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1 Title of the thesis and Abstract 

1.1 Title 

Experimental investigation of paraffin wax as an energy storage system 

1.2 Abstract 

The development and use of renewable energy sources such as solar, wind, tides, and waves 

is increasing and projected to increase in the future.  However, the majority of these resources 

are intermittent in nature because of intensity variations based on different environmental and 

climatic conditions. The solar energy is increasing reported to be utilized to generate electric 

power as well as heat in large scale. The main limitation of solar energy again is its 

intermittent nature and hence it becomes more challenging. Similar problems arise in heat 

recovery systems where the waste heat availability and utilization periods are different. The 

electrical energy consumption varies significantly during the day and night. Therefore, there 

is a need to store energy during the sunshine hour and supply this stored energy during the 

night or during cloudy weather. The Phase Change Material (PCM) safely stores thermal 

energy in the form of latent heat during the phase change process. This is one of the ways to 

store available energy to use it later for application during off-sunshine hours. The paraffin 

wax is one of the most reported phase change material (PCM) used as latent heat energy 

storage for its ease of availability and visibility during the melting. But energy charging and 

discharging times to store energy are long due to the poor thermal conductivity of paraffin 

wax. Experimental investigation of multi-pass storage unit is reported here since it is one of 

the methods to improve the performance of Thermal Energy Storage (TES) unit.  

In the present study, a recent investigation is conducted in the area of phase change 

material (PCM) as thermal energy storage (TES). This investigation summarizes the previous 

research works based on the use of various type of phase change materials (PCMs) and 

methodology of study followed. A radar map, mind map, and comparison charts are made for 

energy storage technologies and various phase change materials (PCMs). The geometry of 

the phase change material (PCM) container of TES is studied followed by study of different 

types of phase change material (PCM) used for thermal energy storage (TES). Thereafter 

three different types of paraffin wax based TES (single pass single tube, single pass four tube, 

and four pass single tube) is mathematically modeled and compared with 4 litre capacity 

utilizing same heat transfer surface area. The findings of this comparative analysis is that four 

pass single tube heat exchanger provides overall heat transfer coefficient of about 248 W/m
2 

K  with highest heat transfer rate of about 132 W and lowest charging time of about 88 

minutes compared to 1 pass- 1 tube and 1 pass- 4 tubes storage units. It is due to the high 
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Heat Transfer Fluid (HTF) temperature difference (about 2.3 
o
C) with the long and 

continuous tube.  

Consequently, the experiments on four pass thermal energy storage (TES) unit was 

conducted. It uses a special cylindrical test section to study the experimental performance of 

commercial grade paraffin white wax as phase change material (PCM) unit and to know the 

solid-liquid (S-L) interface boundary respectively. A series of charging and discharging 

experiments were conducted to study the effect of inlet temperature (60 
o
C, 65 

o
C, and 70

 o
C) 

and flow rate of heat transfer fluid (HTF) (50 LPH, 60 LPH, and 70 LPH) on the performance 

of paraffin based thermal energy storage (TES) unit and on solid-liquid (S-L) interface 

position in the test cylinder. The main outcomes of this experimental work is: the charging 

time is reduced by about 24 %, 29 % and 32 % with variation of flow rate from 50 to 70 LPH 

for inlet temperature 60 
o
C, 65 

o
C, and 70 

o
C respectively. Similarly, discharging time is 

reduced by about 32 %, 30 % and 28 % with variation of flow rate from 50 to 70 LPH for 

inlet temperature 20 
o
C, 25 

o
C, and 30 

o
C respectively. The experiment shows the solid-liquid 

(S-L) interface moves faster at a higher flow rate and higher inlet temperature. The inlet 

temperature of HTF plays significant role in improving the melting rate and velocity of the 

solid-liquid (S-L) interface of the phase change material (PCM) compared to the flow rate of 

heat transfer fluid (HTF).  

The present work provides the data to construct a guideline relating the performance of 

thermal energy storage (TES) unit for the variation of temperature and flow rate of heat 

transfer fluid (HTF) as a function of input heat energy. This knowledge can be utilized for 

solar energy system specifically domestic Solar Water Heater (SWH) and for waste heat 

recovery where hot water is source of energy such as condenser or cooling tower. 

2 A brief description of the state of the art of the research topic 

The earth rotates on its axis to constitute a day of approximately 24 hours. The rotation of the 

earth on its axis causes day and night as the exposed surface of earth faces the sun. So only 

one-half of the earth faces the sun at any given time. In other words, the solar energy is an 

intermittent energy source for earth. So it is necessary to store energy during the sunshine 

hour and supply this stored energy during the night or during cloudy weather. Thermal 

energy storage (TES) system is the one of the option to store energy in order to reduce the 

gap between the demand and supply of the energy. 

The two main methods of thermal energy storage (TES) are sensible and latent heat 

storage [1]. The material which changes phase while storing large energy is called Phase 
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Change Material (PCM). The melting of phase change material (PCM) is due to absorption of 

heat from the hot heat transfer fluid (HTF), called charging process of thermal energy storage 

(TES) unit while during solidification it releases heat to heat transfer fluid (HTF) called 

discharging process. The heat released by heat transfer fluid (HTF) during charging process 

is stored in phase change material (PCM) as latent heat. The phase change material (PCM) as 

thermal energy storage (TES) is gaining a greater attention due to advantages of high storage 

density and nearly constant temperature [2]. For example, 1 kg water at 0
o
C stores only about  

4.187x(10-0) = 42 kJ of heat along with increase of temperature of water from the heat source 

by 10
 o

C, while 1 kg of ice can store heat energy of about 333 kJ at constant temperature from 

the same source of heat during phase change. Similarly, typical 1 kg paraffin wax with latent 

heat of 185 kJ/kg stores about 185 kJ of heat energy. The phase change material (PCM) as 

thermal energy storage (TES) system can be safely incorporated into existing thermal 

management system since the latent heat property of the phase change material (PCM) is a 

natural characteristic. It does not need any other energy input or additional complex 

mechanical system to operate energy storage system except heat from the system making it to 

be part of a robust system. The phase change material (PCM) as thermal energy storage 

(TES) is ready to contribute in a different field for energy conservation such as TES of solar 

energy, passive storage in green building/architecture, space and water heating, waste heat 

utilization, cooling and air-conditioning, thermal protection of food during transportation and 

preservation, etc. Reddy et al. [3] reviewed functional principle, thermo-physical properties 

and other material characteristics of various phase change materials (PCMs) for TES. The 

selection of phase change materials (PCMs) is critical, since phase change materials (PCMs) 

need to meet specific requirements of applications such as melting point of the phase change 

material (PCM) must match application condition, high latent heat, low coefficient of thermal 

expansion, excellent reversibility of phase transition, non-toxic, non-corrosive, cheap, etc. as 

reported by Sharma et al. [1] and Mehling et al. [4]. There is no single phase change 

materials (PCMs) which can perfectly satisfy all the varying conditions. So the commonly 

suggested phase change materials (PCMs) to be used in solar heat storage are fatty acids, 

paraffin wax, and hydrates as it satisfies most of the basic requirements.  

Paraffin wax as a phase change material (PCM) is an attractive material for heat storage 

applications since it has high latent heat storage capacities over a narrow temperature range 

as reported by Mithat et al. [5].  Paraffin waxes are cheap, ecologically harmless and non-

toxic. The fatty acids have good long-term stability but they typically have lower latent heats 

than paraffin wax in similar melting ranges and have higher costs. Some fatty acids are 

https://www.sciencedirect.com/science/article/pii/S2352152X1730227X#!
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mildly corrosive and have power to corrode the container. Salt hydrates have higher latent 

heats, densities, and thermal conductivities than paraffin wax and fatty acids reported by 

Zalba et al. [6] and Sharma et al. [7] and are also less expensive compared to paraffin wax 

and fatty acids. However, most of the salt hydrates possess super/sub-cooling, phase 

separation problems reported by Farid et al. [8] and incongruently melting of phase change 

material reported by Sharma et al. [1]. Sub-cooling can be reduced by using appropriate 

nucleating agents or by some mechanical vibration to start crystal growth in the storage 

medium [1, 9]. The incongruent melting is minimized using methods like: encapsulating the 

phase change material (PCM) to reduce separation [10], mechanical stirring [11], adding to 

the thickening agents which prevents setting of the solid salts by holding it in suspension 

[12], modifying the chemical composition of the system and making incongruent material 

congruent [13, 14] and by use of an excess of water.  

Ukrainczyk et al. [15] reported the latent heat capacity about 184-266 kJ/kg and thermal 

conductivity about 0.15-0.36 W/m-K for melting temperature range 27-68 
o
C of various 

grade paraffin wax. The main limitation of paraffin wax is the low thermal conductivity in the 

range of 0.15-0.36 W/m-K as reported by Ukrainczyk et al. [15] which causes a long time for 

the charging and discharging process. Therefore, it requires a large surface area as suggested 

by Mithat et al. [5] or other heat transfer enhancement techniques. Low thermal conductivity 

restricts the use of paraffin wax as thermal energy storage (TES) instead of other good 

properties of paraffin wax. Fan and Khodadadi [16] summarized the recent progress in 

improving the thermal conductivity of the phase change material (PCM). Ibrahim et al. [17] 

reviewed various heat transfer enhancement techniques in latent heat thermal energy storage 

(TES) systems. They concluded that the studies on increasing the heat transfer area and 

thermal conductivity of phase change material (PCM) is needed simultaneously. Therefore, 

the geometry of the phase change material (PCM) container is the most important factor after 

selection of phase change material (PCM) for effective heat exchanged between phase change 

material (PCM) and HTF in order to have high round-trip energy storage efficiency. This is 

also confirmed in the review work of Francis et al. [18] and Ben et al. [19]. In this direction, 

some efforts were made in recent years to improve the heat transfer in the paraffin wax based 

storage unit. Few method as mentioned in the literature to increase the heat transfer are metal 

matrix impregnated phase change material (PCM) [20], finned tubes [21, 22, 23, 24], multi-

tubes [25], and multiple phase change material (PCM) [26], etc. 

The shell and tube single pass thermal energy storage (TES) unit is a well-studied heat 

exchanger. However a multi-pass thermal energy storage (TES) is not so as it gives 
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opportunity to make the heat exchanger compact and robust. Since, the single pass small tube 

thermal energy storage (TES) unit has the lower heat transfer fluid (HTF) temperature 

difference, moderate overall heat transfer coefficient, hence, it requires more time to charge 

phase change material (PCM) storage unit. Therefore, there is a need to study the heat 

transfer enhancement method in order to increase heat transfer using larger fluid temperature 

drop. Higher temperature difference creates a higher effected depth of the solid-liquid (S-L) 

phase change interface during the charging/discharging. The multi pass thermal energy 

storage (TES) unit has the capacity to increase the heat transfer during charging and 

discharging of thermal energy storage (TES) unit without increasing heat transfer area. It 

compensates limitation of low thermal conductivity of paraffin wax and is easy to implement 

as it is safer.   

3 Definition of the Problem 

Phase change materials (PCMs) as thermal energy storage (TES) is the area of research for 

the last 20 years. The paraffin wax is one of the most reported phase change material (PCM)s 

used as latent heat thermal energy storage (TES). But energy charging and discharging times 

are long due to the poor thermal conductivity of paraffin wax as in order of 0.167 W/m-K [8]. 

Low thermal conductivity restricts the use of paraffin wax as thermal energy storage (TES) 

despite of other good properties. Heat transfer enhancement techniques mentioned in the 

literature are the metal matrix to the phase change material (PCM), finned tubes, multi-

tubes/shell and tube heat exchanger, use of multiple phase change material (PCM)s, etc. 

However, work is limited to laboratories due to limited theoretical information and little 

experimental works in the absence of mathematical correlation. Further, these method of 

improving heat transfer are complex and increases the cost of the thermal energy storage 

(TES) system. In addition to this, there is limited information on numerical work/analysis to 

know the position of the solid-liquid (S-L) interface boundary during the process of 

melting/solidification. Solid-liquid (S-L) interface boundary is very important to know the 

behavior of phase change material (PCM) material aspect. Therefore, there is need to carry 

out an experimental investigation of phase change material (PCM) as thermal energy storage 

(TES) systems so that it provides performance data like charging time, the temperature of 

phase change material (PCM), storage efficiency, solid-liquid (S-L) interface position 

corresponding to heat transfer fluid (HTF) flow rate and inlet temperature. Heat transfer fluid 

(HTF) flow rate and inlet temperature are the two important variables. This correspond to hot 

water coming out from solar water heater (SWH), cooling tower, and waste heat recovery 
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unit. So it is taken as control variable and experimental study is conducted to get the answer 

to research question raised as under: 

Research questions:  

(i) What influences the thermal energy charging /discharging time? 

(ii) Is there any simple method to improve the heat transfer rate between heat transfer fluid 

(HTF) and phase change material (PCM)? 

(iii) What is the contribution of multi-pass shell and tube heat exchanger to reduce thermal 

energy charging\discharging time as against the single shell and tube? 

(iv) What is the effect of heat transfer fluid (HTF) flow rate and inlet temperature on the 

performance of energy storage system? 

(v) How S-L interface boundary moves during charging\discharging energy storage? 

4 Objective and scope of work 

The use of multi-pass heat exchanger is not yet reported in the literature. But, multi-pass heat 

exchanger thermal energy storage (TES) unit has the potential to reduce the energy 

charging/discharging time. It is expected so since it increases the heat transfer during 

charging and discharging of thermal energy storage (TES) by virtue of higher heat collection. 

Beside this, the multi-pass thermal energy storage (TES) is easiest to implement being 

compact. So an experimental investigation of paraffin wax based thermal energy storage 

(TES) system is planned. The focus of the research is set to answer the research questions 

raised with the following objectives as: 

4.1 Major objective  

To carry out an analytical and experimental investigation of paraffin wax as a thermal energy 

storage unit under the influence of flow rate and inlet temperature of heat transfer fluid. 

4.2 Minor objective  

O1: To design and develop the paraffin wax based thermal energy storage unit for 

experimental work.  

O2: To perform an analytical and experimental investigation of heat transfer fluid flow rate 

and inlet temperature on the performance of paraffin wax based thermal energy storage 

unit.  

O3: To perform an analytical and experimental investigation of the solid-liquid boundary 

interface position of paraffin wax.   

4.3 Scope of work  

The present work investigate use of paraffin wax as thermal energy storage (TES) system. It 

is planned to study paraffin wax based thermal energy storage (TES) system under the 
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influence of inlet temperatures and mass flow rate of heat transfer fluid (HTF).  This shall 

provide a guideline for the performance of thermal energy storage (TES). The parameters to 

be considered as the output variables shall nearly correspond to thermal energy source such 

as hot water coming from solar water heater (SWH), cooling tower, and waste heat recovery 

unit. The primary data set so generated can be used to choose the thermal energy storage 

(TES) system for the specific application. This data set can be used to optimize the flow rate 

and/or inlet temperature of the heat transfer fluid (HTF) and charging cycle time. It shall be 

useful to judge the amount of energy stored and cycle time corresponding to the mass flow 

rate and temperature of input fluid for specific application. The solid-liquid (S-L) interface 

position shall provide a guideline to know the velocity of solid-liquid (S-L) boundary and 

liquid mass fraction during the melting/solidification corresponding to time and the radial 

coordinate of the storage unit which can be used to find the mechanism of liquefaction and 

solidification. 

5 Original contributions by the thesis 

An extensive and comprehensive literature review is undertaken in order to identify the 

research gaps and research issues in the field of thermal energy storage (TES). It is reflected 

in a review paper published as part of work [27], in form of schematics, block diagrams, 

charts and mind map to provide a guideline for further work. The four pass latent heat 

thermal energy storage (TES) and the technique to identify interface position are unique and 

developed in the laboratory. A series of charging and discharging experiments were 

conducted on four passes thermal energy storage (TES) unit and solid-liquid (S-L) interface 

position is determined in the test cylinder within the laboratory by a novel method. It is 

observed that the charging time get reduced by about 24 %, 29 % and 32 % with increasing 

the flow rate from 50 to 70 LPH for inlet temperature 60 
o
C, 65 

o
C, and 70 

o
C respectively. 

Similarly, discharging time is reduced by about 32 %, 30 % and 28 % with increasing the 

flow rate from 50 to 70 LPH for inlet temperature 20 
o
C, 25 

o
C, and 30 

o
C respectively. The 

interface moves faster at a higher flow rate and higher inlet temperature. The originality of 

work is reflected from 13 citation received till now out of publication made as part of the 

research communication out of this thesis work [28]. 

6 The methodology of Research, Results/Comparisons 

6.1 Methodology 

The motivation for this work evolved out of the complexity and challenges in the area of 

thermal energy storage (TES). An exhaustive and rigorous literature review helped to identify 
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the research gap. Input and output variables were identified for experimental work to 

investigate the performance of paraffin wax based thermal energy storage (TES) unit. The 

input variables are flow rate and inlet temperature of heat transfer fluid (HTF), while the 

capacity of energy storage is decided based on the volume and outlet temperature of hot 

water required for a typical domestic solar water heater (SWH) of 100 to 200 litre. Paraffin 

wax based thermal energy storage (TES) unit having shell and tube heat exchanger is 

designed using Kern Method. Three different types of paraffin wax based thermal energy 

storage (TES) units are mathematically modeled and compared in order to validate the 

selection of four pass thermal energy storage (TES) unit. A series of charging and 

discharging experiments were conducted to study the effect of inlet temperature and flow rate 

of heat transfer fluid (HTF) on the performance of the paraffin wax based thermal energy 

storage (TES) unit and on solid-liquid (S-L) interface position in the test cylinder.  

The sequences of the methodology used to present the outcome are: 

 Literature Review  

 Design of Experiment (DoE) 

 Design of paraffin wax based latent heat thermal energy storage (TES) unit 

 Comparative analysis of three paraffin wax based thermal energy storage (TES) units  

 Analytical thermal analysis  

 Development of four pass thermal energy storage (TES) unit for experimental set-up 

and instrumentation 

 Experimental work to study effect of mass flow rate and inlet temperature of heat 

transfer fluid (HTF) on the performance of paraffin wax based  thermal energy 

storage (TES) unit and solid-liquid (S-L) interface positions in test cylinder 

 Uncertainty analysis of measured parameters 

 Report and Publications  

6.1.1 Design of Experiment (DoE) 

In order to investigate the performance of paraffin wax based thermal energy storage (TES) 

unit the following parameters are identified to construct the design of experiment:  

A. Input variables:  

(i) Flow rate, (ii) Inlet temperature of heat transfer fluid (HTF) 

B. Output variables:   

(a)  Observed variables: (i) Outlet temperature of heat transfer fluid (HTF),  

       (ii) Temperature of phase change material (PCM), (iii) Charging/discharging time,  

       (iv) Solid-liquid (S-L) interface position;  

(b)  Calculated variables: (i) Heat stored, (ii) Heat available, (iii) Storage efficiency,  



10 of 29 
 

       (iv) Heat exchanger effectiveness  

Selection of Input variables: 

The input variables as flow rate and inlet temperature of heat transfer fluid (HTF) is selected 

based on the capacity and outlet temperature of water of domestic solar water heater (SWH) 

of 100 to 200 litres.  In the present study, for performance analysis of thermal energy storage 

system, the flow rate and inlet temperature of heat transfer fluid (HTF) are selected in the 

range 50 to 70 LPH and 60 to 70 
o
C respectively. The flow rate and inlet temperature of heat 

transfer fluid (HTF) with three levels as shown in Table 1 are selected for performance 

investigation of the thermal energy storage unit. 

Table 1 Input factors and levels for conduction of experiment on Thermal Energy Storage  

Input Parameter Level 1 Level  2 Level  3 

Flow rate (during charging/discharging) 50 LPH 60 LPH 70 LPH 

The inlet temperature of HTF during charging 60 
o
C 65 

o
C 70 

o
C 

The inlet temperature of HTF during discharging 20 
o
C 25 

o
C 30 

o
C 

The proper combination of two input parameters is drawn using design of experiment 

(DoE) methodology of factorial design. The 3
3
 factorial designs and 9 combinations are 

available for each charging and discharging of thermal energy storage (TES) unit. Similarly, 

9 combinations and 3 combinations are available for melting and solidification experiments 

in solid-liquid (S-L) interface test cylinder. The experimental work is planned for above 30 

combinations.  

The capacity of paraffin wax based thermal energy storage (TES) Unit: 

The capacity of thermal energy storage is decided based on the excess mass of hot water 

available and its temperature in actual domestic solar water heater (DSWH). The capacity of 

the energy storage system is about 1 MJ selected based on the requirement of hot water 

temperature, availability of excess heat energy and its average temperature for 200 litre solar 

water heater (SWH). 

Selection of phase change material (PCM): 

The phase change material (PCM) is selected based on criteria as operational temperature 

range required, melting point of phase change material (PCM), the heat of fusion; thermal 

conductivity; volume change during melting/solidification, compatibility with the container, 

nontoxic and nonhazardous behavior, availability and cost. In the present study, a commercial 

grade organic paraffin white wax is selected as phase change material (PCM). The thermo-

physical property of commercial grade organic paraffin white wax as given in Table 2 is 

used. 
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Table 2 Thermo-physical properties of commercial grade organic paraffin white wax  

Property Value 

Melting temperature 50 
o
C 

Density 950 kg/m
3
 

Latent heat of fusion 185 kJ/kg 

Specific heat (solid) 2.4 kJ/kg-K 

Specific heat (liquid) 2.45 kJ/kg-K 

Thermal conductivity (liquid) 0.167 W/m-K 

Volume taken for study (for energy storage unit) ~ 4 litres 

Volume taken for study (for determining the interface  

position in the test cylinder) 

~0.67 litre 

6.1.2 Design of paraffin wax based latent heat thermal energy storage (TES) unit  

The present case study thermal energy storage (TES) unit is considered as a heat exchanger 

similar to evaporator or condenser as the phase change occurs in the heat exchanger. Shell 

and tube heat exchanger is designed using Kern Method [27].  

6.1.3 Comparative analysis of three different paraffin wax based thermal energy storage 

(TES) units 

Three different types of paraffin wax based thermal energy storage (TES) unit has been 

mathematically modeled and compared with 4 litre capacity having same heat transfer surface 

area. The thermal energy storage (TES) units used for case study are:  

(i) Single pass single tube (HE-1),  

(ii) Single pass four tubes (HE-2) and  

(iii) Four pass single tube (HE-3).  

The comparative analysis is carried out for the same energy storage capacity, inlet 

heat transfer fluid (HTF) temperature and flow rate of around 60 
o
C and 50 LPH respectively. 

Outcomes and comparative data of the present study provide guidelines for selection of 

proper heat exchanger for paraffin wax based thermal energy storage (TES) unit for 

application such as solar water heater (SWH). 

6.1.4 Analytical thermal analysis  

Performance analysis of heat transfer fluid (HTF) as heat source: The performance 

parameters such as outlet temperature of heat transfer fluid (HTF), Reynold number, overall 

heat transfer coefficient, heat transfer, etc. are calculated for various flow rates of heat 

transfer fluid (HTF) using heat transfer equations and plotted on the chart with variation of 

flow rate and inlet temperature of heat transfer fluid (HTF). 

Performance analysis of phase change material (PCM) as heat stored: The phase change 

material (PCM) temperatures, liquid fraction and energy stored by phase change material 
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(PCM) are calculated for charging process and plotted on the chart with variation of flow rate 

and inlet temperature of heat transfer fluid (HTF). 

Solid-liquid (S-L) interface position analysis: The position of the S-L interface is found 

with help of software for charging at three constant fluid flow rates of 50, 60 and 70 LPH. 

The same procedure repeated for three constant inlet temperatures of heat transfer fluid 

(HTF), Twi of 60 
o
C, 65 

o
C, and 70 

o
C. The liquid fraction is computed for charging and 

discharging processes and matched with the experimental reading directly gauging the 

interface. 

6.1.5 Development of four pass paraffin wax based thermal energy storage (TES) unit 

for experimental work 

The multi-pass thermal energy storage (TES) unit is used for performance analysis of phase 

change material (PCM) based latent heat storage. The cross-section view of proposed thermal 

energy storage (TES) unit with phase change material (PCM) tube and interface position test 

cylinder is shown in Fig. 1 and Fig. 2 respectively. The thermal energy storage (TES) unit is 

designed considering it as a heat exchanger in which one of the fluid temperature remains 

constant during the phase change.  

 

Fig. 1 Thermal energy storage (TES) Unit Fig. 2 Interface position test rig heat 

exchanger 

Consequently, an experimental set-up is fabricated as per design and requirement. 

PCM

Insulation

Interface measuring

calibrated scale

PCM Level

180
190

26

1771

All dimensions are in mm

Fig. 2 Storage unit

Section X-X
Copper pipe

PCM

180

25.4

All dimensions are in mm

X X

Acrylic shell

PCM

178

X X

Section X-X
Copper pipe

Acrylic shell

PCM

PCM

180

178

25.4

17

PCM

Insulation

Interface measuring

calibrated scale

PCM Level

180
190

26

71

All dimensions are in mm

All dimensions are in mm

Fig. 2 Storage unit



13 of 29 
 

6.1.6 Experimental set-up for measuring heat stored and solid-liquid (S-L) interface 

position 

The schematic flow diagram of the experimental set-up is shown in the Fig. 3. It consists of 

four main components as water tank, thermal energy storage unit, interface position test rig 

heat exchanger and temperature indicator using the state type of thermocouples.   

(1) Thermal energy storage (TES) unit: An acrylic cylindrical container of 178 mm long 

and Ø 180 mm inner diameter is used as the energy storage tank to analyze the performance 

of paraffin wax based thermal energy storage (TES) unit. This tank is fitted with copper pipe 

of Ø 25.4 mm inner diameter with 1 mm wall thickness. The copper pipe is made to have four 

pass inside the storage tank as shown in Fig. 1. The one end of the copper pipe is connected 

with a hot water bath and the exit end at top is connected to water sink with help of insulated 

flexible pipes. The space between the copper tube and acrylic tank is filled with phase change 

material (PCM). The thermal energy storage (TES) unit is insulated in order to reduce heat 

losses with 10 mm lagging. Four PT100 thermocouple probes are inserted at the different 

locations in the thermal energy storage (TES) unit through compression fittings on the 

outside of the phase change material (PCM) container to measure the temperatures of phase 

change material (PCM). Out of these, the two thermocouples namely TC3 and TC4 are 

inserted from the top side in vertical position and two other thermocouples namely TC5 and 

TC6 are fitted from the side of the tank in horizontal position. The commercial grade 3.85 kg 

of paraffin white wax is used as phase change material (PCM). The phase change material 

(PCM) filling process was carried out from the top of the tank by melting and pouring it. The 

acrylic lid was latter on bolted back in place. 

(2) Constant heat, constant temperature water supply tank:  The hot water bath at a 

constant temperature and pressure head is used to supply the hot water known as heat transfer 

fluid (HTF) through the copper pipe which passes through the thermal energy storage (TES) 

unit during the charging process.  In this process, phase change material (PCM) absorbs heat 

from hot water. Electric heaters are used to heat the water in the water bath. The immersion 

heater is connected with a bulkhead fitting to the hot water bath. A measuring flask of 1 litre 

and stopwatch were used to measure the flow rate of heat transfer fluid (HTF). During the 

discharging process, the same water bath is used to supply the cold water. The flow control 

valve is provided in the heat transfer fluid (HTF) flow line to control the flow rate of water. 

Two thermocouple probes (PT100) are inserted at the inlet (TC1) and outlet (TC2) pipes of 

the storage tank in order to measure the temperature of heat transfer fluid (HTF). The 
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thermocouples are connected to a temperature indicator which displays the instantaneous 

digital outputs. 

(3) Solid-liquid (S-L) interface position heat exchanger test rig: A 190 mm long steel 

cylindrical with Ø 71 mm inner diameter container. A copper pipe of Ø 19 mm outer 

diameter is fitted inside the container to make heat exchanger test rig. This test rig was used 

to measure solid-liquid (S-L) interface position of phase change material (PCM) during 

charging and discharging processes. The cylindrical container is closed from the bottom and 

open from the top. Hot or cold water as heat transfer fluid (HTF) flows through the copper 

tube. The lower end of the copper pipe is connected with the hot water bath to supply and exit 

end is connected to water sink with help of insulated flexible pipes. The space between the 

copper tube and steel cylindrical container is filled with paraffin wax as phase change 

material (PCM). The steel cylindrical container is insulated by 20 mm thick glass wool in 

order to reduce heat losses. Graduated scale and metal pointer wire is used to measure solid-

liquid (S-L) interface position in the heat exchanger test rig. The phase change material 

(PCM) filling process was carried out from the top of the cylinder and it was kept open 

during the experiment to measure solid-liquid (S-L) interface position by poking the wire.  

Commercially available paraffin white wax generally represented as CnH2n+3 was used 

to report the laboratory finding.  

 

Fig. 3 Experimental set-up to measure energy store and measure S-L interface 
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6.2 Experimentation, result analysis of thermal energy storage (TES) unit and solid-

liquid (S-L) interface position 

The experiment for the thermal energy storage was planned in three different stages: 

(a) Experiment corresponding to performance of thermal energy storage (TES) under 

effect of flow rate and inlet temperature of heat transfer fluid (HTF) during charging 

the energy. 

(b) Experiment corresponding to performance of thermal energy storage (TES) under 

effect of flow rate and inlet temperature of heat transfer fluid (HTF) during 

discharging the energy. 

(c)  Experiment corresponding to measure solid-liquid (S-L) interface positions under 

effect of flow rate and inlet temperature of heat transfer fluid (HTF) during melting 

and solidification. 

6.2.1 Effect of flow rate and inlet temperature of heat transfer fluid (HTF) on the 

performance of thermal energy storage (TES) unit  

A series of charging and discharging experiments were conducted to study the effect of inlet 

temperature and flow rate of heat transfer fluid (HTF) on thermal behavior of the thermal 

energy storage (TES) unit. In the beginning, paraffin wax was solid in the thermal energy 

storage unit. But as the hot water at a constant flow rate from the bath of constant temperature 

was made to flow through the copper pipe under static head the paraffin wax get melted. The 

phase change material (PCM) absorbed the heat during charging in three stages as (i) initially 

it is heated by heat transfer fluid (HTF) up to melting temperature, called sensible heating of 

solid PCM during this process temperature of PCM increases, (ii) once PCM gets melting 

temperature, it passes through melting process, called phase change process during this 

process PCM absorbs large amount of heat/thermal energy corresponding to its latent heat 

from heat transfer fluid (HTF) and (iii) liquid PCM was heated once whole solid PCM melted 

to liquid PCM, called sensible heating of liquid PCM.  The total heat stored in the phase 

change material (PCM) during charging process is equal to sum of heat absorbed during all 

above three stages. Similarly, in the reverse process called discharging, phase change 

material (PCM) releases heat to heat transfer fluid (HTF). The temperatures of phase change 

material (PCM) at different location in the thermal energy storage (TES) unit and temperature 

of heat transfer fluid (HTF) at inlet and outlet are recorded during charging and discharging 

experiments for three constant fluid flow rates of 50, 60 and 70 LPH and for three constant 

inlet temperature of heat transfer fluid (HTF) of 60 
o
C, 65 

o
C, 70 

o
C during charging and of 
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20 
o
C, 25 

o
C, 30 

o
C during discharging respectively. The temperature of phase change 

material (PCM) was measured at four locations corresponding to outlet heat transfer fluid 

(HTF) temperature during charging/discharging time at different flow rates and inlet heat 

transfer fluid (HTF) temperatures. The total heat available, heat stored in phase change 

material (PCM), storage efficiency, effectiveness were computed for both charging and 

discharging processes as the measure of heat transfer mechanism. 

6.2.1.1 Charging of paraffin wax based thermal energy storage (TES) unit to store 

energy: This was done under four category to measure the effect of flow rate and inlet 

temperature on outlet temperature of heat transfer fluid (HTF), temperature of phase change 

material (PCM) cycle time, heat stored and heat available during charging as under. 

6.2.1.1a Effect of flow rates and inlet temperatures of heat transfer fluid (HTF) on 

outlet temperatures of heat transfer fluid (HTF) during charging: The average 

temperature difference between inlet and outlet of heat transfer fluid (HTF) reduces with 

increase in the flow rate for a specific inlet temperature of heat transfer fluid (HTF) due to 

less time available for heat transfer at higher velocity of heat transfer fluid (HTF).  However, 

the higher temperature difference is available with a higher inlet temperature of heat transfer 

fluid (HTF). It is found that the maximum temperature difference is about 4 
o
C, 5

 o
C and 6

 o
C 

in the initial stages in the case of inlet temperatures 60 
o
C, 65 

o
C, and 70 

o
C respectively. The 

temperature difference gets reduced as the charging process proceeds. Once the charging 

process gets completed this difference becomes constant as steady state is nearly achieved. 

The average fluid temperature difference get increased from 2.4 to 3.4 
o
C during charging 

with increasing temperature of inlet fluid from 60 to 70 
o
C for 50 LPH as shown in Fig.4.  

 

Fig. 4 Effect of inlet temperature of heat transfer fluid (HTF) on outlet-inlet temperature 

difference for constant flow rate 50 LPH during the charging process 

0

1

2

3

4

5

6

7

15 75 135 195 255 315

d
T

 =
 T

w
o

 -
T

w
i,

  
o

C

Charging time, min

dT for 60°C

dT for 65°C

dT for 70°C

Avg. 2.8oC

Avg. 2.4oC

Avg. 3.4oC at 50 LPH



17 of 29 
 

A similar effect was seen in the case of 60 LPH and 70 LPH. This was about 1 to 2 
o
C 

in case of single pass single tube heat exchanger thermal energy storage (TES) unit of the 

previous finding of other researchers. This is due to fact that heat transfer fluid (HTF) does 

not get enough time to release heat through the shorter length of the tube. This temperature 

drop can be increased using a full-length tube in form of a single pass, but it increases axial 

length of the heat exchanger excessively. In the present study, the main advantage of the 

multi-pass storage unit is that the higher fluid temperature difference is available for heat 

storage in phase change material (PCM) through a shorter length.   

6.2.1.1b Effect of flow rates and inlet temperatures of heat transfer fluid (HTF) on 

phase change material (PCM) temperatures during charging: The trend lines of phase 

change material (PCM) average temperatures at all flow rates and at all inlet heat transfer 

fluid (HTF) temperatures are quite similar during the charging period. The phase change 

material (PCM) temperature rapidly rises in the initial stage as shown in Fig 5. This is due to 

sensible heating of phase change material (PCM). In the second stage, phase change material 

(PCM) temperature is nearly constant showing latent heating making solid-liquid (S-L) phase 

change. During the last stage of charging, heating of phase change material (PCM) liquid 

again shows a rapid increase in temperature compared to second stage. However, a higher 

flow rate and higher inlet temperature of heat transfer fluid (HTF) increases the rate of heat 

transfer and hence charging cycle time get reduced.  

 

Fig. 5 Effect of flow rates on phase change material (PCM) average temperature for constant 

heat transfer fluid (HTF) 65
o
C during the charging process 
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152 min with increasing the flow rate from 50 LPH to 70 LPH for inlet temperature 60 
o
C, 65 

o
C, and 70 

o
C respectively. It is maximum as 284 min for 50 LPH, 60 

o
C and minimum as 

152 min for 70 LPH, 70 
o
C. Both the effect of varying the mass flow rates and inlet heat 

transfer fluid (HTF) temperatures on the charging cycle is quite similar. So, in the situation 

where less time required for charging, the higher flow rate and higher inlet temperature of 

heat transfer fluid (HTF) is recommended. 

 

Fig. 6 Effect of flow rates and inlet temperature of heat transfer fluid (HTF) on charging time 
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heat transfer fluid (HTF) temperature but there is not much variation in energy stored by 

phase change material (PCM) since thermal energy storage (TES) unit has fixed mass of 
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temperature during the initial stage of discharging when the rate of heat transfer fluid (HTF) 

flow is very less. But, this requires a very long time to discharge and release the stored 

energy.   

6.2.1.2b Effect of flow rates and inlet temperatures of heat transfer fluid (HTF) on 

phase change material (PCM) temperatures during discharging: In the initial stage, the 

phase change material (PCM) temperature rapidly decreases as shown in Fig. 7. This is due to 

the sensible cooling of phase change material (PCM). In the second stage, phase change 

material (PCM) temperature remains nearly constant showing latent cooling making liquid-

solid phase change. During the last stage of discharging, the cooling of phase change material 

(PCM) liquid shows a rapid decrease in temperature compared to the second stage. The 

higher flow rate and lower inlet temperature of heat transfer fluid (HTF) increase the rate of 

heat transfer and hence discharging cycle time is reduced. This is due to the higher 

temperature difference for corresponding at lower inlet temperature.   

 

Fig. 7 Effect of flow rates on phase change material (PCM) average temperature for constant 

heat transfer fluid (HTF) 30 
o
C during the discharging process 
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rate. However, the effect of variation in the inlet heat transfer fluid (HTF) temperatures on 

the discharging cycle is opposite, i.e. the cycle time get reduced at a lower inlet temperature 

of heat transfer fluid (HTF). In the situation where less time for discharging is required, the 

higher flow rate and lower inlet temperature of heat transfer fluid (HTF) is recommended. 

This is due to the fact that lower temperatures of the cooling medium and higher flow rate 

increases heat transfer toward heat transfer fluid (HTF). 

 

Fig. 8 Effect of flow rates and heat transfer fluid (HTF) inlet temperature on discharging time 
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6.2.2.1 Effect of charging process on solid-liquid (S-L) interface position 

The melting process sequence for typical parameters such as 50 LPH and 60
 o

C the 

temperature of inlet heat transfer fluid (HTF) is shown in Fig. 9. The melting commences 

from the outer surface of the heat transfer fluid (HTF) tube and moves radially toward shell. 

The phase change material (PCM) near the tube wall gets melted within 2 to 3 min and shape 

of S-L interface is nearly cylindrical corresponding with the axis of the tube. This is due to 

the conduction mode of heat transfer which makes movement of interface uniform. As there 

is less mass of smaller radius phase change material layer around the copper tube requires 

less heat per unit thickness of layer resulting in the faster movement of the interface near to 

heat transfer fluid (HTF) tube.  

 

 (a) After 5 min           (b) After 15 min           (c) After 25 min            (d) After 45 min 

Fig. 9 S-L interface position in radial direction – during charging at 50 LPH and 60 
o
C 

As melting process proceeds further around 5 min after heating, the speed of solid-

liquid (S-L) interface is reduced, however it moves faster in top half part of test cylinder 

compared to remaining lower half part. Subsequently, as there is enough molten phase 

change material (PCM) the natural convection gets enhanced. During this stage, hot liquid 

phase change material (PCM) flows upward from the bottom due to buoyancy and releases 

more heat at top of the cylinder, so upper part of solid-liquid (S-L) interface moves faster 

than the lower part. This flow of liquid is not only caused by the buoyancy effect but is also 

due to the sufficient difference of density leading to the effect of volume change from solid to 

liquid. It makes solid-liquid (S-L) interface boundary conical in shape with narrowing effect 

at bottom. The cone angle slightly increases as melting process proceeds which is reflected in 

Fig.10.  

It is known that strong natural convection can increase the melting rate compared with 

little convection condition or weak convection. It is reflected in liquid fraction against the 

charging time plot as shown in Fig. 11; the rate of melting is slightly less at the beginning of 

the melting process. However, the solid-liquid (S-L) interface position moves at a faster rate 

in the initial stage of melting compared to a later stage of melting as shown in Fig. 12. This is 

due to (i) lower average temperature of phase change material (PCM) and no natural 
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convection in the initial stage of melting and (ii) lesser phase change material (PCM) mass 

near to heat transfer fluid (HTF) tube. This is also reflected in interface velocity, the speeds 

of interface movement is higher in the initial stage of melting and lower in the later stage of 

melting. The velocity of the interface at top of the cylinder is higher than the bottom part of 

the cylinder. It is due to strong convection as the hot liquid gets accumulated at top of the 

cylinder and molten metal releases more heat at the top half of cylinder. 

 

Fig. 10 S-L interface position in radial and axial direction for flow rate 60 LPH and heat 

transfer fluid (HTF) temperature 65 
o
C 

 

 

Fig. 11 Liquid fraction for various heat 

transfer fluid (HTF) temperatures and for 50 

LPH 

 

Fig. 12 S-L interface position for various heat 

transfer fluid (HTF) temperatures and for 50 

LPH 
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there is appreciable variation in a liquid fraction with increasing inlet temperature from 60
o
 to 

1
6

11
1

6
2

1
2

6

-1
8

0

-1
6

0

-1
4

0

-1
2

0

-1
0

0

-8
0

-6
0

-4
0

-2
0

0

s(t), m
m

Depth, mm

5min

10min

15min

20min

25min

30min

35min

40min

45min

50min

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 10 20 30 40 50 60

L
iq

u
id

 F
ra

ct
io

n
, 

 m
l/m

Time, min

60 °C

65 °C

70 °C

at 50 LPH

0

5

10

15

20

25

30

0 10 20 30 40 50 60

s(
t)

, 
m

m

Time, min

60 °C

65 °C

70 °C

at 50 LPH



23 of 29 
 

70 
o
C.  The inlet heat transfer fluid (HTF) temperature plays an appreciable role in improving 

the melting rate of the phase change material (PCM) compared to the flow rate of heat 

transfer fluid (HTF). However, both flow rate and inlet temperature are useful to reduce 

charging time during the process. The actual charging time for melting the phase change 

material (PCM) during the experiment is observed higher than theoretical time. This might be 

due to natural convection further gets low to dissipate the heat in the system. It is also 

observed that volume is increased from solid to liquid by 7.5x10
-5

 m
3
 after the melting 

process leading to bulging of surface at top exposed to atmosphere.  

6.2.2.2 Effect of discharging process on solid-liquid (S-L) interface position 

Discharging experiments are carried out at three heat transfer fluid (HTF) flow rates of 50 

LPH, 60 LPH and 70 LPH with constant inlet heat transfer fluid (HTF) temperatures of 27 

o
C.  

The solidification process sequence for a typical parameter such as 50 LPH and 27
 o

C 

temperature of inlet heat transfer fluid (HTF) is shown in Fig. 13. The solidification 

commences from the outer surface of the heat transfer fluid (HTF) tube and moves toward the 

outer radial direction. 

 

     (a) After 10 min               (b) After 15 min                  (c) After 20 min              (d) After 25 min 

Fig. 13 S-L interface position in radial direction – during discharging for 50 LPH and 27 
o
C 

The shape of solid-liquid (S-L) interface is nearly cylindrical with the same axis of the 

tube instead of conical in case of melting. Since, natural convection is not seen during 

solidification, and hence solid-liquid (S-L) boundary is cylindrical. However, some of the 

liquid gets solidified from the top surface of the cylinder due to cooler atmospheric condition. 

Due to volume change during solidification, some cavities are formed on top of the cylinder 

and filled by liquid phase change material (PCM). At end of solidification, some blow holes 

are also seen on the surface of solid phase change material (PCM). Near the tube of heat 

transfer fluid (HTF) the liquid phase change material (PCM) solidifies at a faster rate 

compared to a later stage of solidification. It is observed that discharging time is less 

compared to charging time making release of energy is easier then storing energy. 
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6.3 Uncertainty analysis of measured parameters  

Least count of instruments used in the experiment indicates the uncertainty in the direct 

measurement and same is used to report the calculation uncertainty in parameters using the 

method of error propagation. Uncertainties in the measurement of temperature are in order of 

UT = ± 0.02 
o
C for Thermocouples, ± 0.001 kg for the mass of water and ± 1 s for time. 

Table 3 Uncertainties in measured and calculated parameters 

Flow rate, 

LPH 

Uncertainty (%) 

Umw UQA UQPCM UX 

50 1.6 1.5 to 1.6 0.26 up to 10 

60 1.9 1.7 to 1.9 0.26 up to 10 

70 2.2 2.0 to 2.2 0.26 up to 10 

7 Achievements with respect to objectives 

SR. Objectives Status Reference 

1 O1: To design and develop the paraffin wax based 

thermal energy storage unit for experimental work. 

Achieved Article 

6.1.6 

2 O2: To perform an analytical and experimental 

investigation of heat transfer fluid flow rate and inlet 

temperature on the performance of paraffin wax based 

thermal energy storage unit. 

Achieved Articles 

6.2.1, 6.1.4 

3 O3: To perform an analytical and experimental 

investigation of the solid-liquid boundary interface 

position of paraffin wax. 

Achieved Articles 

6.2.2, 6.1.4 

8 Conclusion 

The experimental investigation of paraffin wax as an energy storage system answers the 

research questions raised. The results in form of conclusion are presented here in three 

heading as follows:  

8.1 Comparative analysis of thermal energy storage (TES) units 

● From the theoretical comparative analysis of three thermal energy storage (TES) units for 

mass flow rate 50 LPH and inlet fluid temperature 60
o
C, it is concluded that the paraffin 

wax based four pass single tube thermal energy storage (TES) unit provides overall heat 

transfer coefficient of 248 W/m
2 

K, hence highest heat transfer rate of 132 W and lowest 

charging time of 88 minutes compared to single pass single tube and single pass multi tube 

heat exchangers. This is due to the highest heat transfer fluid (HTF) temperature difference 

of about 2.3 
o
C is possible with the long and continuous tube in case of paraffin wax based 

four pass single tube thermal energy storage (TES) unit. This result answers the research 

question as contribution of multi-pass shell and tube heat exchanger compared to that of 

single shell and tube. 
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8.2 Effect of flow rate and inlet fluid temperature on the performance of thermal energy 

storage (TES) unit 

The results are presented in this section answers the research questions 1, 2, 3 and 4 which 

were regarding the cycle time, improvement of heat transfer in energy storage system, 

contribution of multi pass energy storage system and effect of heat transfer fluid (HTF) flow 

rate and inlet temperature on the performance of energy storage system respectively. 

● The trend lines of temperature change of phase change material (PCM) are quite similar 

under various inlet temperatures and flow rates of heat transfer fluid (HTF) during 

charging and discharging. In the initial stage of charging and discharging, the phase 

change material (PCM) temperature rapidly rises and attain steadiness after around 90 to 

120 min for inlet fluid temperature from 60 to 70 
o
C respectively during melting. 

● The heat availability of heat transfer fluid (HTF) is increased during charging with 

increasing flow rate as well as inlet fluid temperature whereas the heat absorbed by heat 

transfer fluid (HTF) from phase change material (PCM) decreases during discharging with 

increasing flow rate as well as inlet fluid temperature. There is not much variation in heat 

energy storage by phase change material (PCM) during melting and amount of heat release 

during discharging under the different inlet heat transfer fluid (HTF) temperature and flow 

rates as it had a constant mass of phase change material (PCM).   

● The higher flow rates and higher inlet fluid temperatures increase the rate of heat transfer 

and hence charging as well as discharging cycle time is reduced. The charging time is 

reduced from about 4.7 to 3.7 hour, 4.2 to 3.1 hours, and 3.7 to 2.5 hours with increasing 

the flow rate from 50 to 70 LPH for inlet temperature 60 
o
C, 65 

o
C, and 70 

o
C respectively. 

The discharging time is reduced from 3.8 to 2.7 hours, 3.4 to 2.4 hours 2.9 to 2.0 hours 

with increasing the flow rate from 50 to 70 LPH for inlet temperature 30 
o
C, 25 

o
C and 20 

o
C respectively. 

● The energy storage efficiency of the energy storage unit during charging is slight 

decreases with increasing both the inlet temperature and flow rate of the fluid. The 

effectiveness of energy storage unit also gets slightly reduce with increase in inlet 

temperature of the fluid and negligible variation with flow rate. The efficiency and 

effectiveness at the mentioned flow rate and inlet temperature are in the range of about 33 

to 40 % and about 0.17 to 0.23 respectively.  
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8.3 Effect of flow rate and inlet fluid temperature on S-L interface 

The results are presented here answers the research question regarding solid-liquid (S-L) 

interface boundary movement.  

● The phase change material (PCM) near the tube wall gets melted within 2 to 3 min and 

shape of S-L interface is nearly cylindrical with the same axis as of the tube during the 

initial stage of melting. As melting process proceeds, after around 5 min, the S-L interface 

moves faster in top half part of test cylinder compared to remaining half part, even higher 

inlet temperature of heat transfer fluid (HTF) at bottom of the cylinder. After about 5 min, 

there is enough molten phase change material (PCM) and hence natural convection get 

commenced. It makes S-L interface boundary conical in shape with narrow bottom. 

● The speed of the interface is around 1.2 to 2.1 m/min in the initial stage of melting and it 

continuously gets reduce with time as process proceeds. It slightly gets increased with 

increasing inlet temperature and flow rate of heat transfer fluid. 

The present experimental investigations of paraffin wax as the thermal energy storage (TES) 

system with respect to inlet temperatures and mass flow rate of heat transfer fluid (HTF) 

provides a basis to construct the guideline for the performance of thermal energy storage 

(TES) unit for variables thermal energy source such as hot water coming from solar water 

heater (SWH), cooling tower, waste heat recovery etc. Solid liquid interface position is useful 

to characterize the melting and solidification phenomenon of phase change material (PCM) in 

cylindrical energy storage unit. 

Further, it is concluded that the paraffin wax four pass tube storage unit is more 

favorable than the single pass large diameter tube unit. It is found that the average fluid 

temperature difference in four pass unit is in the range 2.4 to 3.8 
o
C during charging for flow 

rates in range 50 to 70 LPH and inlet temperature in range 60 to 70 
o
C.  This is about 1 to 2 

o
C higher than that of single pass storage unit reported by other researchers.  

Publications 

SN Title of Paper Journal/ Year Publisher 

1 Experimental thermal behavior 

response of paraffin wax 

as a storage unit 

Journal of Thermal Analysis 

and Calorimetry 2016; 124(3): 

1511-1518. 

Springer 
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