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Abstract: A mathematical model based upon the conservation and heat transfer equations has been developed to predict the
thermal behavior of integrated phase change material in solar collector during thermal storage. The model includes fusion of the
phase change material as well as sensible heat. The thermal behavior of the phase change material during charging and
discharging have been studied numerically, and analyzed under different conditions. Comparisons were made against
experimental data for validation of the predictive model. The model fairly predicted experimental data obtained at various inlet

conditions.

Keywords: Phase Change Material, Thermal Storage, Solar Collector, Numerical Model, Simulation,

Experimental Validation

1. Introduction

Interest in solar energy has increased as a result of
environmental  considerations and rational  energy
management. Thermal energy storage plays a significant role
in practical and rational energy usage. Energy storage can be
defined as the storage of energy that can later be utilized. The
thermal energy can be stored as sensible, and latent, as well as
thermochemical heat.

Excellent thermal properties such as high thermal storage
capacity, good heat transfer rate between the heat storage
material and heat transfer fluid and good stability to avoid
chemical and mechanical degradation, are the key factors to
viable solar thermal energy storage system [1-8]. Phase change
materials (PCMs) can store/release a significant amount of heat
during melting/solidification phase change processes. Paraffins
are widely used as heat of fusion storage material due to their
availability in a large temperature range [7].

A comparison of five commercial paraffin waxes as latent
heat storage materials has been presented by Ukraincyk et al.
[9]. The temperatures, heat capacities, of solid, and liquid
paraffin waxes were measured by differential scanning
calorimetry DCS. The thermal diffusivity was determined by

utilizing the transient method. Experimental investigation was
carried out by Khot [10] to understand the improvement of
thermal storage system using water-PCM in comparison with
water. The experiments were conducted for the same heat input
during accelerated conditions in both Water-PCM and also
water inside a thermal storage tank system. Lin et al. [11]
reported on an experimental investigation of solar water heater
with thermal storage. A study of an integrated paraffin wax
phase change material in a flat plate solar collector was carried
out. The PCM gave the highest performance when considering
the day and night time efficiency compared to the case without
PCM.

Thaib et al. [12] studied solar power system used to heat
water for night time activities in rural areas with integrated
paraffin wax in solar collectors. They reported that the
efficiency of the solar collector increased by 36.6% with the
use of paraffin wax. Senthilkumar et al. [13] conducted an
investigation of solar water heater using phase change
material embedded in the bottom of an absorber solar plate
collector. During the off-sunshine hours, the phase change
material releases heat to heat the water which results in higher
efficiency of the solar collector.

The objective of this paper is to study the behaviour of
phase change material integrated in solar plate collectors, to
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this end, a mathematical model for predicting the heat stored
in integrated solar panel is presented. The model was
established by integrating the energy conservation equations
coupled with the heat transfer equations of the phase change
material and heat transfer fluid. In the following sections,
simulations of a thermal solar panel with integrated paraffin
wax will be presented and analyzed. In addition, several
experimental data are used to validate the proposed
mathematical model. This model is intended, in particular, to
study the effect of operating conditions such as solar radiation,
working fluid flow rates, initial working fluid and paraffin
wax temperatures on the phase change material and system
performance as well as the thermal conversion efficiency of
the integrated paraffin solar panel.

2. Mathematical Model

A schematic of the system under study is depicted in Fig. 1.
The system consists of a thermal solar panel, thermal tank, and
paraffin wax, piping and pump as well as control valves. The
phase change material is paraffin wax. Paraffin is safe, reliable
and environmentally sound. Paraffins are waxes at room
temperature. Paraffin wax has good thermal energy storage
density and low thermal conductivity. The paraffin was
embedded in the solar panel and integrated into the heat
exchanger in the solar panel as per Fig. 1 and 2. In order to write
the energy conservation and heat transfer equations, the solar
panel integrated paraffin wax heat exchanger was numerically
divided into different elements as shown in Fig. 2 and 3. The
proposed model is based on the following assumptions: PCM is
homogeneous and isotropic, HTF is incompressible and it can
be considered as a Newtonian fluid, inlet velocity and inlet
temperature of the HTF are constant, PCM is in the solid phase
for melting or in the liquid phase for solidification,

thermophysical properties of the HTF and the PCM are constant.

The phase change material experiences three phases; solid,
liquid and mushy. The solid and liquid phases have sensible
heat additions and the mushy has latent heat addition.
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Fig. 1. Schematic of thermal solar panel system.
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Fig. 3. Solar panel heat exchanger finite-difference formulation.

The conservation equations and heat transfer equations
were written for each element as follows for each of the phases
of from solid, mushy and liquid phases.

Energy conservation equation:

The heat released by the heat transfer fluid HTF by each
tube can be written as follows, [14],

A
Tgf“ = Qtub = m,,Cp, AT, (1)

PecmuVecmCPrem

AT,,: the heat transfer fluid temperature difference

ATpcp: the phase change material temperature difference.

Q tub, Heat per tubes (kJ)

The heat balance for the heat exchanger tube in the tank can
be as follows [15];

(Ti - Tout)prmw = Zanh(Tin - Tsfc) (2)

Where the heat transfer coefficient is approximated as [15];

h= g—:bzRe" 3)
Re = "LWTf’f” )

Where:

ATpcpy, Temperature different across PCM element (°C)
At, Time differential (s)

AT,,, Temperature difference Water (°C)

U, viscosity (m?/s)

And,

Re, Number-Reynolds

meH

Re =
UAg
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Charge phase:

During the charging phase the water mass flow rate can be
calculated from the heat released by the solar radiation,

Mass flow rate of water:

_ GApgnel (5)

m. =
W o 1000%-Cpyy ATy 1

Where:

n, number of tubes in solar panel

Equation (2) with the finite-difference formulation of the
time derivative can be written for the solid phase as follows;

Solid phase:

My CpwATy
PsVpcmCps

(6)

TPCMm+1 = TPCMm

Where: Tpcy,,, Temperature of PCM at m element (°C)

k
m,,, Water mass flow rate (Tg)

Cpw, Specific heat of water (I(Z—]K)
Vpcm, PCM volume (m?)

Cps, PCM specific heat at solid phase (k:—]K)
ps, Density of PCM at solid phase (Z—g)

3
. w
G, Radiation (m)
R, Tube radius (m)

[, Tube length (m)

h, Heat transfer coefficient

b, &n, Constants equal to 0.3 and 0.6 respectively

Dy, Hydraulic diameter (m)
. . m?
u, Water viscosity ( )

N

K,,, Thermal conductivity of water (mk;lc)

Apgner» Area of solar panel (m?)

Ag, Flow area (m?)

N: number finite different element (N: 1-12)

Same finite-difference formulation of the time derivative
can be applied to the mushy and liquid phases as follows;

Mushy phase:

_ mWCPWATW,mushy
Ym+1 = Vm + ( pLVpcmhL )At (7)
Qtub = p VpeyhyAt (®)

Where, ¥,,, Liquid fraction at m element (%)
kJ

h;, PCM latent heat (E)

Vocm, Volume of PCM (m3)

p., Density of PCM at liquid phase (%)

Qtub, Heat (kJ)

Liquid phase:

With the finite-difference formulation of the time derivative,
the PCM liquid temperature can be calculated as;

my, Cpw ATy,

(€))

T =T
PCMm+1 PCMm ™ o vpemepL

Discharge phase:
During the discharge process phase change material

experiences phase change from liquid to mushy and solid
while yielding heat that is absorbed during the charging
process. The water mass flow rate of heat transfer fluid during
the discharge process can be calculated by;

_ QCharging
Cpw ATy n

w (10)

Therefore, the total heat absorbed during the charging
process by the phase change material during solid, mushy and
liquid phases is:

Qc‘harging = Mpey (CpsATs + hy + Cp AT,) -n - (11)

Where:
mycm: Mass of PCM per finite different element

3. Numerical Procedure

Equations (1) through (11) describing the energy conversion
and heat transfer taking place during charging and discharging
periods for phase change material, PCM, paraffin in a thermal
solar panel have been solved as per the logical flow diagram
shown in Fig. 4 where the input independent parameters are
defined and other dependent parameters were calculated and
integrated in the system of finite-difference equations.
Iterations were performed until a solution is reached with
acceptable iteration error.

The numerical procedure starts with using the solar radiation
to calculate the mass flow water circulating in the solar panel.
This is followed by using the finite difference formulation to
predict the temperature profile of the phase change material and
heat transfer fluid flow during the charging and discharging
periods for the three phases; solid, mushy and liquid.

START PROGRAM

{

ENTER: PCM PROPERTIES,
WORKING FLUID PROPERTIES,
GEOMETRICAL, DATA
RADIATION

}

SOLVE ENERGY
CONSERVATION, EQUATIONS

r' Y

YES

RESULTS;
TEMPERATURE HEAT
FLOW EFFICIENCIES

STOP PROGRAM

Fig. 4. Logical flow diagram for finite-difference scheme.
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4. Discussion and Analysis

The aforementioned system of equations (1) through (11) in
finite-difference formulation has been numerically solved for
different phase change materials (three paraffin waxes) and
samples of the predicted results are plotted in Fig. 6 through 18
under different inlet conditions such as solar insolation, heat
transfer fluid flow rates and heat transfer fluid temperatures.
Specifications of each paraffin wax are given in Table 1. In
general, it is quite clear from these figures that the temperature
of paraffin wax increases during the charging process and
decreases during the discharging. The rate of increase and
decrease of the temperature depends on the thermodynamic and
thermophysical properties of the paraffin wax, solar insolation
and heat transfer between the heat transfer fluid and the paraffin
wax material as well as initial conditions.

In the following sections, the impact of various
aforementioned parameters will be presented and discussed.
Tab. 1 includes properties of various paraffin waxes under
investigation with different melting temperatures. In particular
Fig. 5 presents the time variation of solar insolation (W/m2)
measured at the site and employed in the simulation. It is quite
clear that the intensity of radiation depends upon the hour of
the day and the month of the year. The average values of
radiation insolation were used in the present study. Fig. 6
presents the heat transfer profile between the paraffin wax
PCM1 and the heat transfer fluid with solar radiation 550
W/m® during the charging process. The maximum temperature
attained by paraffin wax during this process was 48°C. The
impact of solar radiation on the behaviour of paraffin during
the charging process is illustrated

Table 1. Paraffin Wax Properties.

Paraffin PCM 1 [5] Parameters
Melting point 46.7°C
Specific heat (solid) 2.89 kl/kgK
Specific heat (liquid) 2.89 kl/kgK
Density (Solid) 947 kg/m®
Density (Liquid) 750 kg/m®
Latent heat 209 kl/kg
Paraffin PCM 2 [9]

Melting point 41°C
Specific heat (solid) 2.48 kl/kgK
Specific heat (liquid) 2.76 kJ/kgK
Density (Solid) 829 kg/m’
Density (Liquid) 765 kg/m®
Latent heat 288 kl/kg
Paraffin PCM 3 [9]

Melting point 37°C
Specific heat (solid) 1.82 kJ/kgK
Specific heat (liquid) 2.17 kJ/kgK
Density (Solid) 911 kg/m?
Density (Liquid) 799 kg/m®
Latent heat 201 kl/kg

In Fig. 6. where, the paraffin wax temperature was plotted
at various solar radiations; 550, 750 and 1000 W/m?®. The
results showed that higher solar radiation received by the

absorber plate leads to higher heat transfer fluid, water,
temperature. However, less solar radiation intensity results in
reducing the outlet water temperature. It is also quite evident
from this figure that that the higher the solar radiation the
higher the paraffin temperature. Similar behaviour has been
observed in Fig. 7. through 11 for paraffin wax PCM 2 and
PCM 3 [Tab. 1].

Fig. 11, 12 present the temperature profiles during
discharging process for different paraffin waxes PCM 1, PCM 2
and PCM 3 with different melting points as outlined in Tablel
and with different initial discharging temperatures. It is quite
clear from this figure that the rate of heat transfer from the
paraffin wax to the heat transfer fluid is dependent upon the
thermophysical and thermodynamic properties of the paraffin
wax. Also this figure clearly shows that the discharging time
has a functional dependence upon the type of paraffin wax.

Furthermore, during the charging process of paraffin wax as
presented in Fig. 13, the heat transferred from the paraffin wax
to the heat transfer fluid is used to convert the liquid phase
material into mushy and solid at the end of the discharging
process. The total amount of heat transferred to the heat transfer
fluid depends upon the condition of the paraffin wax and the
heat transfer fluid thermal and thermophysical properties.

On the other hand, Fig. 14 illustrates that the discharging
characteristics of paraffin wax depend upon the solar radiation
used during the charging process and the higher the solar
radiation the lower charging and consequently discharging
time. Clearly, the results presented showed the required
thermal energy to raise the water temperature that is
influenced by solar radiation intensity.

) Radiation W/m2 Solar Radiation Profile

Fig. 5. Time variation of solar insolation measured horizontally during 2015.

e

s TflUid = Parafina R1

CHARGE 550 W/m2 - mw[Kg/s]= 0,00057755

TIME min

TEMPERATURE (*C)
6
360

Fig. 6. Heat Transfer profile during charging process for paraffin wax PCM1
[Tab. 1].
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Furthermore, the water temperature is impacted by the ——Tfluid —parafina R1
amount of heat absorbed and released by the paraffin wax, Fig. DISCHARGE 550 W/m2 - fw [kg/s]-0,0001157

15 and 16 have been constructed to illustrate that effect, where A

the paraffin temperatures were plotted against the time to
charge and discharge the paraffin wax at various solar
radiations. It quite clear that higher solar radiation leads to
higher paraffin wax temperatures and higher heat absorbed by

TEMPERATURE (°C)

the water and consequently the paraffin wax material. 0 : T,
- PCM 1 CHARGE Fig. 10. Variation of temperature of working fluid and PCM 2 [Tab. 1] during
o discharging.
_ w As illustrated in the previous figures, the amount of heat
§ absorbed and its impact on the paraffin wax temperature is
5 significantly influenced by the solar radiation and the water
% . flow rate circulating in the solar collector heat exchanger.
g Therefore, figures 14 and 15 have been constructed to show
10 the impact of the
o 550 W/M2 w750 W/ M2 =====1000 W/m2
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Fig. 7. Paraffin wax PCM 1 [Tab. 1] temperature profile at different solar . L '( 1
radiations. Lao T N
r v v Al
€0 PCM 2 CHARGE €30

P 1 s POV 2 s PCM 3

TIME min

Fig. 11. Temperature profiles during discharging process for different
paraffin wax [Tab. 1].
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Fig. 13. Heat absorbed profiles during charging process for different paraffin
wax [Tab. 1].
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s Discharge Paraffin 1
—PCM 1550 w/m2
0,01 —PCM 1 750 w/m2

PCM 1 1000 w/m2

0,008

0,006

Heat kj/s

0,004

0,002

Time min

Fig. 14. Heat absorbed profiles during discharging process for different
paraffin wax [Tab. 1].
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Fig. 15. Temperatures during charging process of PCM 1[Tab. 1] at different
water flow rates.
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Fig. 16. Temperatures during discharging process of PCM 1[Tab. 1] at
different water flows

Paraffin wax temperature at various water flows. The
figures show that higher water flow rate yields to higher
paraffin wax temperature during the charging process.
However, during the discharging process, the results presented
in Fig. 16 illustrate that higher water flow rates result in low
paraffin wax temperatures. Furthermore, Fig. 17 and 18
display the amount of heat absorbed by paraffin wax during
the charging and discharging process at solar radiation 550
W/m* The results presented in these two figures show that the
heat absorbed during the charging process increases at higher
water mass flow rates and decreases at during discharging
process at higher water mass flow rates. Similar behaviour has
been observed for other paraffin waxes under study.

Charge Paraffin 1 WITH 550 w/m2

w—pPcm 1: a [Kg/s)=0.12
e Pem 1: tha [Kg/s]=0.24
w—Pcm 1: tha [Kg/s]=0.36

Heatki/s

000.102030405060.708091.01.112131415161.71819202.122232.425262.72829303.13233
TIME min

Fig. 17. Temperatures during discharging process of PCM 1[Table 1] at
different water flow rates.
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Fig. 18. Temperatures during discharging process of PCM 1[Tab. 1] at
different water flow rates.
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Fig. 19. Comparison of predicted results and data [12] during charging
process.
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Fig. 20. Comparison of predicted results and data [12] during discharging
process.
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Fig. 21. Comparison of energy conversion efficiency of various paraffin
waxes

Finally, in order to validate the model prediction, Fig. 19
and 20 have been constructed to compare the model prediction
with data available in the literature. To our knowledge, the
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only data available on the integrated paraffin wax in solar
plate collector is Thailb et al. reference [12]. His experimental
investigation was conducted in open filed located at Syiah
Kuala University. The water temperature, absorber plate
(paraffin wax) and solar intensity radiation were measured and
recorded every 10 minutes. The maximum temperature of hot
water produced by solar collector equipped with paraffin was
70°C. The predicted results were compared to the paraffin
temperatures T3 and T6 recorded in the middle and end of the
solar collector, respectively.

Furthermore, the data presented in Fig. 19 also showed that
data stabilized after 90 minutes and the data and continued to be
over-predicted. This was attributed to the fact that our model
did not include heat losses along the collector heat exchanger
and therefore, better prediction was obtained at the middle of
the heat exchanger T3 compared to end of the heat exchanger
T6. In addition, it can be observed that after 3 hours the heat
transfer rate stabilized and the model was in fair agreement with
data of T3 and T6. The numerical model’s prediction showed
that the phase change material was fully melted after 310
minutes since the charging cycle started. At this point, there was
a fair agreement with the experimental data. Furthermore, Fig.
19 also showed that in general the model prediction of the total
energy transferred to the paraffin wax material integrated in the
solar collector was satisfactory, during the charging phase.

Similarly, the data displayed in Fig. 20 showed that during
the discharging process the proposed model fairly predicted
data in the middle T3 compared to the end of each heat
exchanger tube T6. This is attributed to the fact that the
cooling rate was faster and the effect of heat losses was small
at the middle of the heat exchanger.

Finally, Fig. 21 has been constructed to compare the
thermal storage energy conversion efficiencies of different
paraffin waxes. In this figure the efficiencies of three paraffin
waxes were presented; paraffin-1, paraffin-2 and paraffin-3
[Tab. 1]. The energy conversion efficiency is defined as the
ratio between the discharge heat to the charging heat of
paraffin wax. The results presented in this figure, clearly show
that the higher the efficiency the lower the melting point and
the ability to discharge more heat to the heat transfer fluid.

5. Conclusions

During the course of this study, the heat transfer
characteristics of paraffin wax phase change material integrated
in solar collector in a thermal storage process have been
modeled, presented and analyzed as well as compared to
experimental data at different inlet conditions. In general, the
numerical model presented fairly predicted the heat transfer
characteristics during phase change material and interactions
between the heat transfer fluid and compared well with the
experimental data.

The results presented also showed that the heat absorbed
during the charging process increases at higher water mass flow
rates and decreases at during discharging process at higher
water mass flow rates. Similar behaviour has been observed for
other paraffin waxes under investigation in this study.

Nomenclature

Apanel Area of solar panel (m”2)

Ay, Flow area (m"2)

C,s» PCM specific heat at solid phase (kJ/(kg K))
C,s» PCM specific heat at solid phase (kJ/(kg K))
C,w, Specific heat of water (kJ/(kg K))

Dy, Hydraulic diameter (m)

G, Radiation (W/m"2)

h, Heat transfer coefficient

h;, PCM latent heat (I;—;)

K, Thermal conductivity of water (kJ/(ms°C))
1, Tube length (m)

m,,, Water mass flow rate (kg/s)

N: number finite different element (N: 1-12)
Qtub, Heat (kJ)

R, Tube radius (m)

Tpemm, Temperature of PCM at m element (°C)
Vpem, PCM volume (m?)

Vocu, Volume of PCM (m3)

Greek

ps, Density of PCM at solid phase (kg/m”3)

p1, Density of PCM at liquid phase (:l—g)

3
K, Water viscosity (m”2/s)
¥m,» Liquid fraction at m element (%)
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