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ABSTRACT 

At the present time, the use of the phase-changing materials is considered as an important and commonly used 

topic. The melting of a phase-change material was studied and determined around a vertically spaced, vertical 

cylindrical heat set experimentally. Experiments were implemented during both melting and circulation to 

examine the tube surface temperature effects on heat transfer. The processes were elucidated on the 

observation’s basis of temporal changes in the solid/ liquid interface and measurements of distribution of the 

temperature in the phase change material. The results demonstrated that the temperature of the lower tube 

surface has highly influenced on the solid/ liquid connect, melting and limitation of the liquid from the upper 

tube.  In the numerical section, ANSYS Fluent Software was used at flow rate (0.007kg/s, 0.01562 kg/s, 

0.02343 kg/s and 0.0546 kg/s) and various charging times to characterize the trend and the behaviour of the 

PCM inside the shell and tube heat exchanger. The results exhibited that the multiple liquid zones may promote 

in the phase change material around them, and the temperature fluctuations, solubility, and intervals must be 

properly elected for efficiently utilize of phase change materials in the thermal potential energy storage unit.  

The results also demonstrated that during the fusion process, the coefficient of the heat transfer between both the 

heat transfer fluid and the phase-change material is influenced by the mass flow rate more than that during the 

solidification operation. It was also found that the heat raises during the fusion process by 25%, while during the 

solidification process, it raises by 11%.  In the case of augmentation or diminution, the rate of the heat flow 

raises by 28oC of the inlet temperature of heat transfer fluid. Moreover, the results of this work exhibited that 

the total fusion time reduces by 31% by raising the temperature of the inlet water from (58ºC to 60ºC). The 

natural convection effects that alter the behaviour of the storage tank have an important role during the charging 

process, particularly during the horizontally arrangement of the tubes.  
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INTRODUCTION 

Heat flow and propagation with fusion and solidification such as welding, casting, thermal energy storage units 

using phase change materials, manufacture of iced food, melting and icing of snow around pipes, heat pipe start-

up from the iced state, etc. are of a large significance in many processing implementations [1],[2],[3], and [4]. 

Thermal energy storage could be classified into three forms: sensitive, potential and chemical. Store heat with 

potential energy is applied more in thermal storage systems in its advantage of high heat store density and 

temperature stability through both charging and discharging operations.  The solid–liquid is the only phase 

change which is used for PCMs. The changes of the Liquid-gas phase are not effective for use as thermal 

storage because of the high volumes or large pressures desired for storage the PCM when it is in its gas phase. 

Solid–liquid transitions have a lower transformation heat than liquid–gas transmission. Typically, the solid–

solid phase changes which have low transference heat are very slow. Even though PCM base energy storage 

systems are commonly exists, the system is characterized with slow response. In the present experiment, an 

innovative method is tried for enhancement the thermal conductivity of a conventional PCM based system. The 

storage ability of the matter relies on the amount of its latent heat and specific heat.   
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The storage medium is desired to be with large specific heat ability and the value of the latent heat. Paraffin wax 

can be defined as a material with desirable thermal properties such as high latent heat, low or no super cooling, 

and various phase change temperature. Phase change temperature of Paraffin wax is in the range of 58– 60°C 

which is deemed as an appropriate for highly thermal energy. The paraffin wax is deemed as the better heat 

storage method due to its good fusion and freezing manner. Amongst different previous studies, it has been 

found that utilizing PCMs leads to maximize the efficiency. The dispersed melting of paraffin wax used with 

Al2O3 in a square enclosure having dimensions of (25 × 25) mm which was heated from one side was prepared 

and investigated numerically by [5]. The flow tasks with isothermal and liquid–solid PCM at different stages of 

the melting operation were approached. The effect of the surface heating of the enclosure and the concentricity 

of Al2O3 on the melting efficiency was also dissected.  

Phase change materials (PCMs) used by [6] to investigate latent heat thermal storage (LHTS), which is one of 

the most efficient and useful technologies for thermal energy conservation and retention. The temperature 

difference between the PCM melting temperature and the HTF temperature determines the heat transfer rate and 

efficiency of an LHTS unit. As a result, the heat transfer rate and efficiency are reduced. During phase change, 

in this case, the temperature difference between the PCM and the HTF can be held nearly constant. The rate of 

heat transfer to and from the PCM remained constant as a result. The LHTS unit's output, which was made up of 

several rectangular PCM slabs, was investigated numerically in two dimensions. The enthalpy technique 

changed into used to clear up the governing equations for the melting section in PCMs. Convective heat transfer 

inside the air channels was studied using the energy equation, which was coupled with the heat conduction 

equation in the PCM wall. The general equations of temperature and the local liquid fraction were discretized 

using the finite difference method. The effect of storage geometrical parameters such as PCM slab thickness and 

length, as well as the effect of air flow rate on storage outlet air temperature, were studied. 

The thermal efficiency of a potential heat storage system has been studied experimentally by [7]. Thermic 

energy storage in shell and tube heat exchangers with phase change material (paraffin wax) with melting points 

ranging from 58°C to 60°C was investigated in this study. Over time, temperatures were measured in the phase 

change material. The range of the water mass flow rate was 0.0167 kg/s - 0.0833 kg/s (1 kg/min to 5 kg/min). 

The range of the temperature of the fluid inlet was between 75°C-85°C. The experiment results indicated that 

the decreasing of the mass flow rate and water inlet temperature causes an increasing in the total phase change 

material fusion. The paraffin wax melt and paraffin wax solidification processes in horizontal double pipe heat 

storage unit with paraffin wax (PCM) investigated experimentally by [8].  The result of experiments exhibited 

that the paraffin wax (PCM) melts and solidifies in the same way. The melting front of paraffin wax moves from 

the left to the right side of the PCM vessel. They discovered that the solidification front would travel along the 

axial part of the PCM vessel from right to left. Liquid phase results showed the free convection controls the 

melting process due to the effect of buoyancy force. In the case of maximizing or minimizing the inlet water 

temperature by 2 °C, the heat flow rate rises by 25% during the melting phase and by 11% during the 

solidification process, according to the results. Experiments results of also showed that the total melting time 

can be minimized by 31% by raising the temperature range of the inlet water from 70 °C to 74 °C.  

The thermic analyzed of rise temperature phase change materials (PCM) carried out by [9], which are used in a 

stainless steel capsule with a 20% void and buoyancy-driven convection. Sodium nitrate was counted as used 

PCM for centering solar implementations. Computational study was carried out by using an enthalpy-porosity 

analyses and (VOF) to investigate the transfer incident within the PCM capsule through the inside air void. The 

shape of the capsule or tube was taken into consideration as a cylindrical type in the simulations. CFD analysis 

used (air) and (Thermion / VP-1) as a working fluid in a cross- flow arranging. Another shape was used as 

spherical shaped with boundary condition utilized stationary wall temperature to investigate the three-

dimensional heat transfer impacts. The results displayed that the solidification process was less than the PCM 

melting process, due to the lack of convective effects and material properties. The shell and tube type heat 

storage which was prepared for solar dryer studied by [10]. Paraffin wax was utilized as a phase change 

material. A set of experimental test was carried out to investigate the impacts of flow rate and temperature 

behavior of heat transfer fluid (HTF) on the charging and discharging process. During the charging process and 

at different times, the temperature distribution in the radial and longitudinal directions was obtained for the 

purpose of analyzing the phenomenon of heat transfer. The results of the experiments revealed that during the 



An Experimental Investigation and Numerical Study of Paraffin Wax Melting in a Shell and Tube Thermal Storage System 

 

344 

 

night hours, or when solar energy density is low, LHS is suitable for drying food products. The results showed 

an increase in air temperature by about 17 °C to 5 °C for a period of 10 working hours during the discharge 

process. 

An experimental investigation was studied by [11] to seek the performance of the heat of a new vacuum tube 

heat collector with thermal storage.  U-tube with radial fins was utilized for the purpose of enhancing the heat 

transfer in the channel of water. The heat collector model was filled with the phase change materials (PCMs) 

Paraffin was utilized as the PCM material. The authors came to the conclusion that the temperature of the 

vacuum tube's heat collector's outlet water at night enhances with utilizing PCM. They also explained that the 

temperature of the outlet water minimizes with the flow rate rises. Graphite powder used for manufactured a 

composite PCM by [12]. This work studied experimentally the temperature change and solid-liquid interface 

during the melting process. The results demonstrated that the total phase transition time can be improved by the 

composite graphite powder with paraffin. The temperature of a melding paraffin wax with time at a uniform 

period of one minute until reach melting temperature was determined by [13]. This work seeks the melting point 

of paraffin wax. The experimental results showed that the paraffin wax is a crystalline solid. Using phase change 

material (PCM), a liquid tank was investigated as a thermal energy storage device, fabricated and tested by [14]. 

The developed model was fitted with various types of metal disks (smooth or perforated) inside the PCM 

cylindrical container. The experimental test rig was constructed and tested at various values of the water flow 

rate and inlet water temperatures. The thermal effect of using smooth and perforated metal disks was 

investigated experimentally and numerically. The results indicated that the smooth disk could satisfy decrease 

the melting time of the PCM in the charging period. There are different forms of PCM.  The paraffin wax used 

as PCM was discussed by these authors.  

In summary, to improve the performance of heat storage units, various types of study have focused on the effect 

of flow rate and thermic properties of the charging and discharging process of storage systems.  Also, other 

researchers have been interested in developing new thermal storage sun collectors; nevertheless, little study has 

been conducted on energy storage vacuum tube solar collectors. Thus, the aim of this work is to study 

experimentally and numerically a shell-and-tube thermal storage system filled with PCM (paraffin wax) at 60°C 

melting temperature. The melting and solidification behaviors of paraffin wax have been studied experimentally 

in shell and tube heat storage units. During the charging and discharging process, the thermal and heat transfer 

characteristics are investigated. Water is used as working fluid with inlet temperature from 35ºC to 60ºC.  The 

numerical study is formed by utilizing the CFD package code of ANSYS Fluent (17.2) to establish the 

distribution of the temperature of the PCM on total melting time with various fluid mass flow rates and fluid 

inlet temperatures from 35ºC to 60ºC. The influence of various mass flow rate and inlet temperature of the fluid 

was analysed in charging and discharging processes. The temperature distribution in the paraffin wax, effect of 

fluid mass flow rate, and inlet fluid temperature on heat fraction for both melting and solidification processes 

were determined with time. The flow rate of water ranged of 0.001 kg/s to 0.0546 kg/s, while the water inlet 

temperature was ranged between 35C and 60C. 

EXPERIMENTAL WORK 

Experimental apparatus was built to estimate the melting of PCM around a vertical cylindrical tube located in a 

cylindrical container in room conditions. In addition to measuring the temperature distribution in the entire 

container, eighteen points in PCM space, were selected symmetry around a cylinder.  The water inlet and outlet 

temperatures flow inside the pipe were measured. The objective of this research is to measure the temperatures 

at different time intervals around cylinder in order to know the movements of interface between liquid and solid 

state at the same time. In order to show the position of the interface line, a modern digital camera was used to 

photograph the melting process. Figure 1 illustrates the schematic diagram of the experimental test of the rig 

designed and fabricated in this work. The test rig contains   two concentric tubes. The outer tube which was 

made of a glass is (30 cm) length and (9 cm) diameter. The interior pipe is a copper tube with dimensions of 

(1cm) ID and (50 cm) length. The exterior tube is well isolated. Water is utilized as working fluid which flows 

throughout the interior tube. The paraffin wax is placed around the interior tube which is heated water that 

transfers energy to paraffin wax at a constant temperature through the charging process. This leads to melting 

the paraffin wax and during the charging process, the energy is stored as heat. The cold water at 27ºC in 
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discharging process is flow through the interior tube which leads to solidify the paraffin wax and release the 

stored energy to the cold water as a heat. 

 

Figure 1. Schematic diagram of the experimental test rig (1. inner tube, 2. PCM container, 3. valve , 4. hot 

water container, 5. Circulation pump, 6. Connected pipes). 

The apparatus consists of PCM container, which is a glass cylinder (9cm × 30cm) (diameter × height). The inner 

part of the device is a copper pipe contains a working fluid as water. The glass cylinder is designed according to 

the measurements calculated in the experiment and in proportion to the amount of wax and the flow of water to 

measure the thermal content.  A copper pipe which passes through the bottle is connected by a hose from both 

sides (10 mm × 50 cm) (diameter× height).  Eighteen thermocouples were disturbed on the surface of copper 

pipe as shown in Figure 2.  

 

Figure 2. PCM container. 

Two square pieces of Plexiglas were placed. The first one was placed in the top slot and the second one was 

placed in the lower aperture for insulation purposes (15 cm x 15 cm). Water pump with a maximum charge of 

15 (L/min) was used in order to circulate the hot water throughout the rig. Water container and a water heater of 

(500W) was also used as shown in Figure 3. The paraffin wax property is given in the Table 1.  
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Figure 3. Experimental rig. 

Table 1. Thermo-physicals properties of paraffin wax 

 

Before experimental operations, the system leakage and thermal adequacy were ensured. Experimental 

measurements were determined at various water mass flow rates ranged between 0.07 kg/s and 0.0546 kg/s for 

constant inlet water temperature, which was ranged from 35ºC to 60ºC. The test section was not fully filled with 

Paraffin wax which provided a space at the head of the test section to allow an expansion or constriction through 

processes, melting and solidification. 

Error Analysis of Measurement System 

Heat loss is the primary cause of this experiment's system error. The measurement inaccuracy of the input and 

outlet water temperatures, as well as the water flow rate and temperature measurement, is all random error in 

this experiment. In this experiment, the relative error is utilized to directly quantify the data's confidence level. 

The total of the thermocouple calibration error and the acquisition system error is 0.6 °C. The temperature 

measurement's greatest relative inaccuracy is 4.03 %. The water flow measurement has a maximum relative 

inaccuracy of 5.1 %. 

NUMERICAL ANALYSIS      

The pattern for the numerical study was formed by utilizing the CFD package code of ANSYS Fluent (17.2). 

The computational domain of concentric tubes is shown in Figure 4 which is considered as turbulent flow case. 

The current study used a pressure-based approach for solving the discretization equations for the stratified and 

chilled water storage tank having inlet geometries.  

Properties of 

PCM – Paraffin Wax 

Values 

Chemical formulae 

Melting point (°C) 

Density (kg/m3) 

Specific heat (J/kgK) 

Thermal conductivity (W/m.K) 

Viscosity (Ns/m2) 

Latent heat (J/kg) 

C25H52 

50-57 

870 at T= 300K 

2900 

0.24 at T= 300K 

0.0057933 

190000 
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Figure 4. Computational domain of concentric tubes. 

There are a set of governing equations for a multi- phase arrangement [9]: 
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The mesh is shown in Figure 5, the numerical pattern was created and the applied boundary conditions were 

utilized with time. The simulation equations were resolved the boundary layer with a fine mesh with the hot and 

cold water and an increasingly coarser mesh in the rest of the domain for the purpose of reducing the 

computational time. The size of the divided control volume must be very small so that it could derive a 

numerical solution. An inappropriate mesh indicates unsatisfactory or inaccurate results. Thus, several ways of 

mesh quality were considered, which depend on the skewness and aspect ratio. Figure 5 presents the mesh 

dimensions of the cell geometry with mesh characteristics shown in Table 2. 

Table 2. Statistics of mesh 

 

 

 

 

Statistics Values 

Bodies 

Active Bodies 

Nodes 

Elements 

Mesh Metric 

3 

3 

795242 

772200 

skewness 
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Figure 5. Numerical model mesh. 

The initial and boundary conditions for the models includes the water in a domain of interest at zero time in 

charge model, which was assumed to be quiescent initially at the temperature of 35℃. The water temperatures 

used during the charging process was   45℃ and 60℃. The cold water used during the discharging process was 

at the flow rates of the water were 0.0070, 0.01562, 0.02343, and 0.05460 kg/s. 

DATA ANALYSIS  

In the annular space between the shell and the tube, 18 K-type temperature probes were used to calculate the 

temperature distribution in the PCM. Nine K-type temperature probes at three various axial planes representing 

by (A, B, and C) at the same axial distances (Figure 7) were also utilized. The temperature was taken from the 

first point of thermocouples (six thermocouples on every point), the space between the first point and lower 

surface was (5 cm) and the space between two points A and B was (10 cm), the space between the point B and 

point C is (10 cm), the space between point C and upper surface was (5 cm) as shown in Figure 6. 

 

Figure 6. Thermocouples placement inside test section. 

A calibration of the thermocouple’s proper was carried out. The heat value which is absorbed or rejected by or 

from the phase change material and the value of heat transfer from water are similar when the loss of the heat 

through the PCM material is neglected. The total heat storage energy of paraffin wax can be calculated using the 

following equations [7]: 

     ∫     
  

 

 ∫     
  

 

   ∫     
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q is the heat acquired by the equations below: 

         (       )   for melting (6) 

         (       )   for freezing                                                                                                                       (7) 

The total capacity of the heat storage of the PCM is affected by the test variables. The experimental operating 

and physical parameters have an effect on the total capacity of the heat storage of PCM. These parameters 

reference to the proportional parameters contribution during the experiments and the PCM utilized in the work. 

Heat fraction which was studied is [7]: 

   
∫     
 

 

    
                                                                                                                                                                 (8) 

Heat transfer rate uncertainty was obtained from a set of experimental measurements by utilizing Kline and 

McClintock’s method as follows: 

Q = Q{mass flow (m f ), temperature (T )}                                                                                                                 (9) 

 

Where Q is the heat transfer rate uncertainty, (  ) and (T) are the uncertainty experimental parameters which 

are independent variables. The Kline and McClintock uncertainty in the Q is obtained using equation 10 as: 
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RESULTS 

Experimental Results 

Many experiments were undertaken to investigate the effect of increasing the water inlet temperature and the 

mass flow rate on both processes (charging and discharging) of the paraffin wax.  Because of the buoyancy 

impacts, the convection takes control in the liquid phase on the process of melt while the conduction 

predominates the solidification. The water inlet temperature impacts the heat portion frequently comparing with 

the water mass flow rate through the melting process of the Paraffin wax. The experimental results showed that 

paraffin wax aggregate melting time increases with mass flow rate of water, while the inlet temperature of the 

water decreases. The water flow rate and water inlet temperature in the experiment tests have a considerable 

impact on the phase change operations. The mass flow rate during the melting process has a greater impact on 

the coefficient of heat transfer between water and paraffin wax than it does during the solidification process, 

according to the experimental results. In addition, the results showed that the heat flow rate increases by 25% 

during the melting operation and 11% during solidification operation, in the case of increasing or decreasing the 

inlet water temperature by 28C. The results of this work indicated that the overall melting time can be reduced 

by 31% when the water inlet temperature is increased from 35°C to 60°C.  

Figures (7) show the temperature variation in location A, B and C with time after 15, 30 and 45 minutes 

respectively. Figure 8 shows the change of surface Temperature (  ) for 15, 30 and 45 minutes. 
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(a)                                                                       (b) 

 

 

(c) 

Figure 7. The Temperature of    ,    and    with time after (a) 15 minutes, (b) 30 minutes and (c) 45 minutes. 

 

Figure 8. Change of Surface Temperature (Tw) for 15, 30 and 45 minutes. 

NUMERICAL RESULTS 

Figure 9 shows the temperature distribution at charging process in charging time 100,500 and 900 sec with Twi  

35֯ C and mass flow rate  of 0.007 kg/s. Conduction heat transfer occurs between the tube and the PCM's solid 

surface, which dominated the melting phase early on and culminated in the creation of a thin layer of liquid in a 

small melting region after 100 seconds. Several convection cells formed and extended to the upper part of the 

tube, while the rest of the PCM remained solid, with no phase shift at the tube's bottom. At 500 seconds, cell 

convection emerged and aided the creation of two large convection cells. Because of natural convection effects 

induced by buoyancy, the hotter liquid of the PCM was forced upward to the top of the vent. The solid portion 

of the PCM, on the other side, was squeezed down to the tube bottom as a result of the higher density.  

Figure 10  explains the  mass flow rate effect (0.007kg/s, 0.01562 kg/s, 0.02343 kg/s and 0.0546 kg/s) on the 

temperature distribution which melts the paraffin when the inlet water temperature is protected at Twi  35 ֯C at 

charging process with charging time 100,500 and 900 sec. The time desired to attain the steady state minimizes 

with the raising in mass flow rate (Figure 10). This reason is because of the increasing of the mass flow rate and 

turning into turbulent which leads to enhance the heat transfer rate. The total time of melting decreases as the 

heat transfer rate increases. Figure 11 shows the temperature distribution at charging process in charging time 
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100,500 and 900 sec with Twi 45 ֯C and mass flow rate 0.007 kg/s. Figure 12 shows the impacts of mass flow 

rate (0.007kg/s, 0.01562 kg/s, 0.02343 kg/s and 0.0546 kg/s) on the temperature distribution which melts the 

paraffin when the inlet water temperature is held at Twi 45 ֯C at charging process with charging time 100,500 and 

900 sec. Finally, charging process at Twi 60֯C is shown in figures 13 and 14.   

In the time 100 sec, the temperature of the PCM increases approximately linearly from its initial value till the 

lower limits of the melting range. In the 500 sec; at the melting temperature, the temperature of the PCM 

remains nearly constant. The end of this stage at 900 sec, the material is totally melted i.e. the phase is 

completely changed. Figure (15)  show the mass fraction distribution at charging process in with Twi 35֯C and 

mass flow rate (0.007kg/s, 0.01562 kg/s, 0.02343 kg/s and 0.0546 kg/s). As the melting process progressed, the 

temperature contour pattern started to change as a result of increased heat transfer due to convective effects. 

Radially, the solid/liquid interface propagates inward, as the PCM keep melting. Within molten PCM, 

convective effects have an influence on the solid/liquid interface shape. After 100 s along the top interface of the 

PCM shell, the PCM started to melt. As time progresses, the temperature keeps increasing, and heat transfers 

immediately to the PCM. Moreover, the buoyancy-driven convection in the PCM improves the heat transfer 

rate. This can be noticed by examining the contours of the temperature after 100 s. 

 (a) 

Flow time 100 sec                                                            (b) Flow time 500 sec 

 

(c) Flow time 900 sec 

Figure 9. Temperature distribution at charge   process with Twi  35 ֯C , mass flow rate = 0.007 kg/s 
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(a) mass flow rate = 0.007 kg/s                                               (b) mass flow rate = 0.01562 kg/s 

 

(c) mass flow rate = 0.02343 kg/s                                        (d) mass flow rate = 0.0546 kg/s 

Figure 10. Temperature distribution at charge   process with Twi  35 ֯C with different mass flow rate 

 

   

Figure 11. Temperature distribution at charge  process with Twi  45 ֯C , mass flow rate = 0.007 kg/s 
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Figure 12. Temperature distribution at charge process with Twi  35   C with different mass flow rate 
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Figure 13. Temperature distribution at charge process with Twi  60   C , mass flow rate = 0.007 kg/s 
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Figure 14. Temperature distribution at charge process with Twi  60 ֯C with different mass flow rate 
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Figure 15. Mass fraction distribution at charge process with Twi 35   C with different mass flow rate 

CONCLUSIONS  

The melting and solidification of paraffin wax as a phase change material (PCM) in a vertical double pipe heat 

latent heat storage device were investigated in an experimental investigation. In order to determine the 
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coefficient of heat transfer in melting and solidification processes, the current work investigates the phase 

change activity of temperature change along the axial space in the PCM test portion. 

The most important conclusions of the present study are: 

1- The temperature of the outer wall surface and natural convection in the liquid PCM may have a major 

effect on the melting process. 

2- During the charging process, natural convection effects can play an important role in altering the 

behaviour of the storage tank, especially if the tubes are arranged horizontally. This effect needs careful 

study theoretically and experimentally. 

3- Correlation for the heat released and the response time for real storage units based upon the results 

from the multi tube test unit is being verified at the moment. 
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