dimensional schematic of the information system room containing
the phase change cooling devices is shown in Fig. 1. Moreover, a
phase change cooling device consists of the PCM plates and a
bracket, as shown in Fig. 2. If the bracket and the PCM plates are
in plate contact, only one side of the PCM plate can exchange heat
with the air. Thus, to further enhance the convective heat transfer
effect between the PCM plate and the indoor air, the bracket adopts
the form of parallel bars, such that the back of PCM plates can also
be ventilated. The schematic diagram of proposed cooling method
is shown in Fig. 3.

The PCM plate is a rectangular box that is encapsulated by a
thin metal plate, which is an aluminum plate with a thickness of
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Fig. 1. Three-dimensional schematic of the information system room containing
the phase change cooling devices.
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Fig. 2. Model diagram of the phase change cooling device.
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Fig. 3. Schematic diagram of proposed cooling method.

2 mm, and filled with PCM inside. It can be seen from the literature
[19,20] that better performance can be obtained with a longer and
thinner PCM plate size. Thus, a PCM plate with a larger aspect ratio
is selected here. The dimensions of the PCM plate (excluding alu-
minum plate) are 600 mm x 500 mm x 50 mm. RT 26 [21] is
adopted as the PCM, because of its safe and pollution-free charac-
ters, and its melting temperature at room temperature. Further rel-
evant material parameters are shown in Table 1.

A preliminary design of the number of PCM plates can be calcu-
lated with the following formula:

(Dmax =0 + (Demax (1)
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Table 1
Thermo-physical properties of RT 26 and aluminum.
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Materials  Density Thermal conductivity ~ Specific heat capacity =~ Melting temperature  Latent heat of Viscosity (kg/ Thermal expansion
(kg/m3) (W/(m-K)) (KJ/(kg-K)) range (°C) fusion (kJ/kg) (m-s)) coefficient(1/k)
RT 26 750/880 0.2 2 25-26 180 0.07 5 x 10
(Liquid/ main peak:26
Solid)
Aluminum 2719 202.4 0.87 — — — —
Qmax = Oiax T (2) by the heat transfer of the external wall, floor, or roof @, can be
calculated by Eq. (5) [24]:
Vy = Qma/L 3
p = Qrax/Lp B Gy = KA(Tae + ATy — T)) (5)
Np =V, /Vipiare (4) where, K is heat transfer coefficient and A is the area of the envelope

where @&, is the max indoor heat flow, @ = 18 kW is the heat
release of the device, and ®.,,qx is the max convective heat flow
between the air and enclosure structure of information system
room; Qmax is the max indoor heat; 71 is the time; V, is the volume
of PCM; Vjpqee is the volume of a PCM plate; L is the latent heat of
the PCM; p is the density of PCM; Np is the number of PCM plates.

According to Eqgs. (1)-(4), it is calculated that the max indoor
heat flux @4 is 19.35 kW, and the estimated initial number of
PCM plates N, is 264.

3. Mathematical model

The cooling process includes heat transfer among the phase
change cooling devices, enclosure structure, and air and heat
sources in the information system room (as shown in Fig. 3). The
heat generated by the electronic equipment in the information sys-
tem room is eventually absorbed by the air, PCM plates, and enclo-
sure structure. The following major assumptions are employed
when deducing the control equation:

1) The heat source is constant and the effect of radiation is
ignored.

2) The dynamic characteristics of indoor air temperature are
studied by the lumped parameter method.

3) It is assumed that the PCM is isotropic, the thermophysical
properties of the PCM remain unchanged, the density of
the solid phase and liquid phase of the PCM is almost the
same, and the influence of density change on buoyancy is
only considered when the temperature change of the liquid
phase is involved.

4) The temperature gradient change in the length direction of
the PCM plate is ignored, and the heat transfer of the PCM
plate is simplified to the two-dimensional heat transfer pro-
cess in the direction of the width and height.

5) The contact area between the PCM plate and the fixed part is
ignored.

3.1. Heat transfer of the information system room’s enclosure structure

The information system room located in Chengdu has one
external wall and three inner walls. The parameters of the envel-
ope structure are shown in Table 2 [22,23]. Here, the most unfavor-
able condition is selected as the calculation. The heat flow caused

structure; Tqq is the daily average of the cold load temperature; AT
is the position correction of the cold load temperature; the indoor
air temperature is Ty

The heat flow between the air and the inner enclosure ®; is cal-
culated by Eq. (6) [24]:

®; = KA(Tgo + ATq — Tj) 6)

where, T,, is the average outdoor temperature of a typical day in the
summer, and AT, is the temperature modification value that
depends on the heat dissipation intensity of the adjacent room.

@,, the convective heat flow between the air and enclosure
structure of the information system room, can be calculated by
the following formula:

D, = Oy + O; (7)

More detailed calculations are available in the literature [24].

3.2. Heat transfer of the phase change device

Assuming uniform air temperature distribution, the heat trans-
fer mathematical model of the phase change device can be simpli-
fied as a single PCM plate.

According to the structure and arrangement of the PCM plate,
the PCM plate is a flat plate placed horizontally; its length and
width are much larger than its height, such that the change of
the length direction can be neglected. As shown in Fig. 4, the ver-
tical mid-plane of the PCM plate is selected as the computational
domain. There is convective heat transfer between the outside of
the PCM plate and the air; the heat conduction, convection, and
melting endothermic processes exist inside the PCM plate. Tp is
the outer surface temperature of the PCM plate; hp is the convec-
tive heat transfer coefficient; Ty is the air temperature; Hp is the
PCM plate height; Wp is the PCM plate width; § is the aluminum
plate thickness.

The phase transition process was solved by using the enthalpy-
porous media model proposed by Voller and Prakash [26]. The
enthalpy-porous media model is a kind of enthalpy method, which
pays attention to the volume occupied by liquid in each cell in the
grid, that is, the ‘liquid phase fraction’. The mushy zone, which is
the region where the phase transition occurs, is considered to
change the porosity of the porous material from 0 to 1. The
enthalpy-porosity method adds a source term to the momentum
equation. When the larger value is taken in the solid phase, the
velocity is forced to approach zero [25].

Table 2

Parameters of the envelope structure.
Heat transfer coefficient External wall Inner wall Floor Ceiling
K (W/(m?C)) 1.1 2.0 1.2 0.8




J. Wang, X. Cao, Y. Yuan et al.

Energy & Buildings 230 (2021) 110482

X

g Aluminum sheet T \T_f/'hp
jam
N PCM
S
y 3 N
t ) W,+28 i

Fig. 4. Computational domain and boundary conditions at the vertical mid-plate of the PCM plate.

The continuity equation, the momentum equation, and the
energy equation as the governing equation are expressed accord-
ing to Brent, Voller, and Reid [25] and Voller and Prakash [26].

The continuity equation is expressed as:

d(pu) , o(pv) _
e + ay =0 (8)
The momentum equation is expressed as:
olpw)  dlpuu)  dpuw) _ 0P 0 ( ou\ O ( ou
6t+8x+0y78x ax“ax+ay“ay

+ Sy 9)
dpv)  dpuv) olpuv) P 9 ( 00\ 0 ( 0v
ot x oy oy tax\Pax) Tay Moy

+5, (10)

The source terms are defined by the karmen-kozeny item as
follows:

1-1)?
S, = _(f +i Al (11)
(1-2°
Sy = A 12
4 PN (12)

where, p is the density of the PCM; u,v are the velocity components
along the x,y directions, respectively; u is the dynamic viscosity of
PCM; P is the pressure of the PCM fluid; Sy is the momentum source
term in the x direction; S, is the momentum source term in the y
direction; 4 is the liquid fraction of the PCM; A5 is the mushy
zone constant (10°), and its value in the range of 10°-10° can pre-
dict the experiment more accurately [20,27,28]; € is a small value
to prevent division by zero (¢ = 0.001) [29].
The energy equation is expressed as:

a_T + 2 ka_T
0X ay \ oy

where H is the total enthalpy of the PCM and is calculated as the
sum of sensible heat enthalpy (h) and latent heat enthalpy (4H)
[30], as follows:

0 0 0 0
o (PH) + 2 (puH) + 2 (poH) = 2. (k (13)

T
H:h+AH:h+/lL:href+/ c,dT + JL (14)

Tref
Here, h, is the reference enthalpy of the PCM; T,y is the refer-
ence temperature; ¢, is the constant pressure specific heat; AH is
the latent heat of the PCM; L is the latent heat capacity of the PCM.
It is assumed that the heat release in the mushy zone is linear,
and that the liquid fraction has a linear relationship with the tem-
perature, such that the liquid fraction 4 can be defined by Eq. (15):

0, T <T;
7 L <T<T
1.7>T,

A=

(15)

where, Ts, T; are the solidification and liquefaction temperatures,
respectively.

The outer boundary of the PCM plate is set as a natural convec-
tion boundary condition, where the convective heat transfer coef-
ficient is hp, the air temperature is Ty, the temperature value of the
outer wall surface of the PCM is T, and kj, is the thermal conduc-
tivity of the PCM. The boundary conditions are as follows:

—kpZ = hp[Tp — T
= holTy T 6
—kpw = hp [Tp — Tf]
h, can be calculated by Eqgs. (17) and (18) [31]:
hpl
Nu = T (17)
Nu = 0.59(GrPr)'* (18)

where, Nu is the Nusselt number, k, is the thermal conductivity of
air, Pris the Planck number of air. L is the feature size and the height
H is selected as the feature size here [30,32]; theoretical scale anal-
ysis shows that height is a physically meaningful choice [33]. Gr is
the Grashof number, where g is the acceleration of gravity, oy is the
air volume expansion coefficient, AT is the temperature difference,
and v is the kinematic viscosity; Gr is calculated as follows [31]:

goy ATP
Gr= sz (19)
The initial temperature condition of the PCM plate is:
T(x,y,0) =22 °C (20

3.3. Heat transfer of indoor air

Using the law of conservation of energy, an equation is estab-
lished for the heat transfer process of indoor air [16,17]:
Ty

o = CapgVa gl = @ — B — By

T (21)

where, @, is the indoor heat flow; Ca is the specific heat of air; p, is
the density of the air; V, is the volume of air; t is the time;
@ = 18 kW is the heat release of the device; @, is the convective
heat flow between the air and the enclosure structure of the infor-
mation system room. Because of the constant change of air temper-
ature in the information system room, @, is a positive value when
the indoor air temperature is higher than the outdoor temperature,
and a negative value when the indoor air temperature is lower than
the outdoor temperature [22]. @p, the convective heat flow between
the air and PCM plate, can be calculated as follows:

®p = NphpAp(Ty — Tp) (22)

where, Np is the number of PCM plates, Ap is the area of the outer
surface of a PCM plate, and T, is the temperature value of the outer
wall surface of the PCM plate.
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4. Numerical solution method and model validation
4.1. Numerical solution method

The overall model considers the coupling heat transfer of the
phase change-cooling devices, the enclosure structure of the infor-
mation system room, the air, and the indoor heat source. The infor-
mation system room is much larger than the PCM plate, and
complex heat conduction, convection, and melting processes occur
inside the PCM plate. If a three-dimensional whole-field numerical
model is used to solve the solution, a large number of meshes need
to be built for each PCM plate to ensure the accuracy of the calcu-
lation. As a result of the above reasons, use of the whole model
with three-dimensions makes the number of grids huge, and the
calculation difficult. Therefore, ANSYS Fluent is used to simulate
the internal heat transfer of the PCM plates. The heat transfer of
the outer aluminum surface of the PCM plate is a convection pro-
cess. The boundary conditions are solved by a user defined function
(UDF). The interface between the aluminum surface and the PCM is
the coupled interface.

4.1.1. Simulation of the PCM plate

Gambit is used as a meshing tool to mesh the PCM plates.
ANSYS Fluent is used as a numerical calculation tool to calculate
the change process in the PCM plate. The calculation is based on
the melting and solidification model. The density calculation is
based on the Boussinesq assumption. Pressure and velocity cou-
pling is conducted using the SIMPLE algorithm. For pressure cor-
rection, the PRESTO! scheme is employed. The under relaxation
factors are 0.3, 1, 0.7, 0.9, and 1, corresponding to pressure, density,
body forces, and momentum, respectively. The scaled absolute
residuals of 104, 107 and 10°° are set as the convergence criteria
for continuity, momentum, and energy, respectively. The flow is
dominated by natural convection, and the flow is laminar
[20,32,34]. The heat transfer of the outer surface of the PCM plate
is the third type of boundary condition. The time step is 1 s, and the
total number of steps is 57,600. The total calculation time is set to
16 h, and each iteration is calculated 20 times.

4.1.2. Calculation of the cooling system

The flow chart of the UDF program is shown in Fig. 5. Since the
air temperature T is the core of all components, the idea of the
cooling system calculation is to calculate the air temperature by
using the trial algorithm. The main calculation process is divided
into the following steps [16]:

1) Input initial parameters, set @, = 0, and read Tp from Fluent;

2) Set the increment of A® =1 W and calculate @, = &, + AD;

3) Calculate Ty with Eq. (21), and then calculate hp with Eqs.
(17)-(19). With the calculated Ty, and hp, the value of @,
and @p can also be obtained.

4) Determine the size of @, + ®pand @ + @,. If P+ Pp< P + D,
which indicates that the air temperature value is less than
the real result, then return to the Step (2) and calculate
again; if @, + &p > & + P, , stop the calculation;

5) Save and output Trand hp to Fluent.

4.2. Independence validation of grids and time step

To ensure the accuracy of the numerical simulation, grid and
time step independence studies are performed for the PCM plate.
Figs. 6 and 7 show the liquid fraction curves during the melting
time for different element sizes and time steps, respectively.
Fig. 6 shows that when the mesh size is 0.55 mm, the change in
the liquid fraction is less than 0.1%. Thus, the 0.55 mm grid size
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Fig. 5. Flow chart of UDF program.
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Fig. 6. Comparison of liquid fraction across different grids.

is selected for calculation. Fig. 7 demonstrates the insignificant
effect of the decrease in time step from 1 s to 0.5 s. The time step
of 1 s is selected for calculation.
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Fig. 7. Comparison of liquid fraction across different time steps.

4.3. Model validation

To verify the numerical model, the simulation results are com-
pared with the experimental data of Wu B et al. [35]. Their exper-
iment was conducted in a rectangular box with a size of 1 m x 0.
9 m x 1.2 m, and the outer surface of the box was covered with
heat-insulating cotton to prevent heat exchange between the
external environment and the experiment box. PCM with a volume
of 176 L was encapsulated in the color steel plate, and the color
steel plate was then placed in the rectangular box. The tempera-
ture inside the chamber was measured with temperature sensors,
the experimental time lasted for 96 h, the initial temperature was
15 °C, and the indoor heat source was 170 W. The PCM was a type
of crystalline hydrated salts, the melting point was 28 °C, and the
latent heat was 360 kJ/L. The specific heat capacity was 1.6 K]/
(kg-K), and the thermal conductivity was 0.6 W/(m-K). Fig. 8 shows
a comparison of the temperature changes of the experimental data
and the simulated data. Since the PCM has already melted at a
lower temperature in the experiment, the error between the exper-
imental and the simulation results is large in the first few hours,

36 18
—a— Experimental result
—e— Numerical result
—u— Deviation

[ ] [ 3 %) [ w
=N [=5] [=] S} +
1 1 1 1

)

N

1
Deviation (%)

Air temperature (°C)

T T T T T T T T T T -2

T T T T
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96
Time (h)

Fig. 8. Comparison of air temperature between experimental and simulation
results.
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with a maximum deviation of 14.44%. As time elapsed, the error
curve flattens when the melting rate of PCM becomes steady,
and the errors remain within + 4%. The high level of agreement
between the experimental and simulation results suggest that
the mathematical heat transfer model developed in this study is
feasible.

5. Results and discussion

Fig. 9 shows the variation of the liquid fraction in the PCM
plates over time. It can be seen that the PCM does not melt com-
pletely until 14.76 h. The liquid fraction is only 0.66 at 9 h. The rea-
son could be that, in the case of natural convection, the low
thermal conductivity of air leads to the slow heat transfer rate of
air. However, this point is not taken into account in the theoretical
calculation of the relevant parameters of the PCM plate. Therefore,
the calculation results are deviated from the theoretical results and
the simulation ends at 16 h. The liquid fraction curve shows that
the PCM begins to melt at 0.58 h, and the liquid fraction increases
almost linearly with time.

Figs. 10 and 11 show the contour distribution of liquid fraction
and temperature inside the PCM plate at different times respec-
tively. At the beginning of melting, as shown in Fig. 10 (a) and 11
(a), PCM begins to melt, and the solid-liquid interface is similar
to the shape of rectangular container. At this time, PCM’s main heat
transfer mode is heat conduction and the temperature distribution
is uniform. With the increase of time, as shown in Fig. 10 (b) and
Fig. 11 (b), PCM near the wall rapidly melts and the mode of heat
transfer is transformed from heat conduction to convection. The
heated fluid near the wall decreases in density and flows up the
wall, leading to a faster melting rate of solid PCM at the top. As
the hot liquid occupies the top of the rectangular container, ther-
mal stratification is taking place. Afterwards, as shown in Figs. 10
and 11 (c) and Figs. 10 and 11 (d), PCM continuously absorbs heat,
making the amount of liquid PCM ascend. With the enhancement
of natural convection to a certain extent, ripples begin to appear
in the solid-liquid interface at the bottom. Other scholars have also
discovered and explained this phenomenon[30,36,37]. When the
time is 15 h, Fig. 10 (e) and Fig. 11 (e) show that solid PCM has been
completely melted and the temperature is completely stratified.

Fig. 12 illustrates the variation of air temperature and heat flow
of total PCM plates over time. It can be seen that there is a direct
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Fig. 9. Liquid fraction as function of time.
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(d) Time=12h

Fig. 10. Instantaneous liquid fraction distribution at the vertical mid-plane of the PCM plate.
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Fig. 11. Instantaneous temperature distribution at the vertical mid-plane of the PCM plate.
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Fig. 12. Air temperature and heat flow of total PCM plates over time.

relationship between the air temperature and heat flow of the PCM
plates; this relationship can be divided into three stages: (i) In the
initial melting period (during the first hour), the PCM only melts
slightly, and the air temperature rises sharply, from 22 °C to
37.64 °C. The PCM plates rapidly absorbs heat, and their heat flow
increases from 0 to 12.77 kW. (ii) In the middle melting period (be-
tween 1 h and 14.50 h), the PCM continuously absorbs heat from

the air. The heat flow of total PCM plates maintains an average
value of 13.34 kW. During this period, the majority of the heat is
absorbed by the PCM, such that the air temperature rises slowly,
increasing by 4.01 °C within 13.50 h. Additionally, at 9 h, the heat
flow of total PCM plates is 13.48 kW, and the air temperature is
41.07 °C. (iii) In the late melting period (after 14.50 h), the PCM
is about to melt completely, and relies mostly on sensible heat
storage. Thus, the heat flow of total PCM plates decreases sharply,
and the rise rate of the air temperature increases.

For the current operating conditions, the expected effect that
the temperature should be maintained at 35 °C within 9 h is not
satisfied. Therefore, it is necessary to analyze the influence factors,
including the melting temperature, the latent heat, the thermal
conductivity, and the size of the PCM plates. In addition, in order
to facilitate the analysis, only one parameter should be changed
and other parameters should be kept the same during the study.

5.1. Effect of melting temperature

The melting temperature of PCM is one of the most important
parameters affecting the thermal properties of PCM plates. To
investigate the effect of the melting temperature on the air tem-
perature, the remaining parameters are kept constant. Thereafter,
the melting temperature T, is set to vary from 24 °C to 29 °C.

Figs. 13-15 show the liquid fraction of the PCM, the air temper-
ature, and the temperature difference between the air and PCM for
different melting temperatures, respectively. The results show that
as the melting temperature increases, the melting rate of PCM
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Fig. 13. Liquid fraction curves at different melting temperatures.
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Fig. 14. Air temperature curve at different melting temperatures.

equiproportionately decreases, and the air temperature isometri-
cally rises. At the same time, the temperature difference between
the air and the PCM decreases almost proportionally. Since the
fully melted PCM relies on sensible heat absorption, it cannot
maintain a state of approximate constant temperature, and the
temperature rise rate is thus higher than the period in which it
relies on latent heat absorption. Therefore, the temperature differ-
ence between the air and the PCM after completely melting
decreases rapidly, and the occurrence time of the PCM with a melt-
ing temperature of 24 °C is earlier than that in other working con-
ditions. When the melting temperature reaches 29 °C, the PCM
does not completely melt at 16 h (as shown in Fig. 13), and the
computed final liquid fraction is approximately 0.99. This leads
to the slowness of the rise rate of the air temperature at 16 h.
When the melting temperature of PCM is 24 °C and 29 °C, the lig-
uid fraction of PCM is 0.71 and 0.56. With the increase in the melt-
ing temperature per 1 °C, the liquid fraction increases by 0.03, As
can be seen in Fig. 14, compared with other working conditions,
the air temperature is the lowest when the melting temperature
of PCM is 24 °C, and the value is 39.66 °C at 9 h. Moreover, with
the increase in the melting temperature per 1 °C, the average air
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Fig. 15. Temperature difference between air and PCM.

temperature increases by approximately 0.70 °C during the total
melting time. This could be explained by the fact that temperature
difference is the driving force for the transformation of PCM. As the
melting temperature increases, the temperature difference
between the indoor air and the PCM reduces, leading to the melt-
ing rate of PCM decreasing. Additionally, since the temperature of
the information system room is normally maintained at 22-24 °C
via the normal operation of air conditioning, PCM is not required
to control the temperature of the information system room under
normal circumstances (i.e. in the absence of power outages). Based
on the above reasons and analysis, the melting temperature of the
PCM should be 25 °C.

5.2. Effects of latent heat

The latent heat of the PCM also affects the thermal performance
of the PCM plates. To investigate the influence of the latent heat on
the air temperature control, the remaining parameters are kept
constant. Accordingly, latent heat L is set to vary as 100, 120,
140, 160, 180, 200, and 220 kJ/kg.
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Fig. 16. Liquid fraction curves at various latent heats.
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Fig. 16 shows the liquid fraction curves at various latent heats.
It can be seen that liquid fraction of the PCM with different latent
heats are all approximately 0.5 at 7 h. After 7 h, the higher the
latent heat of the PCM, the slower the melting rate. However,
before 7 h, this trend is reversed. Moreover, with the increase of
latent heat, the time required for complete melting of the PCM
increases. This can be attributed to the following: when the vol-
ume of a single PCM plate remains unchanged, the increase of
latent heat improves the heat storage capacity of the single PCM
plate, meaning that more heat and more time are required to melt
the PCM completely.

Figs. 17 and 18 show the evolution of the heat flux of the PCM,
and the heat flow of the total PCM plates over time, respectively, at
seven different latent heats. With the increase of latent heat, the
heat flux of the PCM increases, and the heat flow of total PCM
plates shows a minor reduction. Due to the increase in the latent
heat of the PCM, the melting time of the PCM is lengthened, such
that the time needed for the efficient heat absorption of the PCM
is increased. Thus, as can be seen in Fig. 17, the PCM with large
latent heat has higher heat flux and longer heat absorption time
than the PCM with small latent heat. For the whole information
system room, the increase of latent heat leads to the reduction of
the number of PCM plates and the total heat transfer area. Thus,
for the case in which the heat storage capacity of the total PCM
plates is constant, the heat flow of the total PCM plates decreases
(as shown in Fig. 18). Additionally, in the middle and late melting
period, the liquid fraction of the PCM with small latent heat is lar-
ger than that of the PCM with large latent heat, and there are fewer
solid PCMs which do not melt. Therefore, at a certain time, the heat
flow of total PCM plates with small latent heat decreases, while
that of total PCM plates with large latent heat remains stable.
Nonetheless, the overall value of the former is still large.

Fig. 19 shows the air temperature curves at various latent heats.
It can be seen that the larger the latent heat, the higher the air tem-
perature. Specifically, when the latent heat is 100 kJ/kg, the air
temperature is 35.93 °C. With the increase in the latent heat per
20 KJ/kg, the average air temperature increases by approximately
1.20 °C during the total melting time. This can be attributed to
the following: as can be seen Fig. 16, with the increase of latent
heat of PCM, the melting time of PCM is prolonged, thus extending
the time needed for the efficient heat absorption of the PCM. In the
process of extension, the air temperature has been slowly rising.
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Fig. 17. PCM heat flux at various latent heats.
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Fig. 18. Heat flow of total PCM plates at various latent heats.
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Fig. 19. Air temperature curves at various latent heats.

Therefore, the higher the latent heat, the higher the air
temperature.

5.3. Effects of thermal conductivity

Enhancing the thermal conductivity of the PCM is a research
objective of many scholars, which indicates its importance to the
heat transfer performance of PCM. To investigate the influence of
the thermal conductivity of PCM on air temperature control and
find a suitable thermal conductivity value, the remaining parame-
ters are kept constant. Accordingly, the thermal conductivity k is
set to vary as 0.2, 0.6, 1.0, 1.4, and 1.8 W/(m-K).

Figs. 20-22 show the changes in the liquid fraction of the PCM,
the heat flow of the total PCM plates, and the air temperature for
different thermal conductivities, respectively. The results show
that as the thermal conductivity increases, the melting rate and
heat flow of the PCM shows minor growth. With the increase in
the thermal conductivity of the PCM, the melting time of the
PCM is shortened, such that the time needed for the efficient heat
absorption of the PCM is reduced. It is also found that increasing
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Fig. 20. Liquid fraction curves at different thermal conductivities.
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Fig. 21. Heat flow of total PCM plates at different thermal conductivities.

the thermal conductivity of the PCM can reduce the temperature as
well as shorten the temperature control time. It can be seen from
Fig. 21 that the larger the thermal conductivity, the smaller the
fluctuation in the PCM heat flow. This could be attributed to the
fact that the thermal conductivity has a direct influence on the
internal heat transfer of the PCM plate. The ascension of thermal
conductivity can lead to a reduction of the internal thermal resis-
tance, and enhancement of the heat transfer inside the PCM plate.
However, as the thermal conductivity approaches 1 W/(m-K), fur-
ther increases in the thermal conductivity have no marked impact
on the heat transfer effect of the PCM. When the thermal conduc-
tivity is 0.2 W/(m-K) and 0.6 W/(m-K), the air temperature is
41.07 °C and 40.14 °C. The change of air temperature under other
working conditions is less than 0.1. The results in the Figs. 20-22
clearly show that when the thermal conductivity is 1.0, 1.4, and
1.8 W/(m-K), the curves are almost identical. The reason for this
is as follows: the external thermal resistance of the PCM plate is
stable with the variation of the thermal conductivity of the PCM.
Therefore, as the thermal conductivity approaches 1 W/(m-K), fur-
ther increases in the thermal conductivity have no marked impact
on the melting rate and heat flow of the PCM.
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Fig. 22. Air temperature curves at different thermal conductivities.

5.4. Effect of the size of the PCM plates

Even with the same volume, different unit sizes show different
influences on the heat transfer and melting processes. To investi-
gate the effect of the size of the PCM plates on the air temperature,
the remaining parameters are kept constant. Under the operating
conditions studied herein, four sizes are investigated. The relevant
parameters regarding the four sizes of the PCM plates are shown in
Table 3.

Fig. 23 presents the liquid fraction curves for different sizes of
PCM plates. It is noted that with the increase of the aspect ratio
of the PCM plates, the melting rate of the PCM is accelerated, but
the effect is gradually reduced. Compared with other working con-
ditions, the liquid fraction is the biggest when the aspect ratio of
the PCM plates is 27.80, and the value is 0.73 at 9 h. When the
aspect ratio of the PCM plates is 6.95, the result shows that the
PCM does not completely melt: the computed final liquid fraction
is approximately 0.98. This could be attributed to the following:
under the condition of constant volume, the increase of the aspect
ratio of the PCM plates means that the specific surface area of the
PCM enlarges. However, with the gradual increase of the aspect
ratio of the PCM plates, the increasing trend of surface area gradu-
ally decreases, such that the change in the melting rate decreases.

Figs. 24 and 25 present the evolution of heat flux of the PCM and
heat flow of the total PCM plates over time, respectively, at differ-
ent sizes of PCM plates. The results show that as the aspect ratio of
the PCM plates increases, the PCM heat flux reduces and the heat
flow of the total PCM plates increases. The is attributed to the fol-
lowing: according to Newton'’s cooling formula Q = hA(T; — T), the
larger the specific surface area of the PCM plates, the more heat
they can absorb, and the heat flow of total PCM plates is acceler-
ated. However, the latent heat of the single PCM plate remains
unchanged, such that the heat required for PCM melting remains
constant. Therefore, as the surface area of the PCM plate increases,
the PCM heat flux decreases. Additionally, in the middle and late
period, the heat flux of the PCM with a large aspect ratio decreases,
while that of the PCM with a small aspect ratio simultaneously
remains stable. The reason for this is as follows: as the aspect ratio
of the PCM plates increases, the melting rate of the PCM increases
and the melting time of the PCM is shortened. Therefore, the time
needed for the efficient heat absorption of the PCM is reduced.

Fig. 26 illustrates the variation of the air temperature over
time at five different aspect ratios. It is found that increasing
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Table 3
Four sizes of PCM plates.
Condition Length (mm) Width (mm) Height (mm) Surface area of a PCM plate (m?) Aspect ratio (AR; equal to width/height)
1 600 417 60 0.62 6.95
2 600 500 50 0.71 10
3 600 625 40 0.85 15.63
4 600 834 30 1.09 27.80
1.0 16
1 0.98
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Fig. 23. Liquid fraction curves at different sizes of PCM plates. Fig. 25. Heat flow of total PCM plates at different sizes of PCM plates.
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Fig. 24. PCM heat flux at different sizes of PCM plates.

the aspect ratio of PCM plates can not only reduce the air temper-
ature, but also shorten the temperature control time. Specifically,
as the aspect ratio of PCM plate increases from 6.95 to 27.80, the
air temperature varies as 42.77 °C, 41.07 °C, 38.71 °C, and
36.08 °C at 9 h. This is because, the higher the aspect ratio of
the PCM plates, the larger heat flow of the total PCM plates. Addi-
tionally, when the aspect ratio of the PCM plates is 6.95, an
incomplete melt of the PCM leads to a slow rise rate of the air
temperature at 16 h.

12

Fig. 26. Air temperature curve at different sizes of PCM plates.

5.5. Parameter optimization

Based on the above analyses and discussions, the values of the
melting temperature, latent heat, thermal conductivity, and size
of the PCM plates are selected as 25 °C, 120 kJ/kg, 1 W/(m-K),
and 600 mm x 834 mm x 30 mm, respectively. Thereafter, to
investigate these parameters’ suitability in satisfying the expected
requirements, calculation analysis was conducted as follows.

Comparing Fig. 27 with Fig. 9, it can be concluded that the PCM
melting rate is accelerated after parameter optimization. Com-
pared to Fig. 12, the heat flow of the total PCM plates from
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Fig. 28. Heat flow and air temperature curves of optimized PCM plates.

Fig. 28 increases, and the air temperature is significantly reduced.
Specifically, in the initial melting period (in the first hour), the heat
flow of the total PCM plates and the air temperature rise rapidly. At
0.73 h, the PCM begins to melt, and the heat flow fluctuates. At 1 h,
the heat flow of the total PCM plates is 13.63 kW, and the air tem-
perature is 30.47 °C. In the middle melting period (between 1 h and
11 h), the heat flow of the total PCM plates is stable, at approxi-
mately 15.44 kW, and the air temperature increases slowly. From
1 h to 11 h, the air temperature only increases by 1.63 °C. At 9 h,
the liquid fraction of the PCM and the air temperature is 0.80
and 32.10 °C, respectively. The liquid fraction of the PCM is approx-
imately 0.98 at 11 h. In the late melting period (after 11 h), the rise
rate of air temperature significantly increases, because the PCM is
about to melt completely. The PCM is completely melted at
11.47 h. At 16 h, the air temperature is 33.96 °C. As the objective
of this study is to demonstrate the cooling system utilizing the
PCM plates that can maintain the information system room tem-
perature below 35 °C during an emergency power failure, the opti-
mized operating condition successfully fulfills the study objective.
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6. Conclusion

This study takes an information system room under the condi-
tion of an emergency power failure as the research object. By
employing a cooling system that implements PCM plates, the fea-
sibility of temperature control in this intensive heat-releasing
space are demonstrated. For the cooling system of an information
system room, a mathematical heat transfer model, which considers
the air, heat source, phase change cooling devices, and enclosure
structure of the room, was established. The performance of the
PCM and air temperature were analyzed. Then, the effects of some
impact factors, such as the melting temperature, latent heat, ther-
mal conductivity, size of the PCM plates, were investigated. The
conclusions from these analyses and investigations are summa-
rized as follows:

1) Under the condition of parameter optimization, the air tem-
perature is 32.10 °C at 9 h. Therefore, the cooling system uti-
lizing the PCM plates can effectively maintain the
temperature of the information system room below 35 °C
within 9 h. Until 16 h, the air temperature remains below
35 °C.

2) The temperature control process of the PCM can be divided
into three stages. In the initial and late melting period, the
PCM relies mostly on sensible heat storage. Thus, both the
air temperature and heat flow of the total PCM plates rise
sharply. In the middle melting period, the heat flow of the
total PCM plates is stable, and the air temperature rises
slowly.

3) Increasing the aspect ratio of PCM plates and decreasing
PCM latent heat have the similar effect on the air tempera-
ture control. Additionally, the two parameters are related
to the surface area of the PCM plates.

4) The lower the melting temperature of the PCM, the better
the air temperature can be controlled. For the conditions
considered in this study, the appropriate melting tempera-
ture is approximately 25 °C.

5) With the increase of the thermal conductivity, the air tem-
perature reduces, and the fluctuation of the PCM heat flow
significantly decreases. However, as the thermal conductiv-
ity approaches 1 W/(m-K), further increases in the thermal
conductivity have no marked impact on the air temperature
control.

Here, the heat transfer rate of PCM is largely limited by natural
convection. Therefore, small mechanical energy storage devices
should be integrated to achieve forced convection and further opti-
mize the temperature control effect. Additionally, as no experi-
ment is conducted herein, subsequent experiments should be
carried out.
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