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Abstract 
 
Experimental and numerical investigation was performed to study the phase 

change materials (PCMs) behavior. A glass beaker of 100 ml contained 100 g 

of PCMs (Wax, pure Ca (NO3)2.4H2O and composite of Ca (NO3)2.4H2O:  
Mg (NO3)2.6H2O) was heated by using water bath and hot plate to reach the 

temperature above the melting point. The temperature of inside and outside 

the beaker was recorded by using temperature data-logger for each 1 min. 

Commercial software COMSOL Multiphysics 5.4 was used to numerically 
simulate the thermal storage tank of  coiled  tube. The present work shows 

the optimum melting point and super cooling point PCM (two components) 

for Iraqi climates. The numerical investigation exposed the transient natural 
convection heat transfer through melting process. The highest thermal 

storage capacity is observed for C component.  

 
Key words: COMSOL multiphysics, Heat transfer, Melting point, Phase 

changing materials, Super cooling point. 

 

1 Introduction 
 

The excess amounts of heat is considered as a bad form of energy, which 

is called waste heat. This energy is generated either by the traditional 
combustion of fossil fuels or by thermal energy that generated from 

renewable sources such as solar and geothermal energy. 
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The waste heat is constable energy, the higher amount of waste heat 

means the higher amount of required fossil fuels which produces more 

amounts of carbon oxides, higher waste power of PV panels and higher 
pumping cost to deliver the heat from underground in geothermal energy [1]. 

The waste heat can be dissipated to surrounding daily in  night periods or 

seasonally during winter [2]. The waste heat can cause thermal pollution in 
rivers (traditional thermal power plants cold reservoirs) or global warming 

directly and indirectly.  The waste heat can be stored during thermal 

processing and then used for various applications such as power generation, 
heating systems, cooling systems and green buildings [3].Thermal energy 

storage (TES) system can be utilized by using different techniques and 

configurations. Solar thermal energy is stored in the appearance of sensible 

heat or phase change (latent heat). Rock, blocks, concrete and brick can be 
considered as examples of sensible heat TES. Phase change storage is the 

most promised type because of elevated volumetric energy storage capacity, 

isothermal absorbing and isothermal releasing heat, stability structure, anti-
corrosion agents, minimum  vapor pressure, small increments of volume 

change through phase change process etc. [4]. A huge numeral of phase 

change materials (PCMs) (organic or non-organic) are recognized as latent 

heat TES. Wax , salt hydrates are typical examples of PCMs. The attractive 
thermo-physical characteristics of PCMs are: minimum super cooling point, 

maximum density, minimum volume change through phase change process,  

maximum thermal conductivity and fusion heat [5]. 
Wax consists of a combination of typically normal paraffin chain CH3-

(CH2)-CH3. Crystallization of the (CH3)-chain rejects a huge amount of heat. 

Fusion latent heat and melting point of wax increases with carbon atoms 
number increases. Wax is obtainable in a extensive diversity of melting 

points [6][7]. They are constable, reliable, showing lower volume change 

during melting process and have a minimum vapor pressure[8] . Some 

unwanted thermo-physical characteristics of wax are minimum thermal 
conductivity, modest flammability and plastic containers non-compatibility 

[5] [9]. Traditional mark wax is favored due to minimum in cost and 

effortless market availability. 
The salt hydrates are combined between anhydrous salts and water 

molecules. The salt hydrates phase change mechanisms have physical 

meaning and chemical meaning. The physical meaning of fusion in salt 
hydrates case can be covered through understanding hydration and 

dehydration reactions. When the salt hydrates reaches to melting point, the 

salt hydrates will lose the water molecules to bulk system resulting that the 

soluble salt anhydrous in water or soluble salt hydrates with less water 
molecules in its structure in water which called dehydration reaction, storing 

the heat  in liquid phase form boundaries [4]. While hydration reaction is the 

reverse to dehydration which happens at super cooling temperature when the 
water molecules are bonded with salt structure as higher water content salt  
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hydrates as solid  phase releasing heat upper to supper cooling temperature 

[10]. The difference between melting point and super cooling temperature is 

too large reacheing to 20 
o 

C [11]. The advantages of salt hydrates are high 
thermal conductivity, high density, high heat capacity and large range 

between melting point and super cooling temperature [12]. The phase 

heterogeneity, phase un-stability, corrosiveness and wetness effect are the 

drawbacks of salt hydrates  [13]. The salt hydrates are constable materials as 
comparing with waxes.  

For the last three decades, the various investigations of latent heat 

storage techniques were studied for different systems experimentally and 
numerically such as: Abhat, 1983 [11] studied the storage capacity, stability 

and thermal behavior of paraffin and various salt hydrates in temperature 

range 0-120 
o
 C by extracting the heat from heat exchanger  to rectangular 

chamber filled with PCMs. The results show the gap between freezing  and 

liquid temperatures, thermal behavior and the morphological structures of 

PCMs. Shatikian, et al., 2003 [14] explored the transient concert of a heat 

sink on a latent heat storage tank numerically. The heat was transferred to the 
sink during its level base during phase change process, to which 

perpendicular fins completed of aluminum were attached. The PCMs was 

stored between the fins. Including the melting point, latent heat and sensible 
heat, thermal conductivity and density in solid and liquid states, were based 

on a traditional available wax. In 2004, Ettouney et al, [15] investigated the 

heat transfer characteristics in PCM thermal storage tank by using hot water 

and wax of 52 
o
 C melting point. The correlation was obtained which covered 

the transient convective heat transfer behavior on latent heat storage system. 

Shatikian et al., 2005 [16] presented the numerical solution of melting PCM 

of low melting point inside finned heat sink. The contours and plots of heat 
transfer and melting fraction were obtained for various number of fins. The 

investigators concluded that the thermal storage capacity was reduced 

through the time by increasing melting fraction to be minimum at unit value.  
Tan et al., 2012 [17] investigated the transient free convection of latent heat 

storage tank by using Aluminum spiral fins numerically. The contours of 

temperature, streamlines and melting fraction were obtained for various time 

and number of fins. The number of fins raised the thermal conductivity of the 
storage tank.  Liu and yang, 2017 [18] investigated the binary composition 

PCMs performance. They found the melting point of Na2CO3·10H2O-

Na2HPO4·12H2O composite was less than its individual components and 
higher latent heat more than they were which promotes higher thermal 

storage capacity.The aim of present work is to investigate the storage 

behavior of various PCMs (Wax, pure Ca(NO3)2.4H2O and composite of 
Ca(NO3)2.4H2O :  Mg(NO3)2.6H2O) experimentally in which the melting and 

super cooling process will be used for various samples. This investigations 

contain also numerical investigation of industrial process by using PCMs 

properties taken from experimental part to optimize the optimum sample.  
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2 Experimental work 
      

The experimental setup of PCMs behavior test is described in Figure 1. 

The glass beaker of 100 ml contained 100 g of PCMs (Wax, pure 

Ca(NO3)2.4H2O and composite of Ca(NO3)2.4H2O:  Mg(NO3)2.6H2O) was 
heated by using water bath and hot plate to reach the temperature above the 

melting point.  The temperature of system was elevated regularly form 

ambient temperature to reach >55
 o

C during 1-1.5 hr period. The resultant 

liquid (melting PCMs) was maintained at ambient temperature then the 
beaker was placed inside refrigeration box to reach the super cooling 

temperature. In super cooling temperature, the heat was released which 

raised the beaker temperature until get solidification state. The temperature 
of inside and outside beaker was recorded by using temperature data-logger 

for each 1 min. The various composites of Ca(NO3)2.4H2O :  

Mg(NO3)2.6H2O of 1:1, 8:2, 7:3  were experimentally examined during the 
present work.  

 
Figure 1 experimental set up: A. melting process, B. Super cooling process. 

 

3 Numerical Analysis  
 
The thermal storage tank of coiled tube is numerical simulated during the 

present work by using COMSOL Multiphysics 5.4. The used physical 

properties are mentioned in table 1. In this work, the coupled equations of 
heat transfer and momentum transport were used to describe the melting 

process for various PCMs by obtaining the steady state streamlines and 

transient thermal profile and melting regions during the melting process. The 
main transport equations that used in the present work is: 
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 Continuity equation  

                                                                             (1) 

 Momentum equation  

                             (2)       

 Energy equation  

                                                         (3) 
 

Table 1 physical properties of PCMs [9][12][13] . 

PCMs ρ, kg/m
3
 K, W/m

2
.K Cp, J/kg.K 

Wax 760 0.2 2200 

Ca(NO3)2.4H2O 1722.1 1.9 1460 

Mg(NO3)2.6H2O 1636 1.81 669 

 
The PCMs viscosity can be calculated from the following equation [17]: 

                                           (4) 

The resultant density and heat capacity of PCMs composites can be 

calculated by using mixing rules, the melting fraction can be defined as the 
ratio of the latent heat to the total enthalpy which derived in previous 

investigation [17] and expressed as follows: 

                                                  (5) 

Where Ts and Tl  are solid and liquid phase temperature during melting 
process which can be determined from the experimental work. The geometry 

of numerical solution and mesh distribution can be seen in Figure 2. The 

boundary conditions are listed in table 2. 
 

                                  (6) 

 
Where as Tin and Tout are inlet and outlet coil temperatures, V is coil total 

volume. 

 
Table 2 Boundary conditions of thermal storage system. 
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 (A) 

 

 
(B) 

Figure 2 Thermal storage system A. Geometry view, B. mesh distribution. 
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4 Results and Discussions 
 

4.1 Melting Point and Super Cooling Measurements 
 

The most common test used for PCMs testing is melting and super 

cooling points tests. The melting and super cooling points tests are typical for 
PCMs performance test, they are considered the direct indication of the 

thermal storage capacity by sensing the gap between them [19][3]. Figure 3 

shows the temperature of PCM system vs. time of medical type wax. The 
wax is melting totally at 52 

o
C and the small amount of heat is released at 

super cooling temperature 42.4 
o
C, the beaker temperature is raised to 45.6 

o
C.  The experimental results show 50 min storage time for free cooling case 

while 5 min for super cooling case.   

 

 
Figure 3 Melting and super cooling points tests of medical type wax. 

       

nitrate tetra hydrate (A) salt hydrate. The salt hydrate A is melting totally 

at 50.2 
o
C and the highest amount of heat is released at super cooling 

temperature 32.8 
o
C, which rises the beaker to 42.8 

o
C. The experimental 

results show 72 min storage time for free cooling case while 57 min for super 

cooling case. The superior thermal storage capacity of a component 
indication of the physical properties of A is higher than medical wax, and the 

mechanism in A component is limited by hydration and dehydration 

reactions.    
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Figure 4 Melting and super cooling points tests of A component. 

 
      Figures 5, 6 and 7 show the temperature of PCM system vs. time of 

calcium nitrate tetra hydrate to Magnesium nitrate hex-hydrate  salt hydrate 

mixture for three compositions (B,C and D) 1:1, 8:2 and 7:3. The salt 

hydrates are melting totally at 45.4, 43 and 43.7 
o
C respectively and the 

amount of heat is released at super cooling temperature -2.8, 13.3 and 10.5 
o
C, which rises the beaker temperature to 16.1, 26.6 and 24.3 

o
C. The 

experimental results show 175, 71 and 113 min storage times for free cooling 
case while 50, 35 ad 48 min for super cooling case. The salt hydrates 

composites indicate that the melting point and super cooling point are less 

than the pure component, but a smaller heat capacity storage is obtained.   
 

 
Figure 5 Melting and super cooling points tests of B component. 
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Figure 6 Melting and super cooling points tests of C component. 

 

 
Figure 7 Melting and super cooling points tests of D component. 

 
The average ambient temperature of Iraqi summer is 55 

o
C while Iraqi 

winter is 10 
o
C.  The optimum PCMs are C and D components because of 

their lower melting point and super cooling point that are suitable for Iraq 

climate, components C and D costs are lower than A component. Figures 8 
and 9 show the melting and super cooling points of the used PCMs. 
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Figure 8 Melting points of used PCMs. 

 

 
Figure 9 Super cooling points of used PCMs. 

 

4.2 Melting Simulation by using CFD 
 

The heat transfer and momentum transport equation coupling are the 

main player in melting process simulation. The temperature can alter the 
momentum characteristics. The physical properties control the momentum 

and heat topological contours. Figure 10 shows the steady state stream lines 

of various PCMs components. The vortices are obvious for salt hydrates 
components (B, C and D), while the  minimum vortices are observed in wax 

case.  The compositions of B,C and D has no effect on momentum transport 

characteristics. 
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a. wax                                                                 b. B component 

c. C compNc.C component                                 d. D component 

Figure 10 stream lines of various PCMs. 

 

The temperature and melting fraction contours are related to each other. 

To understand the melting topology, temperature contours should be 
developed according to equation (5).  The transient heat transfer of present 

heating system for wax has not been effected significantly by time from the 

first hour to the fourth as shown in figure 11.  For salt hydrates, the optimum 

phase change material in present work is C component. The transient heat 
transfer of C component is superior, the wide range of heated regions was 

observed in the thermal storage system as shown in figure 12. The significant 

melting regions are shown in salt hydrates components comparing with wax 
for the same heating period as shown in figure 13.  
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Figure 11 temperature contour of wax thermal storage system. 

 

 
Figure 12 temperature contour of C component thermal storage system. 
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Figure 13 Melting point fraction of various PCMs at the fourth hour of heating 

process. 

 
Figure 14 shows the thermal storage capacity vs. heating time for various 

PCMs which is estimated numerically with using equation (6). The thermal 

storage capacity decreases by increasing heating time and increasing melting 
regions, the exponential behavior is presented in this model. The superior 

heat storage capacity is observed in C component thermal storage system.  

 

 
Figure 14 the thermal storage capacity vs. heating time for various PCMs. 
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5 Conclusion 
 
      The experimental and numerical optimization of PCMs of wax and salt 

hydrates components has been investigated successfully. The present work 

shows the optimum melting point and super cooling point PCM (C and D 
components) for Iraqi climates, which melts, bellow 55 ◦C and solidifies up 

to 10 ◦C. The composited salt hydrates (B, C and D) shows lower melting 

and super cooling points than the A component. The numerical investigation 

exposed the transient natural convection heat transfer through melting 
process. The highest thermal storage capacity is observed for C component.  
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