
Numerical simulation on the thermal performance of a PCM-
containing ventilation system with a continuous change in inlet air
temperature

Wanchun Sun a, Rui Huang a, Ziye Ling a, Xiaoming Fang a, b, Zhengguo Zhang a, b, *

a Key Laboratory of Enhanced Heat Transfer and Energy Conservation, The Ministry of Education, School of Chemistry and Chemical Engineering, South
China University of Technology, Guangzhou, 510640, China
b Guangdong Engineering Technology Research Center of Efficient Heat Storage and Application, South China University of Technology, Guangzhou, 510640,
China

a r t i c l e i n f o

Article history:
Received 29 October 2018
Received in revised form
11 June 2019
Accepted 17 July 2019
Available online 17 July 2019

Keywords:
Ventilation system
Phase change material
Thermal conductivity
Thermal comfort
Energy conservation

a b s t r a c t

Herein a numerical study was conducted on a ventilation system integrated with the inorganic PCM
panels having enhanced thermal conductivity. The overall thermal performance of the ventilation system
was improved by adjusting the inlet condition and the thermal properties of the PCM. With the tem-
perature of the inlet air fluctuating from 17.4 to 33.1 �C, the effects of the inlet air flow rate and the
thickness and thermal conductivity of the panels were investigated, aiming at making the outlet air
temperature closer to the thermal comfort range. It was showed that the outlet temperature fluctuation
reduced as the inlet air flow rate decreased or the thickness of the panels increased. Moreover, a PCM
utilization rate was introduced to evaluate the PCM performance during the melting-solidification
process. It was found that narrowing the phase change temperature range of the PCM in the outlet
channel could further reduce the maximum outlet temperature and improve the PCM utilization rate. In
addition, when the inlet air flow rate was 11.47 kg/h and the thickness of the PCM panels was 12mm, the
ventilation system with the panels having a thermal conductivity of 13.0W/(m$K) exhibited the smallest
outlet temperature fluctuation of 22.5e27.9 �C.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, an increase in building energy consumption has
attracted a lot of attention, as it accounts for as much as 40% of the
total energy consumption [1]. Especially, the energy consumed by
heating, ventilation and air-condition (HVAC) in daily life occupies
a major part of the building energy consumption [2,3]. As for
ventilation systems, they are responsible for the supply of fresh air
and the emission of pollutants [4]. Note that the fresh air intro-
duced by ventilation systems inevitably leads to heat exchange
between the indoor and the outdoor. As a result, some temperature
fluctuations can be caused by the flowing air from the ventilation
systems, thereby leading to an extra cooling or heating demand [5].
A phase change material (PCM) can absorb or release a large

amount of heat while maintaining the system temperature near its
phase change temperature during the phase change process [6]. It
can be expected that, if a PCM can be introduced into a ventilation
system, the temperature difference between the fresh air and the
indoor air can be regulated by the latent heat of the PCM through
heating the cold air and cooling the hot air [7,8]. Consequently, a
decrease in energy consumption will be achieved by balancing the
supply and demand mismatch of energy in time and space [9].

In recent years, an increasing attention has been paid on the
incorporation of PCMs into ventilation systems [10]. Various ways
have been employed to introduce PCMs into the ventilation sys-
tems. Packed bed/vessel containing PCM granules was manufac-
tured as an independent heat exchange device [11e13] or installed
under the floor [14] or integrated with the ceiling [15] to exchange
heat with the air flowing into the room. It was revealed that the
PCMs introduced into the ventilation systems could store the cold
energy of the flowing fresh cold air, thereby reducing the energy
load of air-conditioners in daytime [16]. On the other hand, heat
exchangers made of PCM slabs were popularly studied due to their
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compact structure [17e23]. High thermal conductivity materials
such as graphite-based materials [24], fins [25] and heat pipes
[26,27] were combined with PCM to improve the heat exchange
efficiency between the PCM plates and the flowing air. The results
shown that the enhanced thermal conductivity of the PCM effec-
tively accelerated the transfer of external heat flux to the PCM, and
the fresh air with higher thermal comfort could be provided for the
indoor environment [28]. Besides the above experimental studies,
numerical simulation has been widely applied to investigate the
factors affecting the thermal performance of the PCM-containing
ventilation systems, which mainly include inlet air temperature
[29], inlet air flow rate [29e32], phase change plates thickness
[30,33], phase change plate shape [30], and thermophysical prop-
erties of PCMs [12,20]. Based on the simulations, the effects of these
factors on the thermal performance of the PCM-containing venti-
lation systems have been elucidated [10]. However, it should be
noticed that, in most of those simulations, the temperatures of the
inlet fresh air are set at one fixed value (~30 �C) in the day time and
another fixed one (~15 �C) for night, which cases are different from
the temperature conditions in the real environment; While, the
temperature fluctuations during the whole day along with the
thermal comfort of the fresh air that should be supplied continu-
ously for 24 h are rarely considered. Note that the fresh air supplied
by the ventilation systems should be required 24 h a day for
maintaining the indoor air quality in residential buildings. There-
fore, more thorough simulations need to be explored on the PCM-
containing ventilation systems.

This article is based on the author's previous research and in-
tends to study the thermal performance of a PCM ventilated system
with continuous changes in inlet air temperature and ambient
temperature. In our previous work [34], a composite PCM (cPCM)
consisting of an inorganic CaCl2$6H2OeNH4CleSrCl2$6H2O ternary
mixture (TM) and expanded graphite (EG) was developed, and its
application into a ventilation systemwas experimentally studied. It
has been found that, the TM/EG cPCM possesses a high thermal
conductivity of 9.72W/(m$K) and can play an effective role in
reducing the temperature fluctuation of the inlet fresh air from
outdoor. In the current work, a numerical simulationwas employed

to further investigate the ventilation system integrated with the
TM/EG cPCM. According to the climate conditions of Ningxia
Province in summer, the effects of the inlet air mass flow rate and
the thickness and thermal conductivity of the cPCM panels on the
thermal performance of the integrated ventilation system were
studied by taking consideration of the continuous supply for fresh
air, with the purpose of bringing the fresh air temperature closer to
the human thermal comfort range as well as further reducing the
energy consumption for cooling. The model validation was first
carried out by comparing the simulated results and the experi-
mental data. Moreover, based on the simulation results of the
ventilation systems integrated with the cPCM panels having
different thicknesses, two kinds of PCMs with different phase
change temperatures were introduced to further smooth the outlet
temperature fluctuations.

2. PCM-air heat exchange unit in ventilation system

2.1. Experimental set-up

Fig. 1a shows a diagram of the airePCM unit in the ventilation
system studied in this paper. Plexiglass with thickness of 5mmwas
used to process the shell and channels of the rectangular ventila-
tion system. Three channels in the ventilation system, including air
inlet channel, air middle channel and air outlet channel, formed an
S-type air flow path. The geometry parameters of the ventilation
system are listed in Table 1.

As shown in Fig. 1a, each channel had 5 pieces of cPCM panels
and the spacing between the two cPCM panels was 15mm. The size
of the cPCM panels in inlet/outlet air channel was
300mm� 120mm� 6mm while that in middle air channel was
250mm� 120mm� 6mm. During the experiments, extruded
polystyrene boards (XPS) and oriented strand board (OSB) with low
thermal conductivity were used as thermal insulation materials to
reduce the heat transfer between the ventilation system and the
external environment (Fig. 1b). The thickness of XPS and OSB were
30mm and 15mm, respectively. The cross-sectional sizes of the
inlet and outlet of the air flow channel in the ventilation system are

Nomenclature

a measurement error of the instrument
A area
cp specific heat
cPCM composite phase change material
de equivalent diameter
EG expanded graphite
f temperature attenuation factor

h
�

average value of the heat-transfer coefficient
H enthalpy
HVAC space heating, ventilation and air-conditioning
k coverage factor
K power rate coefficient
L latent heat
Lc characteristic length
N power law index
Nu average Nusselt number
OSB oriented strand board
P a given period (24 h)
PCM phase change material
r2 coefficient of determination

Re Reynolds number
T temperature
TM ternary mixture
u velocity
VS ventilation system
xi measured value of the parameter
x average value of the parameter
XPS extruded polystyrene board
average value of the heat-transfer coefficient Subscript
k turbulent kinetic energy
l liquid
pcm phase change material
ref reference room
s solid
ε turbulent energy dissipation
power law index Greek symbol
b liquid fraction
l thermal conductivity
m viscosity coefficient
r density
4 temperature lag
t time
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110mm� 120mm and 100mm� 30mm, respectively. The venti-
lation system was placed in the space above the test room with an
indoor space of 350mm� 350mm� 350mm (Fig. 1c).

In our previous work, the thermal performance of the ventila-
tion system with cPCM panels was investigated in the summer
(from July to August) climatic conditions in Ningxia province. A
cPCM composed of an inorganic ternary mixture (TM,
CaCl2$6H2OeNH4CleSrCl2$6H2O) and expanded graphite (EG) was
used as main PCM to manufacture cPCM panels. The thermophys-
ical properties of materials used in experiments are listed in Table 2.

As the experimental set-up shown in Fig. 1c, the experiments
were carried out by placing a test room with a rectangular venti-
lation system in an artificial climate chamber [34]. The ambient air
humidity ratio was controlled below 0.010 kg H2O/kg dry air. By
setting the temperature program, the artificial climate chamber
was used to create a cyclical climatic condition. Under the set
environmental condition, the flowing air with a specific tempera-
ture fluctuation first entered from the inlet of the ventilation sys-
tem, passed through the S-type path, and then entered the main
room below the ventilation system. The inlet and outlet tempera-
tures of the ventilation system were measured using K type
temperature-measuring thermocouples and the temperature his-
tory was recorded using a data logger (Agilent34970A, USA). The
effect of the TM/EG cPCM panels on the outlet temperature was
analyzed by comparing the experimental results of a ventilation

system with and without cPCM panels. Ventilation system with
cPCM panels was named PCM VS and ventilation system without
cPCM panels was named Reference VS.

2.2. Uncertainty analysis of measurement

There are inevitable errors during the experiments, including
instrument errors, measurement errors, and manual operation er-
rors. Based on Evaluation and Expression of Uncertainty in Mea-
surement JJF1059-2012, the uncertainties of measurement
parameters are analyzed by two evaluation methods [35,36]. Ac-
cording to Eq. (1), the uncertainties of the parameters measured by
operator directly (inlet air velocity and the geometry parameters of
the ventilation system) are calculated by Type A evaluation method
[37].

uAðxÞ¼ sðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
NðN � 1Þ

XN
i¼1

ðxi � xÞ2
vuut (1)

where N is the number of measurements; xi and x are the measured
and average values of the parameters, respectively. On the other
hand, the uncertainties of the parametersmeasured by instruments
are analyzed based on Type B evaluation method (Eq. (2)).

uB ¼ a
k

(2)

where a is the measurement error of the instrument and k is the
coverage factor and its value is

ffiffiffi
3

p
. The uncertainties of all pa-

rameters are summarized in Table 3.

3. Mathematical modeling

3.1. Physical model

According to the geometry structure of the experimental set-up,
the geometric model of the ventilation system was constructed by
Solidworks software (Fig. 1b). To simplify the calculation, it was
necessary to make the following reasonable assumptions: (1) the
thermal properties of materials (OSB, XPS, PCM, plexiglass) were
constant; (2) all materials were homogenous and isotropic; (3) the
heat loss of systemwas neglected; (4) the heat transfer between the
material and the air was only convection, ignoring the effects of
natural convection.

3.2. Grid generation and independence analysis

As the meshes of the numerical model shown in Fig. 2, the
ventilation system consisted of blocks made of different materials.
The mesh methods for the blocks were defined based on the size
and shape of the blocks. The hexahedron grid was chosen for OSB,
plexiglass, air and cPCM panels domains while XPS domain was
generated using tetrahedral grid owing to its irregular shape. The
information on the computational domain and grid are listed in
Table 4. To ensure the accuracy of the simulation results, the grid

Table 1
Geometry parameters of the ventilation system.

Item Dimensions

Length 350mm
Width 350mm
Height 130mm
Length of inlet/outlet channel 345mm
Length of middle channel 340mm
Width of each channel 110mm
Height of each channel 120mm

Air flow

cPCM panel

a

b

Air inlet channel
Air middle 
channel

Air outlet 
channel

OSB

c

XPS

Fig. 1. (a) Air-PCM unit; (b) insulation materials and (c) installation location of the
ventilation system.

Table 2
Thermophysical properties of materials.

Material Density (kg/m3) Specific heat capacity (J/kg/K) Latent heat (kJ/kg) Thermal conductivity (W/(m$K))

OSB 680.5 1588 e 0.232
XPS 10.10 1294 e 0.0345
Plexiglass 1200 1269 e 0.19
TM/EG 1000 2929 134.0 9.72
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independence analysis was carried out according to the simulated
results of the models with different cells (grid number range from
2� 106 to 5� 106). The refinement of the grid was carried out by
adjusting the element size of the grid. The grid sizes of the OSB
body, the XPS body, and the plexiglass body were gradually
increased to reduce the grid number. In the meantime, the grid size
of the air and PCM bodies were kept as 2mm to ensure the flow of
air and the phase change of the PCM. As shown in Fig. 3, the
maximum deviations in outlet temperature of different models
were all less than 1%. In order to ensure the accuracy of the nu-
merical simulation while minimizing the cost of computing re-
sources, a model with a grid number of 2.769� 106 (PCM VS) was
selected for further calculations.

3.3. Numerical method

The flow and heat transfer performance of the fluid in the
ventilation system was simulated using ANSYS FLUENT software in
this work.With an inlet air mass flow rate of 11.4 kg/h, the Reynolds
number of the inlet flowing air calculated by equation Eq. (3)
ranged from 245 to 1543, which was the laminar flow. However,
in a complex flowing channel structure, it could be considered that

the fluid domain was turbulent when the Reynolds number was
larger than 100 [38]. Therefore, the realizable k-ε model [39] was
chosen for the air flow calculation in the ventilation system. On the
other hand, the Energy and Solidification and Melting model was
selected to simulate the thermal performance of the ventilation
system and the heat transfer between cPCM panels and flowing air.

Re ¼ deur
m

(3)

where de is the equivalent diameter, u is the velocity, r is the density
and m is the viscosity coefficient.

3.4. Governing equations and boundary conditions

The continuity equation (Eq. (4)), the momentum equation (Eq.
(5)), the energy equation (Eq. (6)), the turbulent kinetic energy
equation (Eq. (7)) and the turbulent energy dissipation (Eq. (8)) are
given as follows:

vui
vxi

¼ 0 (4)

vuiuj
vxi

¼ � 1
r

vP
vxi

þ v

vxi

�
ðyþ ytÞ

�
vuj
vxi

þ vui
vxj

��
(5)

vuiT
vxi

¼ r
v

vxi

��
y

Pr
þ yt
Prt

�
vT
vxi

�
(6)

Table 3
Uncertainties of all parameters.

Parameters Evaluation method Uncertainty

Air velocity (Kanomax 6004) Type A ±0.0065m/s
Geometry dimension Type A ±1.11mm
Air uniformity in the climate chamber Type B ±0.87 �C
Temperature measured by Aligent 34970A Type B ±0.29 �C
Thermophysical properties of PCM measured by DSC Q20 Type B ±0.58%
Thermal conductivity measured by Hot Disk TPS2500 Type B ±2.89%
Weight measured by electronic balance (G&G JJ500) Type B ±0.01 g

Fig. 2. Part of the computational grid of the ventilation system.

Table 4
Information on the computational domain and mesh.

Reference VS PCM VS

Elements 2.933� 106 2.769� 106

Nodes 2.571� 106 2.628� 106

Element quality (average) 0.958 0.957
Skewness (average) 6.10� 10�2 5.84� 10�2

W. Sun et al. / Renewable Energy 145 (2020) 1608e1619 1611



v

vt
ðrkÞþ v

vxj

�
rkuj

� ¼ v

vxj

"�
yþ yt

sk

�
vk
vxj

#
þ G� ε (7)

v

vt
ðrεÞþ v

vxj

�
rεuj

� ¼ v

vxj

"�
yþ yt

sε

�
v

vxj

#
þ C1Gε� C2

ε
2

kþ ffiffiffiffiffi
yε

p

(8)

Where G ¼ � uiuj
vui
vxi

¼ yt

 
vui
vxj

þ vuj

vxi

!
vui
vxi
; C1 ¼ max

�
0:43; h

htþ5

�
;

C2¼1.0, yt ¼ rCmk
2

ε
, y ¼ K,gn�1

r , sk is the Prandtl number for turbu-

lent kinetic energy k, its value is 1.0; sε is the Prandtl number for
turbulent energy dissipation ε, its value is 1.2; K and n are the power
rate coefficient and power law index for non-Newtonian fluid. The
range of the dimensionless length y* is y* � 8.3.

The heat conduction rate of material is based on Fourier's Law:

f ¼ �lA
dT
dd

(9)

where l is the thermal conductivity of material (W/(m$K)) and A is
the area (m2).

The governing equations for PCM layer is as follows:

rpcm � vH
vt

¼ lpcm �
�
v2T
vx2

þ v2T
vy2

þ v2T
vz2

�
(10)

where H is enthalpy (J/kg).
The enthalpy (H) of the material includes sensible heat (h) and

latent heat (L):

H¼hþ bL (11)

where b is the liquid fraction of PCM; L is the latent heat of PCM; h ¼
href þ

R T
Tref

cpdT; href is the reference enthalpy, Tref is the reference
temperature and cp is the specific heat at constant pressure. The
liquid fraction (b) of PCM can be calculated as follows:

b ¼

8>>>>>>><
>>>>>>>:

0;

T � Ts
Tl � Ts

;

1;

T < Ts
Ts < T < Tl

T > Tl

9>>>>>>>=
>>>>>>>;

(12)

where T is the temperature, the subscript s represents the PCM
begins to liquefy (changes from solid to liquid) and l represents that
the PCM has completely changed into liquid.

The heat transfer performance of the ventilation system was
calculated by using the transient state solver. The SIMPLEC algo-
rithm was selected for pressure-velocity coupling. The standard
wall function was used for the near-wall treatment. The first-order
upwind discretization scheme was used for the turbulence kinetic
energy and turbulence dissipation rate. Themomentum and energy
adopted second-order upwind scheme for discretization. The time
step was 10 s and the number of iterations per time step was 20.
The convergence criterionwas that the continuity residual less than
1E-04 and the energy less than 1E-07.

The thermal conditions of the external surface of the OSB and
inlet air were set by inserting a UDF file containing a temperature-

a b

Fig. 3. Simulated results of models with different cells: (a) Reference VS; (b) PCM VS.

Fig. 4. Experimental data and fitted curve of inlet air and Climatic Chamber.
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time function (Eq. (13)). Based on measured temperature data
during experiments, the temperature-time function equation (Eq.
(13)) was fitted using METLAB software (Fig. 4). The inlet air ve-
locity of the ventilation system measured in the experiments was
0.27m/s and the outlet surface was set to be pressure outlet. The
bottom face of the ventilation system was considered to be adia-
batic. The liquidus temperature and solidus temperature of the
cPCM panels were 20 �C and 29 �C, respectively.

where a0¼ 256.91, a1¼�16.85, b1¼72.22, a2¼ 47.12, b2¼ 22.94,
a3¼16.94, b3¼�22.07, a4¼�7.231, b4¼�0.2513, a5¼�2.387,
b6¼ 0.9106, w¼ 1.757� 10�5; t is the time (s).

The convective heat transfer coefficient of the outer surface of
the OSB and the air was calculated as follows:

Nu¼hde
k

¼ 0:664Re1=2s1=3 (14)

where Nu is the average Nusselt number, h is the average value of
the heat-transfer coefficient, Re is the Reynolds number of flowing
air generated by the fan, which can be calculated based on Eq. (3),
and the velocity of flowing air varied from 6.0 to 8.5m/s, s¼ 0.708,
k¼ 0.02624W/(m$K), de¼ 0.19m. Accordingly, the average
convective heat transfer coefficient ranged from 22.0 to 26.4W/
(m2$K). Then the simulation results of different cases with different
convective heat transfer coefficients were verified by the experi-
mental data. Finally, the convective heat transfer coefficient of
25W/(m2$K) was adopted for the further research because the
simulated results agreed well with the experimental data in this
case. Therefore, the convective heat transfer coefficient between
the outer surface of the OSB exposed to the external environment
and the air was set to 25W/(m2$K).

3.5. Cases details and evaluation of outlet air temperature

The cases studied in relation to the factors affecting the thermal
performance of the ventilation system can be classified into four

sections. Based on the research route, the four influencing factors
are: (a) the inlet air flow rate, (b) the thickness of cPCM panels, (c)
the phase change temperature of cPCM and (d) the thermal con-
ductivity of cPCM, respectively. The cases details of four sections are
listed in Table 5.

To compare the thermal performance of the ventilation system
in different cases, two parameters of temperature lag parameter (4)
and temperature attenuation factor (f) [6] are introduced to eval-

uate the temperature fluctuation of the outlet air.

4pcm ¼ tpcm;max � tref ;max (15)

where tmax is the time taken for the outlet air temperature to reach
the maximum value; the subscript pcm and ref represent the PCM
VS and the Reference VS, respectively; 4pcm is the temperature lag
difference between the outlet air of the PCMVS and the outlet air of
the Reference VS.

fpcm ¼DTpcm
DTref

¼ Tpcm;max � Tpcm;min

Tref ;max � Tref ;min
(16)

where T represents the outlet air temperature and △T is the
temperature fluctuation of the outlet air temperature; the subscript
max and min mean the maximum value and minimum value,
respectively; fpcm denotes the degree of reduction in the tempera-
ture fluctuation of the outlet air, which is the ratio of the △T be-
tween the PCM VS to the Reference VS. Based on ASHRAE standard
22e2017 and the Code for Heating Ventilation and Air Conditioning
Design, the human thermal comfort temperature range in summer
is 22e28 �C.

4. Results and discussion

4.1. Model validation

The simulation model validation is conducted by comparing the

Table 5
Cases details of four sections.

Influencing factors Variable Constants

Inlet air flow rate 8.5 kg/h, 10.6 kg/h, 11.4 kg/h, 12.7 kg/h, 14.8 kg/h 1. Thickness of cPCM panels: 6mm
2. Phase change temperature of cPCM: 20

e29 �C
3. Thermal conductivity of cPCM: 9.72W/

(m$K)
Thickness of cPCM panels 6mm, 8mm, 10mm, 12mm, 14mm 1. Inlet air flow rate: 11.4 kg/h

2. Phase change temperature of cPCM: 20
e29 �C

3. Thermal conductivity of cPCM: 9.72W/
(m$K)

Phase change temperature of
cPCM

20e29 �C, 22e29 �C, 22e28 �C 1. Inlet air flow rate: 11.4 kg/h
2. Thickness of cPCM panels: 12mm
3. Thermal conductivity of cPCM: 9.72W/

(m$K)
Thermal conductivity of cPCM 5.0W/(m$K), 9.72W/(m$K), 11.0W/(m$K), 13.0W/(m$K), 15.0W/(m$K), 20.0W/(m$K),

25.0W/(m$K)
1. Inlet air flow rate: 11.4 kg/h
2. Thickness of cPCM panels: 12mm
3. Phase change temperature of cPCM: 20

e29 �C

T ¼ a0 þ a1 cosðwtÞ þ b1 sinðwtÞ þ a2 cosð2wtÞ þ b2 sinð2wtÞ þ a3 cosð3wtÞ
þb3 sinð3wtÞ þ a4 cosð4wtÞ þ b4 sinð4wtÞ þ a5 cosð5wtÞ þ b5 sinð4wtÞ (13)
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numerical results with the temperature data measured by thermal-
couples. Fig. 5 shows the measurement results and simulation re-
sults of the outlet temperatures of the Reference VS (a) and PCM VS
(b). Since the thermocouple was fixed to the wall during the ex-
periments, the outlet temperature monitored during the simula-
tion was the temperature of the corresponding point of the outlet
face. It can be seen that the simulated curves have similar trends to
the experimentally measured curves and the coefficients of deter-
mination (r2) are above 0.92. The maximum deviations of the outlet
temperatures between the simulations and experiments in Refer-
ence VS and PCM VS are 2.70 �C and 2.67 �C, respectively. In the
Reference VS model, the difference in maximum temperature be-
tween the experiment and the simulation is 0.12 �C, and the dif-
ference in minimum temperature is 0.95 �C. In the PCM VS model,
the difference in maximum temperature between the experiment
and the simulation is 1.56 �C, and the difference in minimum
temperature is 0.84 �C. In addition to errors caused by instrument
measurements and manual operations (Table 3), the simplification
of the boundary conditions during the simulation and the differ-
ence between the initial conditions and the experiment also lead to
deviations. Specially, the measurement errors of the thermal
properties of the PCM and the simplification of the inlet conditions
are the main causes of deviations in the outlet temperature and
shifts of the occurrence of the maximum/minimum temperature. It
can be concluded that the two numerical models of Reference VS
and PCM VS can present the convective heat transfer between air
and cPCM panels in the ventilation channels. Thus, the numerical
model of PCM VS is used to study the influences of the inlet air
velocity and the thickness and thermal conductivity of the cPCM
panels on the thermal performance of the ventilation system.

4.2. Effect of inlet air mass flow rate on outlet temperature of PCM
VS

Fig. 6a shows the outlet temperature curves of the PCM VS at
different inlet air mass flow rates. The thickness of each cPCM
panels in PCM VS was set as 6mm, and the inlet air mass flow rate
varied from 8.5 kg/h to 14.8 kg/h (the corresponding air velocity
varied from 0.20m/s to 0.35m/s). The details of the outlet tem-
perature under different initial conditions are listed in Table 6. It
can be seen from Fig. 6a that when the thickness of the cPCMpanels
is kept constant, the PCM VS outlet exhibits different temperature
fluctuations as the inlet air mass flow rate changes. As the inlet air
mass flow rate decreases from 14.8 kg/h to 8.5 kg/h, the maximum
outlet temperature gradually decreases while the minimum tem-
perature gradually increases. This is because the outlet temperature
depends on the heat transfer between flowing air and cPCM panels
in the channel. The smaller the inlet air velocity, the longer the air
stays in the channel. Fig. 7 shows the temperature contours of the
cPCM panels and air in channel at different air mass flow rate when
the flow time is 33660s. It can be seen that the extension of the
residence time of the flowing air in the channel helps the cPCM
panels to release the stored cold energy (or heat energy) to cool (or
heat) the flowing fresh air. At the same flow time of the heating
process, the ventilation system with a smaller air flow rate has a
lower outlet temperature. In the meantime, the time required for
cPCM panels to completely melt in the outlet channel is corre-
spondingly extended (Fig. 6b). As a result, the temperature fluctu-
ation of the PCM VS outlet decreases and is closer to the human
thermal comfort temperature range of 22e28 �C as the inlet air
flow rate decreases. Furthermore, a significant increase in tem-
perature lag represents a shift in peak load (Table 6), which is

a b

Fig. 5. Comparison between experimental data and simulated results of (a) Reference VS; (b) PCM VS.

Fig. 6. (a) The outlet temperature curves and (b) the liquid fraction of the cPCM panels in the outlet channel of the PCM VS at different inlet air mass flow rates.
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beneficial for balancing the power load. However, a decrease in the
inlet air mass flow implies a reduction in the supply of fresh air.
According to ASHRAE 62, the amount of fresh air required per
occupant is 10 L/s (44.1 kg/h) [40]. When the inlet air mass flow rate
reduces, the number or size of ventilation systems needs to be
increased to ensure the supply of fresh air, resulting in an increase
in space occupancy. Thus, an excessively small air flow rate is not
suitable for practical application, although a reduction in air flow
rate can narrow the temperature fluctuation of the outlet air. In
order to avoid excessive space occupation, the thickness of the
cPCM panels was adjusted to achieve an improvement in the
thermal performance of the ventilation system in the next section.

4.3. Effect of thickness of cPCM panels on outlet temperature of
PCM VS

The effect of the thickness of the cPCM panels on the outlet
temperature of the PCM VS was investigated at a constant inlet air
mass flow rate (11.4 kg/h). In this case, the inlet and outlet air ve-
locity is 0.432m/s and 0.797m/s, respectively. According to ASH-
RAE 55e2017, air velocities below 0.8m/s are acceptable under
warm conditions [41]. The simulation results of the outlet tem-
perature of PCM VS with cPCM panels of different thicknesses are
displayed in Fig. 8a. It can be seen that the thickness of the cPCM
panels has significant influence on the outlet temperature and the

Table 6
Details of the outlet temperature at different inlet air mass flow rate.

Ventilation system Inlet air mass flow rate (kg/h) 4pcm, max (h) fpcm Fluctuation (�C) Temperature (�C)

Max Min

Reference VS 11.4 0 1 15.1 32.6 17.5
PCM VS 8.5 2.8 0.672 10.1 30.8 20.6

10.6 2.1 0.770 11.6 31.4 19.8
11.4 1.8 0.815 12.3 31.7 19.4
12.7 1.7 0.839 12.7 31.8 19.2
14.8 1.3 0.885 13.3 32.1 18.8

Fig. 7. Temperature contours of the cPCM panels and air in channel at different air mass flow rate: (a) 8.5 kg/h; (b) 10.6 kg/h; (c) 12.7 kg/h; (d) 14.8 kg/h.

Fig. 8. (a) The outlet temperature curves of PCM VSs with cPCM panels of different thicknesses; and (b) the liquid fraction of the cPCM panels (in outlet channel).
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temperature lag. The increase in the thickness of the cPCM panels
can enhance the heat storage capacity of the PCM-air unit in the
ventilation system. That is to say, the thicker the cPCM panels, the
more cold energy (heat energy) the ventilation system can store.
Therefore, when the thickness of the cPCM panels increases from
6mm to 14mm, the effect of latent heat of the PCM on the regu-
lation of the flowing fresh air temperature becomes stronger. As the
temperature contours shown in Fig. 9, the increase in the thickness
of the cPCM panels makes the outlet temperature of the ventilation
system to be closer to the comfort temperature range (22e28 �C,
295.15e301.15 K).

Fig. 8b shows the liquid fraction of the cPCM panels in the outlet
channel of the PCM VS. It is found that the maximum liquid fraction
of the cPCM panels for PCM VSwith panels’ thickness of 12mm and
14mm are 92.8% and 85.5%, respectively. In conjunction with the
temperature contours of the cPCM panels shown in Fig. 9, it can be
known that the closer the PCM is to the outlet, the more difficult it
is to melt. It is reasonable because the temperature fluctuation of
the flowing air near the outlet has been significantly reduced after
heat exchangewith the PCM in the flow channel. As a result, a small
temperature difference between the flowing air and the PCM
cannot achieve complete melting/solidification of the PCM.
Furthermore, as the thickness of the cPCMpanels increases, the rate
of heat absorption by the cPCM at the center of the panel decreases,
resulting in a decrease in the liquid fraction of the cPCM panels.

The heat transfer between the cPCM panels and the flowing air
determines the temperature of the outlet air and the liquid fraction
of the cPCM panels. In order to directly reflect the melting and
solidification of the PCM, the utilization rate of the PCM is intro-
duced to evaluate the utilization performance of the PCM, and the
calculation method is as follows:

PCM utilization rate ¼ðLiquid fractionmax � Liquid fractionminÞ
� 100%

(17)

When the thickness of the cPCM panels is increased from 12mm to
14mm, the utilization rate of the PCM in outlet channel decreases

from 70.2% to 55.7%. The decrease in utilization rate of the PCM
indicates that an excessive increase in the cPCM panels' thickness
leads to an unnecessary increase in cost. On the other hand, as the
cPCM panels' thickness increases, the velocity of the flowing air
rises accordingly to ensure that the inlet air flow rate is constant.
Consequently, the pressure drop between the inlet and outlet faces
of ventilation system increases (Fig. 10). Combining with the
calculation results of the utilization rate of PCM, it can be concluded
that excessively thickening the cPCM panels not only increases
material costs, but also consumes more energy to achieve the air
velocity requirement. Taking into account the outlet air tempera-
ture and the PCM utilization rate, the PCMVS having a cPCM panels'
thickness of 12mm was selected for the further investigation. As
displayed in Table 7, when the thickness of cPCM panels is 12mm,
the outlet air temperature of the PCM VS fluctuates within the
range of 22.4e28.1 �C.

Fig. 9. Temperature contours of the cPCM panels and air in the ventilation system in different cases: (a) 6mm; (b) 8mm; (c) 10mm; (d) 12mm; (e) 14mm.

Fig. 10. Pressure drop between the inlet and outlet faces of ventilation systems with
different cPCM panels' thicknesses.
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4.4. Effect of phase change temperature of cPCM on outlet
temperature of PCM VS

With a small temperature fluctuation of 5.7 �C (22.4e28.1 �C),
the utilization rate of the PCM in outlet channel is only 70.2%. It can
be assumed that if the PCMhas a narrow phase change temperature
range (within 22.4e28.1 �C), its utilization rate can be further
enhanced. Therefore, to ensure the outlet temperature conform to
the human thermal comfort temperature range, two kinds of cPCM
panels having different melting points were introduced into the air
flow channel of the ventilation system (Case 2 and Case 3). The
thickness of the cPCM panels in the ventilation systemwas fixed as
12mm. The cPCM panels in inlet channel and middle channel had
phase change temperature of 20e29 �C. In Case 1, the phase change
temperature range of the cPCM panels in outlet channel was same
as that in inlet channel (20e29 �C). However, the phase change
temperature range of the cPCM panels in the outlet channel was
20e28 �C in Case 2 and 22e28 �C in Case 3.

The comparison of the outlet temperature curves and the liquid
fraction data in three cases are shown in Fig.11. Compared to Case 1,
the cPCM panels in the outlet channel in Case 2 has a higher
maximum liquid fraction (0.999) and a higher PCM utilization rate
(72.6%). After absorbing the cold energy released by the cPCM
panels in the inlet and middle channels, the temperature of the
flowing air has decreased. At this time, reducing the liquidus
temperature of the cPCM panels in the outlet channel will promote
the release of the cold energy stored by the cPCM panels.
Furthermore, ventilation system in Case 3 benefits from a lower
maximum outlet temperature and a smaller outlet temperature
fluctuation compared to Case 1 and Case 2. Increasing the solidus
temperature of the cPCM panels will increase the solidification
fraction (decrease the minimum liquid fraction), indicating that
more cold energy is stored in the PCM. With a high PCM utilization
rate of 85.6%, the outlet air temperature of the ventilation system is

completely within the human thermal comfort temperature range.

4.5. Effect of thermal conductivity of cPCM panels on outlet
temperature of PCM VS

On the basis of the same boundary conditions, the effect of the
thermal conductivity of the cPCM panels on the outlet temperature
of the PCMVSwas studied. The ventilation system containing cPCM
panels with a thickness of 12mm was selected and the inlet air
mass flow rate was set as 11.4 kg/h (inlet air velocity: 0.432m/s).
Taking the thermal conductivity (9.72W/(m$K), close to 10) of the
TM/EG cPCM used in the experiment as the midpoint, the investi-
gated thermal conductivity of the cPCM panels includes 5.00W/
(m$K), 15.0W/(m$K), 20.0W/(m$K), and 25.0W/(m$K). The outlet
temperature curves of the PCM VS in different cases are shown in
Fig. 12a. As we known, improving the thermal conductivity of the
cPCM panels can accelerate the heat transfer between the PCM and
the flowing air. When the thermal conductivity of the cPCM panels
is improved from 5.0W/(m$K) to 15.0W/(m$K), the maximum
outlet temperature decreases significantly. Nevertheless, the devi-
ation of the maximum outlet temperature is only 0.04 �C when the
thermal conductivity of the cPCM panels increases from 15.0W/
(m$K) to 20.0W/(m$K). Remarkably, as the thermal conductivity of
the cPCM panels continues to increase to 25.0W/(m$K), the
maximum outlet temperature no longer drops but increases by
0.12 �C. It means that the thermal conductivity of the cPCM panels
has an optimum value when the inlet air velocity and the thickness
of the cPCM panels remain constant. When the thermal conduc-
tivity of the cPCM panels exceeds the optimum value, the excessive
heat exchange between the air and the cPCM panels is not
conducive to the uniform release of cold energy for a long time. It
can be seen from Fig. 12a that the optimum thermal conductivity of
the cPCM panels is between 9.72W/(m$K) and 15.0W/(m$K). Thus,
the outlet temperature of the ventilation system containing cPCM

Table 7
Details of the outlet temperature of the PCM VS with cPCM panels of different thicknesses.

Ventilation system cPCM panels' thickness (mm) 4test, max (h) ftest Fluctuation (�C) Temperature (�C)

Max Min

Reference VS 0 0 1 15.1 32.6 17.5
PCM VS 6 1.8 0.815 12.3 31.7 19.4

8 2.9 0.669 10.1 30.8 20.7
10 4.3 0.518 7.8 29.5 21.7
12 5.8 0.380 5.7 28.1 22.4
14 6.9 0.282 4.3 27.4 23.1

Fig. 11. (a) The outlet temperature curves and (b) the liquid fraction of the cPCM panels in outlet channel of the PCM VS in different cases.
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panels with thermal conductivity of 11.0W/(m$K) and 13.0W/
(m$K) was further investigated, as shown in Fig. 12b. When the
thermal conductivity of the cPCM panels changes from 13.0W/
(m$K) to 15.0W/(m$K), the outlet temperature curve of the venti-
lation system is almost constant. It can be concluded that the op-
timum thermal conductivity of the cPCM panels is 13.0W/(m$K)
when the thickness of the cPCM panels is 12mm and the inlet air
velocity is 0.432m/s. At this time, the outlet temperature fluctuates
from22.5 to 27.9 �C, which is completely within the human thermal
comfort temperature range. To obtain better performance of the
ventilation system in practical experiments, the thermal conduc-
tivity can be adjusted by changing the amount of additive or the
packing density of the PCM [42e44].

5. Conclusion

In this work, a numerical study was carried out on the thermal
performance of a ventilation system installed with inorganic cPCM
panels. The model validation was performed by comparing the
experimental results and the simulation results. The effects of the
inlet air velocity and the thickness and thermal conductivity of the
cPCM panels on the outlet temperature of the ventilation system
were investigated. The melting and solidification performance of
the cPCM panels was further studied according to their liquid
fraction results. Based on the simulation results, the key findings
can be concluded as follows:

1. The outlet temperature fluctuation and the maximum outlet
temperature of the ventilation system gradually decrease as the
inlet air velocity decreases. If the air exchange rate has reached
the required standard, increasing the air flow velocity will
enlarge the temperature fluctuation range of the outlet fresh air.

2. Thickening the cPCM panels can effectively decrease the
maximum outlet temperature and bring the fresh air tempera-
ture closer to the human thermal comfort temperature range.
However, excessive thickening of the cPCM panels will result in
low utilization rate of PCM and high material cost.

3. Reducing the liquidus temperature and increasing the solidus
temperature of the cPCM panels in the outlet channel can
further reduce the maximum outlet temperature of the venti-
lation system and improve the utilization rate of the PCM.

4. The temperature distribution of flowing fresh air in the venti-
lation system is affected by the thermal conductivity of the PCM.

When the thickness of the cPCM panels and the inlet air velocity
are fixed, the thermal conductivity of the cPCM panels has an
optimum value.

In conclusion, the thermal performance of a PCM ventilation
system can be enhanced by selecting suitable inlet condition and
thermophysical properties of the PCM. Based on the required inlet
air flow rate, increasing the PCM amount or adjusting the phase
change temperature range or thermal conductivity of the PCM can
regulate the temperature fluctuation of the outlet air. Fresh air with
a temperature within the human thermal comfort range is bene-
ficial for reducing the energy consumed tomaintain indoor thermal
environmental conditions. In addition, coupling the PCM ventila-
tion system with heat recovery devices is expected to achieve
better thermal performance and shift the peak load by utilizing the
latent heat of PCM.
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