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� It is of vital significance to thermal characterise Phase Change Materials (PCMs).
� Experimental heating rate is highly important in thermal characterisation of PCMs.
� Similar heating rate, as per experimental testing, established significant improvements in the validation results.
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a b s t r a c t

For the numerical analysis of Phase Change Material (PCM) enable energy storage based heating/cooling
technologies, thermo-physical properties of PCM are very important inputs. It is of vital significance to
thermal characterise of PCM to obtain phase change temperature range and the relationship of specific
heat capacity with temperature (Cp-T). This is simply done by using differential scanning calorimetry
(DSC). Present paper highlights the importance of experimental heating rate in thermal characterisation
of PCM. It has been observed that the heating/cooling rate plays an important factor in studying numer-
ically the charging/discharging behaviour of a PCM. Firstly the recommended heating/cooling rate of
10 �C/min stated in ASTM D 4419 is used for the DSC, followed by the rate of 0.2 �C/min observed in
the experimental testing. The phase change temperature range and the Cp-T curves have been deter-
mined for the both heating/cooling rates. An experimentally validated CFD model has been developed
aiming to predict the thermal performance of PCM and the air outlet temperatures. The effective heat
capacity method is applied including the Cp-T obtained from the DSC for both rates. Similar heating rate,
as per experimental testing, established significant improvements in the validation results when applied
in a CFD model.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Mathematical models are widely used to obtain appropriate
solutions for the thermal behaviour and optimization for the per-
formance of thermal energy storage (TES) systems. The phase
change of Phase Change Materials (PCMs) falls into the category
of moving boundary problems [1]. During the phase transforma-
tion process a boundary is noticed which separates the material
in its liquid and solid phase [2]. This boundary varies according
to time, depending on the rate at which the latent heat is absorbed
or released through the boundary.

The moving boundary problem is difficult to sort, due to its
inherent non-linear nature at the moving interfaces for which dis-
placement rate is controlled by the latent heat passing through the
boundary [3]. This problem was firstly noticed when studying the
thickness of ice and therefore the problem of freezing is commonly
denominated as the ‘‘Stefan problem”. Significant developments
have been presented in the literature for the determination of
the ‘‘Stefan problem”. Overall, solution of the Stefan problem can
be determined through analytical and/or numerical formulation.
Among the analytical formulations, the most common method is
the Neumann method. Whereas for the numerical formulation
the enthalpy method and effective heat capacity methods are com-
monly reported [2]. These methods are further described by Iten
and Liu [2] and the governing equations, for each, are presented.

Most of the available models are numerical, as analytical solu-
tions only exist for simplified geometries and boundary conditions
[4]. Numerical modelling of PCMs has been researched for several
years and different approaches have been used [3]. Meantime,
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computational models for the simulation of the melting and solid-
ification processes of PCMs have become available in numerical
simulation software. For instance, FLUENT software [5] offers a
model denominated as solidification and melting model enabling
the study of the phase change of materials through the enthalpy
method. In the recent years significant researches have been car-
ried out using this model and useful agreements have been
obtained with the experimental results [6–8]. However there are
limitations associated to this model [5] specifically via the lever
rule (assuming that the enthalpy-temperature relationship is lin-
ear, the melting and solidification of the enthalpy-temperature
relationship is therefore similar). In other words, modelling in FLU-
ENT does not provide the flexibility to vary the relationships of
enthalpy to temperature and the possibility of introducing temper-
ature hysteresis exists [9]. This limitation presented the discrepan-
cies between the experimental and numerical results [9–11]. To
overcome this issue, Chiu and Martin [12] proposed finite-
difference conduction based numerical model with enthalpy
method. This integration was recognized appropriately since the
phase transformation process of the considered PCM (as most of
commercial PCMs) occurs over a temperature range rather than a
specific temperature point. Numerical and experimental results
show the accordance within 5% difference in terms of charge and
discharge time in thermal cycling [12]. The same approach of cou-
pling the Cp-T relationship, to characterise the latent heat of PCMs,
has been reported in Raj and Velraj [13], Diarce et al. [14], Allouche
et al. [15] and Fang and Chen [16].

The Cp-T relationship is commonly obtained through Differen-
tial Scanning Calorimetry (DSC) testing. However, the correctness
of this method depends on the reliability of the procedure adopted
for the measurement of the sample. In the DSC testing special
attention needs to be given to the selected heating/cooling rates
as different heating rates produce different results for the heat flux
and phase change temperatures [17,18]. The authors observed that
the melting peak becomes increasingly broad, on a temperature
scale, as the heating rate increases. Consequently, also the specific
heat values for a certain sample will differ for different heating
rates. Standard heating/cooling rates for DSC analysis are reported,
such as 10 �C/min [19] and 5 �C/min [20]. Moreover, Castellón et al.
[21] and Günther et al. [22] showed that measurements of PCM
using DSC needed a slow heating and cooling rate, usually lower
Fig. 1. Experime
than 1 �C/min, which does not comply with the typical standards
used in DSC analysis of polymers or other substances [20]. Further-
more, Raj and Velraj [13] concluded that the scanning rate of the
DSC analysis should be carried out based on the cooling rate/heat-
ing rate of the selected application, in order to obtain the correct
phase change temperature range of the selected PCM [13]. How-
ever, a comparison between numerical and experimental results
for different DSC results obtained for different rates has not been
reported yet.

Hence, this paper intends to provide numerical model based
on more accurate input values. This is achieved by comparing
the numerical results for Cp-T relationship obtained under
different heating/cooling rates. Two heating/cooling rates are
selected, one related with the recommended rate stated in ASTM
D 4419 [19] and a second one, based on the experimental rate. Fur-
ther this research paper presents the DSC equipment specification,
calibration procedure and the specific process which are key ele-
ments to achieve the right Cp-T relationship curves for the CFD
model.
2. Experimental setup

The experimental setup consists of an air-PCM heat transfer
unit incorporated into an air duct made from wood due to its
low thermal conductivity, aiming to reduce the heat losses to the
surroundings. The main air duct presents a length (L), width (W)
and height (H) of 2.2 m, 0.25 m and 0.218 m respectively. The
air-PCM heat transfer unit corresponds to three metallic containers
filled with paraffin RT25 surrounded by air channels. RT25 was
selected as it is a commercial paraffin with phase change temper-
ature from 23 �C to 25 �C fulfilling the comfort temperatures in
buildings. The air-PCM heat transfer unit is coupled to a heating/
cooling unit, an exhaust fan as presented in Fig. 1 and to a range
of measuring equipment such as K-type thermocouples and
anemometer for the measurements of temperature and air velocity
respectively. The PCM temperatures have been measured along the
PCM panels and recorded through a data logger for the charging
and discharging processes. Mass flow rate of 0.14 kg/s and air inlet
temperature of 38 �C (discharging) and 12 �C (charging) have been
investigated.
ntal setup.
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3. Characterising PCM through DSC

Paraffin RT25 has been used in the experimental prototype of
the air-PCM unit as shown in Fig. 1. A small sample of this paraffin
has been analysed through DSC in order to obtain the curve graph
of the specific heat capacity and the phase change temperature
(Cp-T). A typical DSC response is represented in Fig. 2 for the com-
parison with the experimental results. It is possible to observe
under a certain heating rate, the variation in temperature and heat
flux of the analysed sample over a period of time. The Cp-T is then
determined as discussed in Section 3.5.1 and namely Eq. (1).
3.1. DSC equipment specification

The DSC equipment used in the present work is the Netzsch
brand and the DSC 204 Phoenix model [24]. The equipment
includes a calorimetry chamber, a control temperature module, a
cooling unit and an acquisition, control system and calculation
software. It allows the temperature measured between �170 �C
and 600 �C. The heating of the chamber is accomplished with the
thermal resistances integrated in the chamber wall and the tem-
perature is measured by E-type thermocouples. The available heat-
ing rate ranges from 0.1 to 99.9 Celsius (�C)/min.

The temperature control of the calorimetry chamber and the
temperature defined by the user is achievable by the control mod-
ules (TASC 414/3, Netzsch [24]) with a precision of ±0.5 �C and a
response time of 0.6 s. The cooling of the chamber is performed
by the use of an external unit (CC 200, Netzsch [24]). Nitrogen is
Fig. 2. Typical DSC response (blue line: DSC input heating temperature, green line:
sample temperature) [23]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Experimental heating/cooling rates for (
supplied in the chamber for cooling at a pressure of 0.5 bar and
with a volumetric flow varying between 5 ml/min and 70 ml/min.
The maximum cooling rate allowed for a cooling until the ambient
temperature is 70 �C/min and it reduced to 40 �C/min for further
cooling until �140 �C. The DSC consists of standard samples, alu-
minium crucibles and a cold press to seal the crucibles.
3.2. DSC calibration

Due to the complexity associated with the heat transfer mech-
anisms occurring within the calorimeter chamber, the evaluation
of the thermal behaviour of a certain sample is achieved through
the previous calibration of the calorimeter. The conditions in which
this calibration is carried out should be similar with the samples
for analysis. Normally, the process of calibration is based upon
the substance with known thermal behaviour (standard sample).
Hence, the standard sample calorimetry properties have to be
known with precision, namely the phase change temperature,
the heat involved in the phase change and the specific heat capac-
ity. The temperature and sensitivity calibration need to be carried
out in order to use the calorimeter.

The temperature has to be calibrated due to the temperature
sensor being located in the holder rather than in the sample. In
the calibration process, the temperature deviation by the sensor
and the sample is quantified in order to build a correction curve.
The calibration process includes running different standard sam-
ples provided by the manufacturer, under similar test conditions
detailed in the experimental procedure in Section 3.4. The equip-
ment program provides the calibration curves, which requires min-
imum readings from five standard samples. Similar to Silva [25], in
this study total six standard samples of C6H12, Hg, KNO3, In, Sn and
Bi have been used.
3.3. Experimental heating/cooling rate

The second selected heating/cooling rate is related to the exper-
imental heat transfer rate for the proposed air-PCM heat transfer
unit in Fig. 1. The experimental heat transfer rate has been deter-
mined by subtracting two consecutive temperature readings for a
certain thermocouple within the PCM panel. The experimental
heating and cooling rates have been confirmed and displayed in
Fig. 3. The temperatures were measured by the thermocouple
located at the bottom panel of the storage unit as further detailed
in Section 5.

From Fig. 3 it is observed that the experimental testing for the
selected conditions presents heating and cooling rates varying
from 0.3 �C/min and 0.01 �C/min for the discharging (i.e. melting)
and charging (i.e. solidification) processes. Hence, the average
heating rate of 0.2 �C/min is selected.
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3.4. DSC experimental procedure

Desired conditions for the testing are very important for DSC
measurement such as the temperature range and heating/cooling
rates. The selected temperature ranges have been the same for
all samples: for the heating process the initial temperature has
been setup at �20 �C and the final temperature was at 40 �C. The
reverse temperature range has been adopted for the cooling pro-
cess. A heating/cooling rate of 10 �C/min and 0.2 �C/min with a
purge gas flow rate of 25 ml/min has been used for the DSC calibra-
tion to test the paraffin sample listed in Table 1. Furthermore, two
samples have been run consequently: the reference sample (empty
sample) and the sample to be analysed. Two heating and cooling
cycles were performed for each testing and the second cycle has
been selected due to the better stabilization of the system.

3.5. DSC results

PCM characterisation using DSC has been carried out under two
heat transfer rates (i) heating rate of 10 �C/min recommended by
ASTM D 4419 [19] and (ii) experimental heating rate which is
0.2 �C/min.

3.5.1. Heating rate recommended by ASTM D 4419 [19]
The heat flow signal (mW/mg) obtained from the DSC testing

for a heating rate of 10 �C/min is shown in Fig. 4. The heat flow
variation with the temperatures allows the identification of the
region where the phase transition has occurred between the solid
and liquid paraffins. The onset, Ton and endset, Tend, temperatures
are the temperatures at which the DSC heat flow curve separates
from the baseline indicating the phase change occurrence. Tpeak
corresponds to the temperature at which the maximum heat flow
has been registered. The calorimeter also includes a calculation
program that allows the determination of the temperatures associ-
ated with the phase transition region, following the same proce-
dure as ASTM D 4419 [19]. The Ton, Tend and Tpeak are slightly
different for melting and solidification due to the apparent hystere-
sis allied to any phase change process. Table 2 presents a summary
Table 1
Mass of the samples and the crucibles.

Sample m (mg) mcruc (mg) mtotal (mg)

Reference 0 38.6 38.6
RT25 7.1 38.5 45.6
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Fig. 4. (a) DSC curve and (b) specific heat curve
of the Ton, Tend, Tpeak, and Cp for the selected paraffin. Fig. 4 shows
that the phase change of RT 25 has been comprehended between
18 �C and 31 �C for the melting process and 15 �C and 26 �C for
the solidification process. The peak temperature (Tpeak) occurs at
27 �C for the melting and at 21 �C for the solidification with the
heat flow peak (DSCpeak) corresponding to approximately
3.2 mW/mg for both processes. The specific heat capacity (Cp)
determination are described in ASTM E 1269 [26] and presented
by Eq. (1).

Cp ¼ msp

m
VDSC � VDSC

ref

VDSC
sp � VDSC

ref

Cp;sp ð1Þ

where ‘msp’ corresponds to the mass of the standard sample, ‘m’ to
the mass of the sample, kg; ‘VDSC’ to the DSC signal of the sample,
mW/mg; ‘VDSC

ref ’ to the DSC signal of the reference sample, mW/mg;

‘VDSC
sp ’ to the DSC signal of the standard sample, mW/mg and ‘Cp;sp’

to the specific heat capacity of the standard sample, J/kg �C. Follow-
ing Eq. (1), Fig. 4 presents the DSC and Cp-T curve for RT25 material.
3.5.2. Experimental heating rate
With the measured heat flow determining the heating/cooling

rate of 0.2 �C/min applying Eq. (1), it has been possible to deter-
mine the specific heat capacity. The heat flow and the specific heat
capacity of RT 25 DSC measurement for a heating and cooling rate
of 0.2 �C/min and 10 �C/min are displayed in Fig. 5.

Overall it has been observed that for a smaller heating rate the
phase change range narrows down and the heat flow is reduced,
reaching a peak value of 0.2 mW/mg (Fig. 4). On the other hand
with a smaller heating rate, higher specific heat capacity values
have been achieved (Fig. 5). Table 3 summarizes the phase change
temperatures and the specific heat capacity observed for the heat-
ing rates of 0.2 and 10 �C/min respectively.

The shapes of the specific heat capacity curves differ consider-
ably for the different heating rates. For lower heating rate, the
Ton and Tend narrow and consequently the Tpeak shifts towards a
lower temperature as indicated in Fig. 5. On the other hand, the
Cp,peak increases with a smaller heating rate. The same testing
has been performed for the cooling of the RT25 samples. The
specific heat capacity values for the cooling process have been
presented in symmetrical graphs for convenience and in order to
differentiate the two processes (see Fig. 6).

Similar behaviour has been observed for the cooling process and
listed in Table 4. It has been observed that for a lower cooling rate,
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Table 2
Summary of the onset (Ton), endset (Tend), peak temperature (Tpeak) and peak specific heat capacity (Cp,peak) for heating and cooling rate of 10 �C/min.

PCM Ton (�C) Tend (�C) Tpeak (�C) Cp, peak (kJ/kg �C)

RT25 Heating 18 31 27 17.59
Cooling 26 15 21 17.83
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Fig. 5. (a) DSC measurement and (b) specific heat (Cp) for 0.2 and 10 �C/min heating rates of RT25 paraffin.

Table 3
Parameters determined from the DSC measurements for the melting process.

Heating rate (�C/min) Ton (�C) T end (�C) Tpeak (�C) Cp,peak (kJ/kg �C)

0.2 22 26 25 50.35
10 18 31 27 17.59

Table 4
Parameters determined from the DSC measurements for solidification process.

Cooling rate (�C/min) Ton (�C) T end (�C) Tpeak (�C) Cp,peak (kJ/kg �C)

0.2 26 23 25 60.63
10 26 15 21 17.83
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the phase change temperature range narrows down and the speci-
fic heat achieves a much higher value (see Table 5).
4. Cp-T relationship impact on the CFD modelling

The CFD model intends to predict the temperature inside the
PCM and air domains considered in the experimental analysis.
The PCM charging and discharging time and the air outlet temper-
atures will be also simulated. A flow diagram of the CFD procedure
is displayed in Fig. 7. The mesh generation considered for the anal-
ysis has been described in the Section 2 and displayed in Fig. 1. The
material properties of the air and steel are introduced according to
the CFD database and the PCM properties have been taken from the
manufacturer apart from Cp-T relationship, determined by DSC.
)a(

-3

-2.5

-2

-1.5

-1

-0.5

0
5 10 15 20 25 30 35 40

H
ea

t f
lo

w
 (m

W
/m

g)

Temperature (°C)

10 °C/min
0.2 °C/min

Fig. 6. (a) DSC measurement and (b) specific heat capacity (
The boundary conditions have been designed based on the exper-
imental conditions. The mass, momentum and energy equations
will be described in Section 4.2 and represented in Eqs. (2)(7).
The RNG k-e has been selected as the turbulence model. Residuals
of 10�4 for the continuity, velocity and turbulence and 10�8 for the
energy have been defined. The initial temperature has been set
equal to the value of the entire domain.
4.1. Assumptions for the CFD modelling

The investigation of a two-dimensional numerical simulation of
the conjugate heat transfer has been conducted using a CFD code
FLUENT 15. Two-dimensional model was justified due to the
experimental results detailed in Iten et al. [27]. The experiments
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Table 5
Materials properties.

Material Density (kg/m3) Thermal Conductivity (W/m �C) Specific heat (kJ/kg �C) Dynamic viscosity (kg m/s)

RT25 Solid: 880 0.2 Fig. 5b) and 6b) –
Liquid: 760 0.0072

Steel 8030 16.27 0.50248 –

Air 1.225 0.0242 1.00643 0.0000179

Fig. 7. CFD development and simulation procedure.
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have shown that the temperature profiles of the PCMwas symmet-
rical along the width of the panel and therefore the simulation can
be simplified to a two-dimensional model and reduce significantly
the simulation time.

The following assumptions have been made for the CFD
analysis.

(i) The air is considered to be incompressible.
(ii) The air flow profile is turbulent.
(iii) The air inlet temperature corresponds to the average inlet

temperature within the four air channels.
(iv) The heat transfer in the PCM by convection is negligible

compared to the heat transfer due by conduction.
(v) Gravity effect has not been taken into account.
(vi) The density of the PCM in both phases are considered to be

constant, independent with temperature but different for
solid and liquid state.

(vii) The latent heat value of the PCM has been approximated to
the specific heat capacity-temperature relationship.

(viii) The internal thermal resistances and heat across the panel
wall are neglected.
The air was considered incompressible as the change of the
density was negligible during the flow for the selected conditions.
The air flow is assumed turbulent as Reynolds number (Re) corre-
sponds to 33,883. The heat transfer in the PCM by convection is
negligible due to the minimal height of the panels – 0.02 m and
therefore approximated to be a conduction problem.

4.2. Governing equations

The CFD modelling employs the finite volume method for solv-
ing the common continuity, momentum and energy equations in
particular domains. These equations are known as the Navier-
Stokes set of equations and described in Eqs. (2), (3) and (4) [5].

Momentum equation:

@

@t
ðqv!Þ þrðqv!Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Inertial forces

¼ r lðrv
!þrvT 0

!
Þ

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Viscous forces

� rp|{z}
Pressure forces

þ q g
!

|{z}
External forces applied to the fluid

ð2Þ
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where t correspond to time, s; T0 corresponds to turbulence; q cor-
responds to the density, kg/m3; l corresponds to the molecular

(dynamic) viscosity, kg/m s; v
!
corresponds to the vector of velocity,

m/s and p to the static pressure, Pa.
Continuity equation:

@q
@t

þrðqv!Þ ¼ 0 ð3Þ

Eq. (3) states that the net accumulation of the mass must be
equal to zero, i.e. mass is conserved and incompressible. Eqs. (2)
and (3) characterise the fluid flow but no heat transfer hence an
additional equation is required. Eq. (4) describes the conservation
of energy, describing the heat transferred and then the tempera-
ture distribution.

Energy equation:

@

@t
ðqEÞ|fflfflfflffl{zfflfflfflffl}

Energy stored

þr½v!ðqEþ pÞ�|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
Energy leaving

¼ r½krT �
X

j
hj þ J

!
j þ ð��sv!Þ�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Energy transfer

þ S|{z}
Energy generation

ð4Þ

where E corresponds to energy, J; k to the thermal conductivity, W/

(m �C); T to temperature, �C; hj corresponds to the enthalpy, J/kg; Jj
!

corresponds to the diffusion flux of species j, mol/(m2 s); ��s corre-
sponds to the shear stress, Pa and S corresponds to the heat source,
W. In Eq. (4) the first term represents the rate of change of energy
with time. In other words how quickly energy is stored. The second
term is related to the net convection of energy leaving the system.
The third term on the right-hand side represents the net diffusion of
energy (energy transfer) into the system due to conduction, species
diffusion and viscous dissipation respectively and the fourth term
represents any possible heat source generation [5]. The last term
is related to the generation within the system by chemical reaction
or any other heat source [5]. Overall these equations are difficult to
solve through conventional mathematical methods. They are firstly
discretised, then linearised and finally solved with a CFD solver
through iterative methods.

The effective heat capacity method was proposed by Poirier and
Salcudean [28] in order to solve the phase change problem. This
method takes into account the phase change as a sensible process
with an increased (effective) heat capacity. For this method, the
first term in Eq. (4) is approximated to the specific heat. Taking into
account the assumptions described in Section 4.1 it is simplified as:

@

@t
ðqCeff Þ ¼ krT ð5Þ
Fig. 8. Boundary conditio
The effective heat capacity method defines a new parameter
known as the effective heat capacity (Ceff) as follows [29]:

Ceff ¼
Z Tl

Ts

qCpdT ð6Þ

and,

Cp ¼ Cp;s if T < Ts ð7aÞ

Cp ¼ ð1� f lÞCp;s þ f lCp;l þ L
Tl�Ts

if Ts < T < Tl ð7bÞ

Cp ¼ Cp;l if T > Tl ð7cÞ
where Cp,s and Cp,l correspond to the specific heat in the solid and
liquid state respectively. The liquid fraction is represented by fl
and the liquid and solid temperatures are represented by Tl and
Ts, respectively.

The effective heat capacity method solves the temperatures by
iteration between Eqs. (5) and (6). Both methods are applied in the
term of the experimental validation and the transient profiles for
the PCM and air outlet temperature.

4.3. Geometry, mesh and materials generation

The experimental setup consists mainly an air-PCM unit includ-
ing metallic rectangular panels filled with commercial paraffin
RT25 surrounded by air channels (Fig. 1). The mesh includes
12,160 elements and a refinement in the near-wall zones where
more complex fluid structures and heat transfer processes are fore-
seen to occur. The mesh refinement has been performed by varying
the mesh sizes at the same ratio through the adapt region tool
available on FLUENT 15.0 [5]. The material properties used in the
simulations are based upon the following experimental materials:
RT25, steel as encapsulation material and air as the working fluid.
All the properties are available in FLUENT database apart for RT25.
The density, thermal conductivity and dynamic viscosity of RT 25
have been obtained from the manufacturer data sheet [30] and
the values of Cp related to various temperature (Cp-T) under the
charging and discharging process are taken from Figs. 3, 4 and 5.
The Cp-T relationship is introduced into FLUENT using the
piecewise-linear option.

4.4. Boundary and initial conditions

Overall, the geometry presents six boundary conditions: inlet,
outlet, duct walls, PCM panel walls, air and PCM domains as shown
in Fig. 8.
ns of the geometry.
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The inlet heat transfer fluid has been set as the inlet boundary
with a temperature of 38 �C for the discharging process and 12 �C
for the charging process with a constant mass flow rate of
0.14 kg/s. The outlet cross sectional area of the heat transfer fluid
(HTF) has been set as the outlet boundary while the outer surfaces
of the PCM panels are set to have a liquid and solid interface with
the surfaces of the heat transfer. The air duct surfaces are set as
wall boundaries with a convective boundary related to a constant
ambient air temperature of 19 �C and a constant ambient air veloc-
ity of zero translating into a constant convective heat transfer coef-
ficient of 10 W/m2 �C. At time t = 0, the stationary PCM is
considered to be a solid that keeps at a constant temperature of
Fig. 9. Melting process of single PCM panel in contact with heat source [27].

Fig. 10. Temperature contours (discharging process), (a) t =
16 �C, while the dynamic PCM is set to be a liquid at a constant
temperature of 30 �C.

4.5. Operating conditions, turbulence model and solution controls

Firstly the simulations solve the flow and turbulence equations
for a steady state until the convergence is reached, followed by an
unsteady energy balance equation. The RNG k- e model has shown
to be appropriate to characterise the air profile and will thus be
employed in this study. The residual value of 10�4 has been set
for continuity, velocity and turbulence, and 10�8 has been set for
energy. Each iteration and convergence has been checked and
monitored during the simulations. Beyond these values no signifi-
cant changes has been observed for the velocity, turbulence and
temperature fields. A pressure-based double precision solver has
been selected to solve the set of equations with SIMPLE pressure-
velocity coupling scheme. The second-order upwind discretization
scheme is imposed on the pressure, momentum, density, energy
and first-order upwind for the kinetic and dissipation turbulence.
The maximum number of iteration for every time step is kept
twenty as recommended by Fluent [5].
5. Results and discussion

The specific heat capacity values for RT25 have been obtained
through the DSC analysis for two heating rates: 0.2 �C/min and
10 �C/min (Section 3.5).

The experimental results presented in Iten et al. [27] that the
temperature of the PCM varied significantly along the length of
the panels. Therefore, it was crucial to identify the critical points,
i.e. the last part of the PCM reaching the complete melting/solidi-
fication. Fig. 9 case 3 presents the theoretical scenario that is
observed in the current testing. Fig. 10 displays the temperature
contours of the PCM panels over the time, exported from the CFD
model. The contours confirm the same critical points presented
0 h, (b) t = 0.5 h, (c) t = 1 h, (d) t = 1.5 h and (e) t = 2 h.
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Fig. 13. Temperature contours (discharging process), (a) t = 0 h, (b
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in Iten et al. [27]: the last part of the PCM reaching the melting
temperature in each panel occurred between the centre and left
end. Moreover, by comparing these critical points it was observed
that the complete melting time of the bottom panel took slightly
longer when compared with the top panel and the middle panel.
Hence, in this paper, the experimental PCM temperature is also
presented with respect to the critical point at the bottom panel.

The results for the discharging process with an inlet tempera-
ture of 38 �C and an air velocity of 2.5 m/s are presented in
Fig. 11 for the PCM temperature and in Fig. 12 for the air outlet
temperature under the two heating rates.

Figs. 11 and 12 show the PCM and air outlet numerical and
experimental temperatures. The numerical results for the PCM
temperature with a heating rate of 10 �C/min shows a wider phase
change temperatures range (18–31 �C) deviating 2–4 �C from the
experimental results. However, the numerical results with heating
rate of 0.2 �C/min presents a narrower phase change range
(22–26 �C), closer to the experimental range and shows good
agreements over the whole process. The numerical results of the
air outlet temperature for both rates have shown good agreements
with the experimental results indicating that the air outlet temper-
ature is not very sensitive to the PCM phase change temperature
within the CFD model developed based on the specific heat capac-
ity method. Fig. 13 displays the temperature contours of the PCM
panels over the time for the charging process. Again, it is observed
that the last part reaching the charging temperature of 23 �C
(296.15 K) correspond to the critical points. Overall, the charging
of the panels was complete after 2.5 h.

Figs. 14 and 15 present the experimental and numerical results
of the charging process of the PCM temperature and the air outlet
temperatures for an air inlet temperature of 12 �C and an inlet
velocity of 2.5 m/s.

The numerical results obtained for a cooling rate of 0.2 �C/min
shows an improved agreement with the experimental results with
an error of only 0.8% compared to a cooling rate of 10 �C/min pre-
senting an error of 3.1%. The phase change temperature range for a
cooling rate of 10 �C/min corresponds to 26–15 �C, deviating from
the experimental phase change range 23–25 �C. The heating rate of
0.2 �C/min however, presented similar range as experimental.
) t = 0.5 h, (c) t = 1 h, (d) t = 1.5 h, (e) t = 2 h and (f) t = 2.5 h.
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Table 6
Error (%) between experimental and numerical results for PCM temperature and air
outlet temperature.

Error (%) 0.2 �C/min 10 �C/min

Discharging Charging Discharging Charging

PCM temperature 3.5 3 10.5 19.5
Air outlet temperature 0.5 0.8 0.5 3.1
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Table 6 displays the errors between the experimental and
numerical results, for both processes and both heating/cooling
rates, on the PCM temperature and air outlet temperature.

From Table 6, the following conclusions can be drawn: the devi-
ation between the experimental and numerical results are substan-
tially reduced when a Cp-T curve of 0.2 �C/min has been used; the
air outlet temperature is not as sensitive as the PCM temperature
for the different Cp-T curves; the charging process is significantly
affected by the Cp-T relationship, for instance, the error for the
PCM temperature is increased by 6 times when Cp-T of 10 �C/min
has been applied.
6. Conclusions

It has been proved that the use of a suitable numerical method
and the correct thermo-physical properties of the PCM, namely the
Cp-T relationship, are the key elements to achieve better agree-
ments between the numerical simulation and the experimental
testing results. The validation of the CFD simulation by the exper-
imental results infers that the heating rate of the DSC analysis
should be carried out based on the experimental heating/cooling
rates. This allows the correct phase change temperature range of
the PCM to be obtained. It has been observed that for a heating rate
of 10 �C/min there was a difference in the temperature range at
which the phase change occurred, incurring a deviation between
the numerical and experimental results. When the proper Cp-T
curves obtained from DSC under the heating/cooling rate of
0.2 �C/min, the error between the experimental and numerical
results for the PCM temperature has been reduced from 10.5 to
3.5% and from 19.5 to 3.0% for the discharging and charging pro-
cess respectively. The air outlet temperature results have been
improved significantly for the charging process, the error has been
reduced to 0.8% for the Cp-T curve based on the experimental heat-
ing rate.

Moreover, if the experimental phase change temperature range
for the given application is used in the thermal characterisation of
PCM, the effective heat capacity method based on this range will
provide accurate results. To summaries an accurate CFD simulation
model for PCM will be determined by the accuracy of the charac-
teristics of the PCM, which keep varying according to the different
heating/cooling environment, but also can be tested and deter-
mined through the DSC, if the similar heating/cooling rates have
been applied into the DSC testing process. Any CFD model aiming
to predict the real life PCM thermal profile will have to consider:
the practical application, the proper simulation method and exper-
imentally test the PCM parameters through DSC. The authors
intend to extend this study by performing a comparison with the
simulation results obtained from PCM manufacturer’s data sheet.
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