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The discretization of energy equation with phase change problem was solved in three dimensions by 
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numerical results of the enthalpy method and the experimental results with approximation ratio (10%) 
along the test time (90) minute. The experimental results indicated that when using inne
in the same rectangular encapsulations led to decrease absorber surface temperature by 10 
because part of heat energy was injected deeply in the paraffin wax by the fins. This led to accelerate 
melting of PCM (paraffin wax) 
distance 3 cm from the heat absorber surface. While, at section B, where two longitudinal fins have effect, 
melting is decelerated by about 12 min. 
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In this work, the effect of using inner longitudinal fins in a rectangular encapsulation on the 

PCM (paraffin wax) melting process was studied numerically and experimentally. An enthalpy 
transformation method was used in the numerical solution to transfer the equation of energy into a 
nonlinear equation with a single dependent variable H (enthalpy) by using FORTRAN (F90) program. 
The discretization of energy equation with phase change problem was solved in three dimensions by 

volume finite-difference. A comparative study was satisfactory made between the 
numerical results of the enthalpy method and the experimental results with approximation ratio (10%) 
along the test time (90) minute. The experimental results indicated that when using inne
in the same rectangular encapsulations led to decrease absorber surface temperature by 10 
because part of heat energy was injected deeply in the paraffin wax by the fins. This led to accelerate 
melting of PCM (paraffin wax) by about 12 min in section A which is under the effect of one fin, at a 
distance 3 cm from the heat absorber surface. While, at section B, where two longitudinal fins have effect, 
melting is decelerated by about 12 min.  
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In this work, the effect of using inner longitudinal fins in a rectangular encapsulation on the 
PCM (paraffin wax) melting process was studied numerically and experimentally. An enthalpy 

the equation of energy into a 
(enthalpy) by using FORTRAN (F90) program. 

The discretization of energy equation with phase change problem was solved in three dimensions by 
difference. A comparative study was satisfactory made between the 

numerical results of the enthalpy method and the experimental results with approximation ratio (10%) 
along the test time (90) minute. The experimental results indicated that when using inner longitudinal fins 
in the same rectangular encapsulations led to decrease absorber surface temperature by 10 oC. This is 
because part of heat energy was injected deeply in the paraffin wax by the fins. This led to accelerate 

by about 12 min in section A which is under the effect of one fin, at a 
distance 3 cm from the heat absorber surface. While, at section B, where two longitudinal fins have effect, 
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1. Introduction 

Latent heat storage systems play important roles for this purpose. One of the 
examples about that is the solar heating system used in environmental and civil 
engineering, where phase change materials (PCM) are utilized to store thermal energy 
from the sun irradiation during day and reuse the stored heat for heating air or water 
supply in buildings or any applications that need this heat energy. Due to latent heat of 
fusion in which material undergoes phase change, the Latent heat storage has higher 
heat storage density than sensible heat storage. For example, a rock-based sensible heat 
storage requires seven times the storage mass needed when using paraffin 116 wax for 
storing the same quantity of heat energy [1][2]. Upon reaching the PCM melting range, 
the Latent heat storage system undergoes isothermal operation, and the required 
operation temperature and duration can be controlled size through selection of the 
respective PCM thermo-physical properties. Due to this high heat capacity capability, 
this technique is utilized in cooling of electronic devices for thermal management of 
these electronic devices [3].  

There are various methods for thermal enhancement and improvement of the heat 
transfer performance of latent heat storage systems [4][5]. These methods are: by using 
fins (extended surface), using multiple PCM’s method, micro-encapsulation, and metal 
matrix, and metallic fillers. The use of high thermal conductive fins in thermal storage 
systems is one of the effective and simple methods for enhancement of the PCM 
melting rate in the thermal energy storage. However, increasing the metallic fins 
number will improve the effective thermal conductivity of the system only and will not 
improve the coefficient of heat transfer. This is because; the smaller fin gap size 
hampers the effect of natural convection heat transfer. 

The performance of a rectangular PCM device with horizontal fins on vertical walls 
was investigated by Sezai and Gharebagi [6]. They found that, a marginal increase in 
heat transfer rate took place only with increasing number of fins. Thus, they concluded 
that, increasing number of fins will prevent the natural convection effect in the system, 
and melting rate becomes a conduction-dominated process. It is noted that only during 
phase transition (melting), natural convection becomes dominant when in liquid state 
and conduction heat transfer is possible in solid state.  

A numerical study of the melting process of phase change materials (PCM) in a 
rectangular geometry by finite volume method was presented by Varol and Okcu [7]. 
The study was for melting in a rectangular container without fins and with 5 fins, when 
the wall temperature is uniform. The numerical results indicated that the transient phase 
change process depends on the properties of PCM, thermal condition and geometrical 
parameters of system. Numerical explorer of the melting and solidification of paraffin 
wax was done by Shatikian [8], using transient two-dimensional numerical simulations 
by Fluent 6.0 software to study the heat transfer rate effect on the properties of the 
system and on the PCM phase composition at various times.  

The aim of this work is to investigate numerically and experimentally the melting 
behaviors and thermal performance of inner longitudinal fins in a rectangular 
encapsulation by finding out the temperature distributions inside paraffin wax with the 
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change of phase and the position of interface between liquid and solid with time 
comparative without fins. Based on the literature, increasing number of convectional 
straight fins does not improve the melting rate linearly.  

 
2. Numerical Formulations  

Heat conduction problems with phase change were represented by Stefan problems. 
This problem is treated by the enthalpy transforming method; this method was proposed 
to convert the energy equation into a non-linear equation with a single dependent 
variable enthalpy (H). The advantage of the enthalpy method is that the problem is 
formulated in a fixed region to be solved. In addition to temperature, this method treats 
the enthalpy as a dependent variable and discretizes the energy equation into a set of 
equations that contain both temperature and enthalpy.  

 
2.1 Assumption 

The analysis assumptions are: 
1. Neglecting viscous dissipation,  
2. Neglecting convection and radiation terms. 
3. For each phase the specific heats are constant, where the phase change occurs at a 
single temperature. The analysis of the model in three-dimensions is related to Cao 
[9].The energy equation is: 
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and the state equation, 
 

pC
dT

dH =                                                                                                                        (2) 

 

At constant specific heat case for each phase, and the phase change occurs at a single 
temperature [10], 
 

 
        (Solid phase) 

     (Phase change)                                              (3)                        
        (Liquid phase) 
 

 

For the above relation, H =0 was selected corresponding to phase change material 

(PCM) in their solid state to temperaturemT .  

The "Kirchhoff" temperature is introduced as [11]: 
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Transforming Equation (3), with the definition given in equation (4) results in next equation: 
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Now, introducing an enthalpy function as: 
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In terms of Kirchhoff temperature, Transforming equation (1) and substituting equation (6), 
gives: 
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For the liquid region away from the moving front, Equation (9) is reduced to the normal linear 
energy equation: 
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and in the solid region, Equation (9) is reduced to: 
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Without convection term in the phase change region, equation (9) is reduced to: 
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And for )()( HSSandH == λλ , the above equation employs the control-volume 

finite-difference. In this methodology the discretization equation is obtained by using 
conservation laws over finite size control volume surrounding the grid nodes. 
Integrating the equation over the control volumes as: 
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Using an explicit scheme, the time variation term becomes, 
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For x-direction from right hand side of equation (14) becomes 
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For y-direction from right hand side of equation (14) becomes 
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and for z-direction from right hand side of Equation (14) becomes  
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The last term from right hand side of equation (14) becomes 
 

   (22)  
 

 
Now, the coefficient of HN, HS, HE, HW, HTand HBas aN , aS , aE , aW , aT and aB , respectively. 

Writing equation (15) in the familiar standard form:   
 

bHaHaHaHaHaHaHa BBTTWWEESSNNPP ++++++=                    (23) 

  

With, o
pH denoting the old value of H at grid point P, the values of coefficients are: 
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And, 
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The last procedure is similar for liquid and solid regions for equations 11 and 12. The 
Cartesian mesh is 31*11*11 in x, y, z directions and time step is 1 minute. Grid 
independence was tested by using finer mesh where the difference in temperature results 
is less than 1 oC.   

 
3. Experimental Part 

The system was constructed to show the effect of using the internal finned flat plate 
absorber of rectangular encapsulation on the PCM melting behaviors and thermal 
performance, compared with another flat plate absorber without fins at the same 
operation condition. The present work is to predict the melting behavior of PCM with 
and without longitudinal fins in rectangular encapsulation numerically. 
 

3.1 System Configuration  

The experimental test module shown in Figure 1a consists of 30 cm x 20 cm of 
aluminum flat plate absorber with thickness of 1.5 mm coated by matte black paint to 
absorb large amount of irradiation. The first absorber was with three internal fins (4 cm 
depth x 30 cm length) placed at a distance 5 cm between them. The second absorber 
was without fins. The 4 cm space after the absorber was filled with paraffin wax; the 
specifications of paraffin wax are shown in Table 1. A 30 cm x 20 cm sun simulator 
placed at distance 70 cm from the absorber surface.  

The sun simulator was seated to give irradiation as 1200 W/m2. Eight K-type 
thermocouples were used in this module as shown in Figure 1b. The first two 
thermocouples in sections A and B was placed inside wax at a distance 1 cm from the 
absorber surface.  The second two thermocouples in section A and B were placed inside 
at a distance 3 cm from the absorber surface. The third two thermocouples were placed 
at the end of fins, and the fourth two thermocouples were placed at the absorber surface. 
Figure 2 shows the system schematic diagram.  
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Table 1 Physical properties of paraffin wax [12] 

 
 
 
 
 
 
 
 
 

Fig. 1, (a) Experimental module, (b) Thermocouples locations

Specific heat of solid                                      2.0 kJ/kg.K 

Specific heat of liquid                                    2.15 kJ/kg.K 

Th 

Thermal conductivity of liquid                      0.22 W/m.K 
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Table 1 Physical properties of paraffin wax [12]

 

 

(b) 
Fig. 1, (a) Experimental module, (b) Thermocouples locations 

Specification                                                   Value  

Paraffin type                                                   C8-H18 

Melting temperature                                       56.8o 

Specific heat of solid                                      2.0 kJ/kg.K

Specific heat of liquid                                    2.15 kJ/kg.K

Latent heat of melting                                    190 kJ/kg 

Thermal conductivity of solid                        0.24 W/m.K

Thermal conductivity of liquid                      0.22 W/m.K

Density of solid at 15oC                                 910 kg/m 

Density of liquid at 70oC                               790 kg/m 

www.jeasd.org (ISSN 2520-0917)  
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Specification                                                   Value 

H18

oC

Specific heat of solid                                      2.0 kJ/kg.K

Specific heat of liquid                                    2.15 kJ/kg.K

Latent heat of melting                                    190 kJ/kg

ermal conductivity of solid                        0.24 W/m.K

Thermal conductivity of liquid                      0.22 W/m.K

C                                 910 kg/m3

C                               790 kg/m3
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Fig. 2 Schematic diagram of the system 

 
 
3.2 Experimental Measurements 

The eight K-type thermocouples with accuracy (±0.4%) was connected to 
temperature recorder type (BTM-4208SD). The recorder accuracy is (±0.01%) andset 
with 5 minutes as interval time. To show the changes in behavior of paraffin wax 
experimentally, the infrared camera type (Fluke-Ti300) with accuracy (±2%) was used 
in this experiment. The irradiation value was measured by (Protek/DM 301) with 
accuracy (±4%) 

 
4. Results and Discussions  

The numerical results are taken from a program were built by using FORTRAN 
(F90) to simulate the behavior of paraffin wax with and without longitudinal fins inside 
the rectangular encapsulation. Figures 3 and 4 show the transient comparison between 
numerical results as shown in graphs (3a and 4a), and experimental results as shown in 
graphs (3b and 4b) were taken by the infrared camera for rectangular encapsulation with 
and without longitudinal fins. The numerical results show good agreement with the 
experimental ones approximately (10%) along the test time (90) minute.  

 
 

 

 

 

 

 

(a)  
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(b) 

 Fig. 3 Transient comparison between numerical and experimental graphs for rectangular encapsulation 

without longitudinal fins (a) Numerical graph (b) Experimental graph 

 

 (a) 

 

(b) 
Fig. 4 Transient comparison between numerical and experimental graphs for rectangular encapsulation 

with longitudinal fins (a) Numerical graph (b) Experimental graph 
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The experimental data from thermocouples for both rectangular encapsulations (with 
and without longitudinal fins) are shown in Figures 5 and 6, respectively, to show the 
effect of fins on the behavior of paraffin wax, it must discuss and compare each curve
thermocouples at the same locations in Figures 5 and 6 for both rectangular 
encapsulations. Figure 7 indicates that the absorber surface temperature for rectangular 
encapsulation without longitudinal fins is higher than others by about 10 
because the heat was injected deep in the paraffin wax by the fins and this leads to drop 
the absorber surface temperature.

 
Fig. 5 Experimental thermocouples results for rectangular encapsulation without longitudinal fins 

 
Fig. 6 Experimental thermocoupl 

 
Fig 7 Experimental comparison between absorber surface temperature with and without longitudinal 
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The experimental data from thermocouples for both rectangular encapsulations (with 
and without longitudinal fins) are shown in Figures 5 and 6, respectively, to show the 
effect of fins on the behavior of paraffin wax, it must discuss and compare each curve
thermocouples at the same locations in Figures 5 and 6 for both rectangular 
encapsulations. Figure 7 indicates that the absorber surface temperature for rectangular 
encapsulation without longitudinal fins is higher than others by about 10 
ecause the heat was injected deep in the paraffin wax by the fins and this leads to drop 

the absorber surface temperature. 

Fig. 5 Experimental thermocouples results for rectangular encapsulation without longitudinal fins

Fig. 6 Experimental thermocouples results for rectangular encapsulation with longitudinal fins

Fig 7 Experimental comparison between absorber surface temperature with and without longitudinal 

fins 
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Figure 8 shows the experimental thermocouples result inside a paraffin wax at a 
distance 1 cm from the absorber surface for both rectangular encapsulations (with and 
without longitudinal fins). The results indicate that the temperatures in the rectangular 
encapsulation without fins at a distance of 1 cm are higher than the others because the 
temperature of this absorber is highest. But in the next rectangular encapsulation with 
fins, the temperature at the same distance is different for different sections.  It can be 
seen that, the temperature at section B is higher than section A. The physica
explanation for this case is that the paraffin wax in section B was affected by two 
longitudinal fins in addition to absorber surface, but in section A, the paraffin wax was 
heated by one longitudinal fin in addition to absorber surface. This is clear fr
9 at a distance of 3cm inside paraffin wax. But it can be seen from this figure that, the 
temperature at this distance 3cm in rectangular encapsulation without fins is less than 
the others, despite it has the higher absorber temperature. This is 
thermal conductivity of paraffin wax which gives the advantage of using fins to inject 
the heat deeply inside the paraffin wax to accelerate the melting time of PCM (paraffin 
wax) by about 12 min in section A at the distance of 3 cm from
compared with rectangular encapsulation without fins. But, section B is affected by two 
longitudinal fins, hence the melting time is increased by about 12 min compared with 
section A which is affected by one longitudinal fin. Figures 
comparison between experimental thermocouples reading and numerical predictions. 
They show a satisfactory agreement with error ratios fluctuated between 6 to 8 % along 
the time test (90) minute. 

 
Fig 8 Experimental result for  

 
Fig. 9 Experimental result for thermocouples inside paraffin wax 

Journal of Engineering and Sustainable Development, Vol.20, No.03, May 2016                                                                           www.jea

150 

Figure 8 shows the experimental thermocouples result inside a paraffin wax at a 
1 cm from the absorber surface for both rectangular encapsulations (with and 

without longitudinal fins). The results indicate that the temperatures in the rectangular 
encapsulation without fins at a distance of 1 cm are higher than the others because the 
temperature of this absorber is highest. But in the next rectangular encapsulation with 
fins, the temperature at the same distance is different for different sections.  It can be 
seen that, the temperature at section B is higher than section A. The physica
explanation for this case is that the paraffin wax in section B was affected by two 
longitudinal fins in addition to absorber surface, but in section A, the paraffin wax was 
heated by one longitudinal fin in addition to absorber surface. This is clear fr
9 at a distance of 3cm inside paraffin wax. But it can be seen from this figure that, the 
temperature at this distance 3cm in rectangular encapsulation without fins is less than 
the others, despite it has the higher absorber temperature. This is because of the low 
thermal conductivity of paraffin wax which gives the advantage of using fins to inject 
the heat deeply inside the paraffin wax to accelerate the melting time of PCM (paraffin 
wax) by about 12 min in section A at the distance of 3 cm from the absorber surface 
compared with rectangular encapsulation without fins. But, section B is affected by two 
longitudinal fins, hence the melting time is increased by about 12 min compared with 
section A which is affected by one longitudinal fin. Figures 10, 11 and 12 show the 
comparison between experimental thermocouples reading and numerical predictions. 
They show a satisfactory agreement with error ratios fluctuated between 6 to 8 % along 

Fig 8 Experimental result for thermocouples inside paraffin wax

Fig. 9 Experimental result for thermocouples inside paraffin wax
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Fig. 10 Experimental and numerical comparisons for thermocouples data inside rectangular 

 

 
Fig. 11 Experimental and numerical comparison for thermocouples data inside rectangular 

encapsulation with longitudinal fins at section A 

 
Fig. 12 Experimental and numerical comparisons for thermocouples data inside rectangular 

encapsulation with longitudinal fins at sectio 
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Fig. 10 Experimental and numerical comparisons for thermocouples data inside rectangular 

encapsulation without longitudinal fins 

  

and numerical comparison for thermocouples data inside rectangular 

encapsulation with longitudinal fins at section A

 

 

Fig. 12 Experimental and numerical comparisons for thermocouples data inside rectangular 

encapsulation with longitudinal fins at section B
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and numerical comparison for thermocouples data inside rectangular 

Fig. 12 Experimental and numerical comparisons for thermocouples data inside rectangular 
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5. Conclusions  

The main important conclusions extracted from the present research can be summarized 
in the following: 
1. The present work predicts the melting behavior of PCM with and without 
longitudinal fins in rectangular encapsulation numerically. 
2. The using of longitudinal fins led to increase the melting time of the PCM material 
(paraffin wax) in the deep locations. 
3. Comparison between numerical and experimental results gives satisfactory 
agreement, showing that the present model can predict properly the phase change 
processes. 

 
Nomenclature: 

A = Area (m2) 
a, b = coefficient in the discretization equation 
B=‘bottom' neighbor of grid P 
b=Control-volume face between P and B 
Cp = specific heat (kJ/kg °C) 
Cpl =specific heat of liquid phase (kJ/kg °C) 
Cps =specific heat of solid phase (kJ/kg °C) 
H =Enthalpy (kJ/kg) 
e= Control-volume face between P and E 
E=‘east' neighbor of grid P 
L=latent heat (kJ/kg) 
i, j, k=Unit vector 
k =thermal conductivity (W/ m °C) 
kl =liquid thermal conductivity (W/m °C) 
ks =solid thermal conductivity (W/m °C) 
l=Liquid 
N=‘north’ neighbor of grid P 
n=Control-volume face between P and N 
P=Grid point 
q=Heat generation (W/m3) 

−
q = Average heat generation 

S=‘south’ neighbor of grid P 
s=Control-volume face between P and S 
s=Solid 
T =Temperature (°C)  
t =Time(s) 
T* =Kirchhoff temperature (°C)  
T=‘Top’ neighbor of grid P 
t=Control-volume face between P and T 
Tm =melting temperature (°C) 
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V= Volume (m3) 
W=west’ neighbor of grid P 
w=Control-volume face between P and W 
x, y, z =Cartesian coordinates( m) 
ρ=Density (kg/m3) 

x∆ , y∆ , z∆ = x, y, z - Direction width of the control volume 

xδ , yδ , zδ =x, y, z -direction distance between two adjacent grid points 

λ = Diffusion coefficient       

∆ =Difference 

∂ =Partial derivative  

T∆ =Temperature range (°C) 
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