
The International Journal of Materials and Engineering Technology (TIJMET) (2024) 7(2) 

http://dergipark.gov.tr/tijmet  

ISSN: 2667-4033 

RESEARCH ARTICLE  https://doi.org/10.70858/tijmet.1541458 

 

Corresponding Author: Ali Kemal Özcan  

E-mail: ozcants61@gmail.com 

 

 
How to cite this article:  

Özcan, A.K., Öksüz, Ö., Demirtaş C., Experimental and numerical investigation of the 

use of organic and inorganic materials melted with infrared rays for thermal energy 

storage, The International Journal of Materials and Engineering Technology 

(TIJMET), 2024, 7(2): 85-99 

 

 

Experimental and numerical investigation of the use of organic and inorganic materials 

melted with infrared rays for thermal energy storage 
 

Ali Kemal Özcan*1 , Ömer Öksüz2  and Cevdet Demirtaş2  
 
1Karadeniz Technical University, Graduate School of Natural and Applied Science, Trabzon, Türkiye 
2Karadeniz Technical University, Faculty of Engineering, Department of Mechanical Engineering, Trabzon, Türkiye 

 

Article Info  Abstract 

Article history: 
Received 12.09.2024 
Revised: 26.12.2024 

Accepted: 30.12.2024 

Published Online: 31.12.2024 

 Energy storage processes need to be researched and developed to ensure the conversion and 

sustainability of energy. The original value of this study lies in the experimental and numerical 

investigation of the performance of an innovative heat storage system using infrared radiation and 

phase change materials (PCMs). In a laboratory setting, infrared rays emitted by a lamp are directed 

through a conical concentrator onto organic as paraffin and inorganic Hitec salts. These materials 

are melted and analyzed for their potential use in thermal energy storage. During a 4-hour charging 

process, the focal temperature ranged between 200–300°C. The maximum temperatures measured 

in the upper region of a 10-liter furnace were 87°C for paraffin and 240°C for Hitec salts. In the 

subsequent 4-hour discharge process, the upper region temperature of the Hitec salt decreased from 

approximately 102°C to 46°C, while the paraffin's temperature dropped from 75°C to 55°C. With 

mass flow rates of 0.047 g s-1 for paraffin and 0.061 g s-1 for Hitec salt, the average thermal 

efficiencies in the furnace were calculated as 56% for paraffin and 65.6% for Hitec salts. The first-

law thermodynamic efficiencies were determined to be 8% for paraffin and 19.7% for Hitec salts. 

In summary, paraffin is ideal for low-temperature applications (below 80°C), while Hitec salts are 

more suitable for medium to high-temperature applications due to their superior thermal properties. 
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1. Introduction 

There are many different energy production methods to meet 

the demand for energy consumption. The demand for renewable 

and sustainable energy production and energy storage methods 

is increasingly increasing. Innovative energy storage methods 

are being researched and implemented to ensure continuity and 

diversity in energy. Thermal energy storage studies are also 

increasing with the point heat source created by concentrating 

solar energy, which is one of the renewable energy sources. 

Thermal energy is provided with infrared lamps to ensure 

continuity in cases where there is no solar energy. The phase 

change materials used in thermal energy storage consist of 

organic, inorganic and eutectic mixtures. Thermal energy 

storage types made with phase change materials are sensible and 

latent heat storage.  

Latent heat storage systems (LHSS) are leading the way in 

providing environmentally friendly energy saving solutions. 

Solid-liquid phase change materials are particularly attractive 

and innovative for thermal energy storage because they offer a 

wide temperature range between the four possible phase 

transitions in LHSS (solid-liquid, liquid-liquid, liquid-gas, 

solid-gas and solid-solid) and have high heat storage capacities. 

These systems are classified into 3 categories: organic, 

inorganic and eutectic types, as seen in the Figure 1, which heat 

storage during the transition from solid to liquid phase and 

release it during the transition from liquid to solid phase [1].  

Thermal processes such as melting and solidification can be 

carried out with the help of infrared lamps. There are very few 

literature studies on these high current solar simulators. In the 

study conducted by Gallo et al., it is stated that solar simulators 

are widely used in cases where solar rays are not sufficient. In 

addition, solar simulators represent artificial high-current light 

sources similar to concentrated solar rays [2]. In a Similar 

literature study, a high flux solar simulator was used to provide 

process heat for glass production using concentrated solar 

radiation. Preliminary information on the use and applicability 

of concentrated solar radiation to melt glass at optimum scale 

was presented [3].  

In the study conducted by Sarı and Karaipekli, in order to 

obtain a stable composite as a phase change material (PCM), the 

determination of the appropriate amount of paraffin (n-docosane) 

absorbed into Expanded Graphite (EG) and the effect of EG 

addition on thermal conductivity were investigated using the 

transient hot wire method. The thermal conductivity of pure 

paraffin and composite PCMs containing 2%, 4%, 7%, and 10% 

EG by weight was measured as 0.22, 0.40, 0.52, 0.68, and 0.82 

W/mK, respectively. For these composite PCMs, the composite 

containing 10% EG is more suitable for latent heat storage with 

higher thermal conductivity and better melting temperature [4].  

In the study by Akgün et al., a vertical tube geometry was 

designed to determine the charging and discharging properties 

of paraffin as a phase change material. The thermophysical 

properties of the investigated paraffin were determined by 

differential scanning calorimetry analysis. The effect of 

increasing the inlet temperature and mass flow rate of the heat 

transfer fluid (HTA) on both the charging and discharging 
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processes of the PCM was investigated. An increase in the inlet 

temperature of the heat transfer fluid resulted in shorter melting 

times [5]. 

In order to increase the thermal conductivity of paraffin, the 

melting processes of pure paraffin and paraffin with 10% Al2O3 

nanoparticle doping by mass in a two-dimensional rectangular 

melting area were investigated numerically with ANSYS Fluent 

software by Arslan et al. The effect of increasing the wall 

temperature of the rectangular area to 65 °C, 70 °C and 75 °C 

on the total melting time for pure paraffin and nanoparticle-

doped paraffin was investigated. As a result, it was found that 

the use of Al2O3 nanoparticles increased the heat transfer rate of 

paraffin [6].    

 

 
Figure 1. Classification of PCMs [1] 

 

By Sinaringati et al., Paraffin and beeswax were used as 

PCM that can give off heat energy to heat the baby incubator. 

Paraffin and wax have high latent heat to keep the heat at 

constant temperature and release it. As a result, the PCMs were 

able to maintain heat energy at a temperature above 305 K for 

more than 8 hours in the infant incubator room. However, it was 

observed that beeswax performed better than paraffin in thermal 

energy storage [7]. 

There are many studies on molten salts. In this literature 

study, various triple and quadruple salt formulations containing 

NO3/NO2 as an anion in addition to lithium and calcium in their 

formulations have been investigated in order to lower the 

melting points of molten salts for heat storage and thus provide 

higher operating temperature ranges [8]. By Fernandez et al., in 

order to improve the current solar salt used as thermal energy 

storage fluid in Concentrated Solar Power plants, Hitec blend 

consisting of 53% KNO3, 40% NaNO2 and 7% NaNO3 by mass 

has been extensively studied. The Hitec molten salt shows better 

physicochemical properties than the binary solar salt (60% 

NaNO3 40% KNO3) due to its lower melting point, which can 

improve the operating temperature range in commercial solar 

power plants [9]. 

By Chauhan et al., solar dryers integrated with thermal 

energy storage units using paraffin wax were comprehensively 

investigated. Different types of paraffin wax and their 

thermophysical properties were presented, the thermal 

performances of solar dryer with paraffin wax and without 

paraffin wax were investigated and their effects on drying time 

and drying efficiency were reported. Furthermore, different 

locations of TES units in the dryer were reviewed and methods 

to increase the heat transfer rate between paraffin wax and 

drying air were investigated. The advantages and challenges of 

using paraffin wax in solar drying technology were also 

discussed [10].   

A study conducted by Kraiem et al., at the CERTES 

laboratory of Paris Est University, focusing on the 

thermophysical characterization of four paraffin’s (RT21, RT27, 

RT35HC, RT50) at different temperatures in both solid and 

liquid phases showed that melting temperatures and latent heats 

decreased with increasing heating rate. The study observed that 

the thermal conductivity increases with temperature in the solid 

phase but decreases with increasing temperature in the liquid 

phase. It was also found that thermal diffusions in the liquid 

state decreased with temperature [1]. 

The rays coming out of the infrared lamp are aimed to be 

focused on the determined area by conical reflector. The 

originality of this study lies in the numerical and experimental 

investigation of the use of organic phase change material 

(paraffin) and inorganic phase change material (Hitec salt) 

molten using concentrated infrared rays in thermal energy 

storage. Both materials are analyzed for their potential in 

sensible and latent heat storage across medium to high 

temperature applications, ranging from 100 °C to 300 °C. In this 

study, the heat flux entering the furnace is found theoretically 

by determining the absorption coefficient and emissivity rate of 

the energy coming to the furnace by the PCM and finding the 

heat flux at the focus. Thus, the first law of thermodynamics 

efficiency of this system is also calculated. In this study, where 

the Computational Fluid Dynamics (CFD) finite element 

method is used, ANSYS Fluent software is used to analyze the 

thermal behavior in the furnace. As a result of numerical and 

experimental data, it has been shown that charged PCMs can be 

used for up to approximately 4 hours. In addition, with this 

method, it is aimed to measure the amount of molten material 

(kg s-1) depending on the infrared lamp power. Another aim is 

to present the stored thermal energy to the areas where it will be 

used, through heat exchangers created inside or outside the 

furnace. By performing processes without contacting organic 

and inorganic materials with the thermal power created by the 

rays, the harmful effects especially caused by the electrical 

conductivity of inorganic materials were also eliminated. In 

cases where renewable energy sources such as solar energy are 

insufficient, fuel heaters, infrared heaters and resistance heaters 

can be used as alternatives to provide continuous and reliable 

power. 

 

2. Materials and methods  

Infrared lamps, which are used artificially as substitutes for 

sunlight, are known for emitting both light and heat. The rays 

from the infrared lamp are focused on the furnace through a 

conical concentrator. Infrared lamps with different power 

ratings can be used depending on the desired focal temperature 

in the furnace. In this study, a single 500 W Golden Fer brand 

infrared lamp, powered by 220 V, was used. Additionally, the 

infrared lamp can be adjusted vertically to maintain a constant 

focal temperature. The infrared rays focused on the furnace melt 

the organic or inorganic phase change materials (PCMs), 

enabling thermal energy storage using materials with high heat 

capacity. 
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2.1. Experimental setup of the infrared lamp concentrator 

system 

The infrared lamp concentrator system is based on the 

principle of focusing artificial rays onto a single point. A 

concentrator is placed between the light source and the receiver. 

The schematic representation of the ideal reflection of the 

infrared lamp and the basic geometric parameters of the conical 

concentrator system are shown in Figure 2. The number of 

conical concentrators can be increased up to the limit defined by 

the receiver surface area. Accordingly, the number of infrared 

lamps used corresponds to the number of conical concentrators. 

The physical properties and geometric dimensions of the conical 

concentrator system with the infrared lamp are provided in 

Table 1. 

In the in Figure 2, A simple setup related to the reflection of 

the infrared ray concentrator system has been presented. 

Additionally, the infrared lamp is positioned at a 90° angle to 

the upper platform, which is designed to move up and down for 

adjustment if necessary. The infrared lamp and the concentrator 

can move together. This allows the artificial ray concentrator 

system to be easily positioned in the focal area of the receiving 

furnace. T-type thermocouples are placed at the bottom, middle, 

and top of the furnace to take temperature measurements. For 

the experiments, a 12-channel Lutron-brand datalogger with K-

type and T-type thermocouples is used. Additionally, a K-type 

thermocouple is placed in the furnace for focal point 

temperature measurement. Temperature measurements are also 

taken with a thermal camera to support the thermocouple 

readings. The Fluke TiX501 thermal camera is capable of 

measuring temperatures in the range of -20 °C to 650 °C, with a 

thermal sensitivity of 0.075 °C at 30 °C and an infrared 

spectrum band of 7.5 μm to 14 μm. 

 

2.2. Heat storage experiment of paraffin melted with infrared 

lamp 

In the first experiment, paraffin (𝐶𝑛𝐻2𝑛+2) suitable for low-

temperature applications, was used as the PCM. The 

thermophysical properties of the paraffin used for thermal 

energy storage are provided in Table 2 [11]. A 9-liter glass jar 

was utilized as the furnace, with the surroundings insulated 

using glass wool and aluminum foil. The use of a glass furnace 

enables observation and measurement of the melted paraffin. A 

total of nine T-type thermocouples were placed in the jar furnace 

at the bottom, middle, and top, while two K-type thermocouples 

were positioned in the focal region. A schematic and general 

view of the paraffin experimental setup is presented in Figure 3. 

The paraffin was melted and poured into the glass furnace to 

ensure homogeneous distribution. Once the paraffin cooled and 

solidified in the furnace, experiments were conducted using the 

ray concentrator system.  

 

 
Figure 2. Schematic view of the positioning and geometric 

dimensions of the conical concentrator and infrared lamp 

 

Table 1. Geometric properties and dimensions of the conical 

concentrator with infrared lamp 

Geometric properties Symbol Value 

Infrared lamp diameter Dlamp 12 cm 

Conical concentrator top diameter Dconc 16 cm 

Conical concentrator bottom diameter dconc,bot 6 cm 

Conical concentrator length hconc 25 cm 

Receiver focal diameter dfocal 8 cm 

Rim angle of concentrator φR 22.6° 

 

Table 2. Thermophysical properties of paraffin [11] 

Parameters Symbol Value 

Density (kg m-3) Ρ 870 (T= 300K)  

780 (T= 340K)  
Specific heat cp (J kg-1K-1)  cp 2900  

Thermal conductivity 

coefficient (W m-1K-1)  

K 0.24 (T=300K)  

0.22 (T= 340K)  

Viscosity (kg m-1s-1) μ  0.0057933  

Latent heat of fusion (kJ kg-1)  Le 190  

Melting temperature (K)  Tm 331  
Evaporation temperature (K) Tb 355 

 

 
Figure 3. Schematic view of paraffin heat storage with infrared lamp and its appearance in the experiment 

 

In the experiments, the temperature of the ray concentrator 

was initially adjusted due to the low evaporation point of 

paraffin (355 K). The temperature achieved by the rays entering 

the furnace was maintained at approximately 80 °C. 

Consequently, while the upper region of the paraffin in the 

furnace reached a temperature of about 80 °C, the temperature 
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gradually decreased toward the bottom of the furnace. In Figure 

4, a thermal camera (TiX501) image shows a temperature of 

73.29 °C near the top of the furnace and 24.55 °C at the bottom. 

Meanwhile, the temperature measured at the conical 

concentrator was 128.81 °C 

When Figure 5 is examined, the temperature of the upper 

region, measured with a thermal camera by momentarily 

opening the glass vertically from the edge of the furnace, is 

74.4 °C, while the temperature near the middle region is 

24.66 °C. Additionally, the emissivity coefficient measured by 

the thermal camera in these regions is 0.95. 

 

2.3. Heat storage experiment of Hitec salt melted with infrared 

lamp 

Inorganic Hitec salt (53% KNO₃, 40% NaNO₂, and 7% 

NaNO₃), with a low melting point and high heat storage capacity, 

was used as a PCM in conjunction with the ray concentrator 

system. The thermophysical properties of the Hitec salt used for 

heat storage are provided in Table 3 [12,13]. To prepare 

approximately 26 kg of Hitec salt, 53% potassium nitrate, 40% 

sodium nitrite, and 7% sodium nitrate were mixed by weight and 

melted in an electric furnace. To homogenize the Hitec salt to 

99% purity, it was cooled and ground into a powder. The 

powdered Hitec salt was then poured into the furnace.  After 

preparation, the Hitec salt was calibrated by verifying its 

suitability for the desired melting temperature. A general view 

and schematic of the prepared Hitec salt heat storage experiment 

are shown in Figure 6. A 10-liter stainless steel furnace was used, 

with six T-type thermocouples placed at the bottom, middle, and 

top points, and two K-type thermocouples placed in the focal 

region. The top of the furnace was covered with quartz glass to 

allow the passage of rays. The difference in this experiment was 

that all the rays were allowed to enter the furnace. As a result, 

high temperatures were achieved inside the furnace, causing the 

Hitec salt to begin melting. 

 

  
Figure 4. An image of the infrared lamp experimental level 

taken with a thermal camera 

 

  
Figure 5. Images taken with a thermal camera over the glass 

furnace in the paraffin experiment 

 

  
Figure 6. Schematic view of heat storage of Hitec salt by infrared lamp and its image in the experiment 

 

Table 3. Some physical properties of Hitec salt [12,13] 

Parameters Symbol        Value 

Density (solid-liquid) ρ (2013-1857) kg m-3 

Specific heat (solid-liquid) cp (1090-1570) J kg-1 K-1 

Thermal conductivity coefficient (solid-liquid) k (0.74-0.439) W m-1 K-1 

Latent heat of fusion   Le 83740 J kg-1 

Viscosity μ (0.024-0.0012) kg m-1 s-1 

Melting point temperature  Tm 415 K 

 

 
Stable max operating temperature 

 
Tb 811 K 

 

2.4. Thermal energy conversion calculations in furnace with 

infrared rays 

Thermal storage is achieved through the latent and sensible 

heat absorbed during the melting of these substances. The 

thermal energy storage system is typically analyzed in three 

stages: energy loading (charging), energy storage, and energy 

discharge, as shown in Figure 7. When the furnace is considered 

as a closed system, the differences in energy entering and 

leaving the furnace are balanced by the sensible and latent heat 

stored within the furnace. It is assumed that no work is 

performed within the system and that there are no changes in 

kinetic or potential energy. The energy balance for the furnace 
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is given by Eq. (1) [14]. The amount of energy stored in the 

furnace is calculated by Eq. (2) [14-17].   
d(m 𝐶𝑝T+mL)

dt
= Efur,in − Efur,out   (1) 

 

∆E =  ṁl β cp(Tl − Ta) + ṁl L + ṁs (1 − β) cp(Ts − Ta) 

      (2) 

 

 
Figure 7. Energy balance status of the thermal energy storage 

system 

 

For the charging state, the efficiency of the furnace, 

according to the first law of Thermodynamics, is calculated as 

the ratio of the energy stored in the furnace to the energy 

entering the furnace, as shown in Eq. (3) [18]. 

 

ηth,st =
Est

Efur,in
=

ṁl β cp(Tl−Ta)+ṁs L+ṁs(1−β) cp (Ts−Ta)

I A ηop
  (3) 

 

Where Tl (K) is the average temperature of the molten liquid 

state of the substance in the furnace, Ts (K) is the average 

temperature of the solid state of the substance in the furnace, Ta 

(K) is the ambient temperature, β is the liquid fraction of the 

molten substance, 𝑚̇𝑙 (kg/s) is the mass flow rate of the molten 

substance in the liquid state, 𝑚̇𝑠(kg/s) is mass flow rate of the 

substance remaining from melting and Ein (W) is the amount of 

thermal energy entering the furnace. In order to find the energy 

entering the furnace, the heat flux of the infrared lamp to the 

concentrator was found. In order to find the heat flux, using the 

experimentally measured focal temperature values, the radiation 

value I (W/m2) coming to the receiver was calculated with Eq. 

(4) by using the heat transfer equation with radiation [19-21]. 

 

I =
ε σ

ηop×CR×α×τ
× (

Tfocal

FBRS
)4     (4) 

 

The optical efficiency ηop is calculated as 83.2% with Eq. (5) 

based on the reflective surface coefficient (0.9) and rim angle 

(22.6°) of the conical concentrator [20,25]. Where, the focal 

temperature was used within the degradation factor (FB = 0.9) 

and cooling coefficient (RS = 0.8) range to be closer to reality, 

as a result of an experimental study [20]. 

 

ηop = cosθi ×  ρref × (fs г)   (5) 

 

Where, θi is the incident ray angle, assuming that there is no 

cosine loss 𝜃𝑖=0 are taken, 𝜌𝑟𝑒𝑓  concentrator reflective surface 

coefficient is taken as 0.9, and the shading and intercept factor 

is calculated by Eq. (6) [20,25].  

 

fsГ =
sin2θR−sin2θmin

4 tan2(
θR
2

)
    (6) 

 

Also, the shadow angle (θmin) is taken as zero assuming that 

there is no shadow at the focus and. The concentrator rim angle 

was found to be θR = 22.6° as seen in Table 1. The geometric 

concentration ratio (CR=Ac/Ar) is calculated as approximately 

6.11. The permeability coefficient (τ) is taken as 0.92 for quartz 

glass through authorized companies. 

The absorption coefficient of paraffin in the furnace with a 

penetration distance of 30 cm was found to be 0.6 [26]. As the 

thickness of the paraffin sample increases, its absorption 

coefficient increases and its permeability decreases. Using the 

emissivity model  proposed by Astarita and Carlomagno [27] 

and a refractive index of 1.43 presented by Mark and 

Kroschwitz [28], a wall emissivity of 0.91 was found for 

paraffin wax [29, 30]. Table 4 shows the emissivity and 

absorption coefficient ranges of paraffin and Hitec salt. The 

emissivity of Hitec salt varies in the range of 0.6-0.8 for the melt 

temperatures between 150 and 400 °C and wavelengths between 

500 and 1000 nanometers [31]. Hitec salt has a spectral 

absorption coefficient of 160-220 (m-1) in the wavelength range 

of  500-1000 nanometers at the melt temperature of 150-400 C. 

This value shows that hitec salt has a very high absorption 

coefficient (α=0.95) in the liquid state [31]. 

 

Table 4. The emissivity and absorption coefficient ranges of 

paraffin and Hitec salt [26-31] 

Materials Emissivity, ε Absorption coefficient, α 

Paraffin (0.91-0.95) 0.6±0.05 

Hitec salt (0.6-0.8) 0.9±0.05 

 

2.5. Numerical CFD calculation 

In the numerical method, the melting states and temperature 

values of the materials in the furnace were determined using 

ANSYS Fluent program. ANSYS Fluent is a CFD software 

using the finite volume method. Initially, the PCMs are in a solid 

state, with the PCM's starting temperature set at 300 K. The 

assumptions made during numerical modelling are as follows: 

1- 2D state is considered as transient regimes. 

2- The motion of PCMs in liquid state is incompressible, 

Newtonian and the flow is laminar. 

3- While the viscosity of PCM varies, its density and 

thermal conductivity are assumed to change linearly. 

4- Viscous heating and volume expansion are neglected. 

5- PCM is considered isentropic and homogeneous. 

Accordingly, continuity with Eq. (7), energy with Eq. (8), 

momentum with Eq. (9) for two dimensional transient laminar 

flow are given below [32, 33]. Continuity:  

 
∂ρf

∂t
+ ∇(ρfU)⃗⃗⃗⃗ = 0     (7) 

 

Energy: 

 
∂ (ρf H)

∂t
+ ∇. (ρfU⃗⃗ H) = ∇. (kf∇T)   (8) 

 

Momentum: 

 
ρ

ε

∂u

∂t
+

ρf

ε2 (U⃗⃗  ∇u) = −
∂p

∂x
+

μf

ε
∇2u + Su  (9) 

ρ

ε

∂v

∂t
+

ρf

ε2
(U⃗⃗  ∇v) = −

∂p

∂y
+

μf

ε
∇2v + ρfgβte(T − Tm) + Sv 

      (10) 

 

In the above conservation equations, 𝑈⃗⃗  is the fluid velocity, 

ρf is the density, μ is the dynamics viscosity, P is the pressure, g 

is the gravitational acceleration, k is the thermal conductivity, 

β𝑡𝑒 is the coefficient of thermal expansion. In addition, H is the 
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total enthalpy of the molten material and is calculated as the sum 

of sensible enthalpy and latent heat as follows. 

 

H =  h + ∆H =  href + ∫ cp dT
T

Tref
+ βLsf  (11) 

 

β for the melt liquid fraction is defined as follows [32, 34, 35]. 

 

• If T<TS, β =0. If T>Tl, β=1. 

• If Ts <T < Tl at the interface β =
𝑇− 𝑇𝑠

𝑇𝑙−𝑇𝑠
 

 

The momentum loss due to decreasing porosity in the 

partially solid region was calculated with Eq. (12) [32, 35]  

 

S =
(1−β)2

(β3−ε̇)
 Amush(U⃗⃗ )    (12) 

                          

Here 𝜀̇ is a very small number (0.001) to avoid division by 

zero [35] and the coefficient Amush is a mushy zone constant 

which is fixed at a value of 105 kg m-3s [32]. 

 

 
Figure 8. 2D mesh structures of the relevant furnaces; a) 

paraffin and b) Hitec salt 

 

2.5.1. Numerical CFD calculation of furnace filled with paraffin 

First, the initial and boundary conditions were determined 

for the paraffin solution in the Fluent program. In accordance 

with the experimental conditions, the mesh structure of the 

furnace filled with paraffin, with dimensions of 20x28 cm, is 

shown in Fig. 8a. Due to the large number of elements and nodes 

in the furnace model and the lengthy computation time required 

for numerical analysis (which depends on the computer's 

processing speed), faster results were obtained by designing a 

2D model. The element size for paraffin in this model is 2 mm, 

with 14,278 nodes and 14,039 elements. The mesh structure was 

created as uniform in CFD Fluent to achieve more realistic 

results based on element size. For the boundary conditions of 

the model, the focal surface temperature was set to 100 °C, and 

all other surfaces were assumed to be insulated (q'' = 0). In this 

model, the flow was assumed to be laminar with a low velocity. 

The coupling between pressure and velocity was solved using 

the SIMPLE algorithm, with pressure-velocity fields, 

momentum, and continuity equations. For pressure interpolation, 

the PRESTO method was chosen, as it is suitable for any mesh 

structure. The energy and momentum equations were solved 

using second-order upwind, and the transient formulation 

equations were set to second order. For paraffin, the optimal 

time step was 0.3 s, and the number of iterations was set to 25 

to achieve stable temperatures and increasing melting rates. 

 

2.5.2. Numerical CFD calculation of furnace filled with Hitec 

salt 

The mesh structures of the furnace filled with Hitec salt with 

dimensions of 26x26 cm are given in Figure 8b. This furnace 

has a mesh structure with an element size of 2 mm, number of 

nodes 16,632 and number of elements 16,375, and a skewness 

value of 0.9. In the transient regime, energy, solidification and 

melting equations were selected in the modelling. Hitec salt was 

chosen as the fluid material and the focal point was assumed to 

be 200 °C and the other surfaces were insulated with 1 mm steel 

material depending on the experimental conditions as the 

boundary condition. This Hitec furnace model was numerically 

analysed similar to paraffin. In this model, the viscous flow was 

chosen to be laminar with low velocity assumption. The 

coupling between pressure and velocity using the pressure and 

velocity fields, momentum and continuity equations is solved 

with the SIMPLE algorithm. For pressure interpolation, 

PRESTO was chosen. The energy and momentum equations are 

second order upwind and the transient formulation equations are 

second order. For Hitec salt, the optimal time step was 0.3 s and 

the number of iterations was 25. 

 

2.6. Uncertainty analysis of heat storage system with infrared 

ray 

Uncertainty analysis is performed due to measurement 

errors and assumption errors made for numerical and 

experimental thermal analysis. Some error values of this system; 

Error due to thermocouple pairs ± 0.75 °C, Average error due to 

digital thermometer ± 0.5 °C, Average error in furnace interior 

temperature measurement ± 3°C, Surface reflection angle 2%, 

Incident beam angle 2% and Incident light power error 5%. 

According to these data, the total uncertainty ratio of the 

infrared ray concentrator system is calculated as approximately 

6.5% with the uncertainty equation obtained by Kline and 

McClintock [36]. This uncertainty value is suitable for the 

experimental data. 

 

 
Figure 9. Variation of furnace temperatures with respect to time in the first experiment with paraffin 
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3. Results 

The differences and similarities of paraffin and Hitec salt 

materials in thermal energy storage were investigated in the 

laboratory using experimental and numerical CFD methods and 

the results are presented. 

 

3.1. Experimental data in laboratory environment 

3.1.1. Experimental data on thermal energy storage with 

paraffin 

The data obtained from the paraffin melting experiment with 

an infrared lamp, when the ambient temperature was between 

17 °C and 19 °C, are presented graphically in Figure 9. In the 

28 cm high furnace, it can be observed that the temperature in 

the upper region gradually approaches the focal temperature 

over time. As paraffin began to melt at approximately 60 °C, the 

temperature in the upper region increased. Due to the low 

thermal conductivity, the average temperature in the bottom 

region of the paraffin in the furnace remained around 19 °C. 

Approximately 0.7 kg of paraffin was melted over the 4-hour 

duration of the experiment. Based on this, the melting flow rate 

was calculated to be approximately 0.047 g s-1 using the 500 W 

infrared lamp power. 

Table 5. Paraffin heat storage charging experiment data 

Time 

Upper 

temperature of 

paraffin Tu, (°C) 

Middle 

temperature of 

paraffin Tm, (°C) 

Bottom 

temperature of 

paraffin Tb, (°C) 

Average focal 

temperature 

Tfoc, (°C) 

Paraffin focal 

surface 

temperature Ts, 

(°C) 

Ambient 

temperature 

Ta, (°C) 

11:00 30,2 17,8 17,75 170 76 18 

11:30 38,45 18,1 17,95 200 79 18 

12:00 48,45 18,3 18,05 220 82 19 

12:30 60,9 18,8 18,15 211 81 19 

13:00 68,3 19,35 18,15 213 83 19 

13:30 73,1 20,05 18,35 210 83 19 

14:00 77,2 20,8 18,5 213 80 19 

14:30 77,8 21,5 18,55 210 80 19 

15:00 78,6 22,1 18,65 210 80 19 

 

 
Figure 10. Furnace temperature curves of the second charging experiment with paraffin 

 

 
Figure 11. Temperature curves of the furnace depending on time in case of paraffin discharge 

 

The paraffin thermal energy storage charging experiment is 

carried out by keeping the top surface temperature at 

approximately 80 °C considering the paraffin evaporation 

temperature as shown in Table 5. As seen in Figure 10, the 
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are obtained in the upper region. Due to the low thermal 
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conductivity of paraffin, the temperature change in the bottom 

regions of the furnace is slow.  

Figure 11 shows that in the case of paraffin discharge, the 

upper region temperature is 75 °C and dropped to approximately 

55 °C after 4 hours. In the bottom regions of the furnace, a slight 

increase continues, indicating that the stored energy can be used 

for at least 6 hours. 

 

3.2. Experimental data on thermal energy storage with Hitec 

salt  

The infrared lamp used had a power of 500 W, and the 

infrared rays were concentrated in a focal surface area of about 

8 cm using a conical concentrator. In the experiment, conducted 

at an ambient temperature of 20 °C, it was observed that the 

Hitec salt began to melt in approximately 10 minutes. 

Additionally, reflection losses between the infrared lamp and 

the conical concentrator were reduced in this experiment. The 

average data obtained from the thermal energy storage 

experiment using the infrared lamp are presented in Table 6. 

Furthermore, Figure 12 illustrates the graph showing the 

variation of the focal and furnace temperatures over time during 

the infrared lamp experiment. The focal temperature varied 

between approximately 280 °C and 300 °C, while an average 

temperature of 220 °C was observed on the upper surface of the 

furnace during the charging process. After 4 hours, the 

temperature in the upper region of the furnace reached 116 °C. 

Meanwhile, the temperature of the Hitec salt in the middle 

region of the furnace increased over time, with the highest 

temperature measured at 87 °C. The rate of temperature increase 

in the middle region was lower compared to the measurements 

taken at the bottom of the furnace, where the highest 

temperature measured was 39 °C.  

In these experiments, the furnaces were insulated with glass 

wool and only the upper region had an opening through which 

the rays entered. In the second experiment with Hitec salt, the 

focal area was covered with a quartz glass to reduce the loss of 

natural convection in the furnace.  

In the discharge state, measurements were continued when 

the infrared lamp charging experiment was completed. The 

temperature values measured for two hours are given in Table 7. 

In addition, in the discharge condition, Figure 13 shows the 

furnace internal temperature change graph according to time. 

According to this, Hitec salt temperatures remained 

approximately constant in the botom region of the furnace for 

two hours. The temperature in the middle region of the furnace, 

which is 86°C at the beginning, decreased by 65% to 56°C after 

two hours. The temperature of the upper region inside the 

furnace is observed to decrease more rapidly due to the heat loss 

from the furnace open to the atmosphere.  

At the end of the discharge phase, it was observed that the 

average temperature of the upper region of the Hitec salt in the 

furnace dropped from approximately 102 °C to 46 °C. Thus, it 

has been revealed that with the current size of Hitec salt, the 

stored thermal energy can be transferred to the usage area for at 

least 4 hours.

 

Table 6. Data obtained from Hitec salt experiment with infared lamp 

Time 

(s) 

Focal 

temperature 

(°C) 

Focal 

temperature in 

the furnace (°C) 

Upper 

temperature of 

Hitec salt in the 

furnace (°C) 

Middle temperature 

of Hitec salt in the 

furnace (°C) 

Bottom temperature 

of Hitec salt in the 

furnace (°C) 

1800 316 210 49 36 22 

3600 300 212 72 45 23     

5400 290 218 80 56 24 

7200 290 240 85   64 27   

9000 280 230 95 69 29  

10800 281 222 104 82  34   

12600 280 219 112 86 34 

14400 276 215 116 87 35   

 

Table 7. Data obtained from the Infrared lamp experiment for the discharge state 

Time 

(s) 

Upper 

temperature of 

Hitec salt (°C) 

Middle 

temperature of 

Hitec salt (°C) 

Bottom left edge 

temperature of Hitec 

salt (°C) 

Bottom right edge 

temperature of Hitec 

salt (°C) 

900 102 86 28 37 

1800 85 77 28 37 

2700 75 72 28 38 

3600 70 69 27 38 

4500 63 64 27 38 

5400 58 61 27 38 

6300 57 58 27 37 

7200 55 56 27 37 
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Figure 12. Variation of Hitec salt temperatures with time for the charging state of the furnace 

 

 
Figure 13. Temperature change of the furnace with Hitec salt according to time in the experiment conducted in discharge state 

 

 

 
 

 
Figure 14. Contours of paraffin in the furnace in numerical 

analysis; a) temperature and b) melting 

 

3.2. Numerical CFD results 

Numerical CFD results for the melting and temperature 

conditions of paraffin and Hitec salt are given below.  

 

3.2.1. Numerical CFD results for paraffin in storage furnace 

The temperature and melting contours of the data obtained 

from numerical paraffin melting solidification modelling at the 

end of four hours are given in Figure 14. As seen in Figure 14a, 

while the focal temperatures are kept at the vaporization 

temperature of paraffin, the regions close to the focal point are 

at higher temperatures, while the temperature change at the 

bottom of the furnace is very small. In Figure 14b, the melting 

rate of paraffin is approximately 7% and the mass flow rate is 

calculated as 3.69x10-5 kg/s. Due to the low coefficient of 

conductivity of paraffin, heat transfer towards the furnace 

bottom was found to be slow.  

 

3.2.2. Numerical CFD results for Hitec salt in the storage 

furnace 

According to the data obtained in the numerical analysis 

with Hitec salt, the focal point temperature (475 K) is kept 

higher than paraffin for the melting of Hitec salt. The 

temperature contours of Hitec salt at the end of 6 hours in 

numerical analysis are given in Figure 17a and melting contours 

in Figure 17b. As seen in Figure 17a, the temperature in the 

middle region of the furnace is around 86°C, and the 

temperature in the upper region is around 116°C, which is in 

agreement with the experimental data. As can be seen in Figure 

18, the average temperature of Hitec salt increases and the 

average temperature reached at the end of 4 hours is 328 K. The 

volumetric fraction of liquid melted increased with time, 

reaching 3.1% after 4 hours and approaching 6% after 6 hours 

as shown in Figure 19. Figure 15 also shows that the temperature 

of the entire paraffin in the furnace increased over time. 

Additionally, Figure 16 demonstrates that the liquid portion of 

the paraffin in the furnace, in the melting state, increased over 

time. It has been found that the temperature distribution and 

melting rates obtained experimentally are approximately similar 

to each other.  
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Figure 15. Variation of all paraffin temperature in the furnace 

with time 

 

 
Figure 16. Variation of the liquid fraction (β) of paraffin in the 

furnace with time 

 

4. Discussion  

4.1. Verifying and comparing of paraffin and Hitec salt data 

In the Figure 20 shows the variation of numerical and 

experimental data of paraffin with time. Accordingly, the 

temperature and melting rates obtained for paraffin are close to 

each other. In Figure 21 shows the variation of numerical and 

experimental data of Hitec salt with time. For Hitec salt, 

numerical and experimental data are shown parallel increases in 

the charge state. 

The melting rates and mass flow rates obtained for paraffin 

and Hitec salt according to the data obtained according to 

experimental and numerical methods are given in Table 8. 

According to this table, while the melting rate was 8.9% in the 

furnace with 7.6 kg of paraffin, the melting rate was 3.4% in the 

furnace with 26 kg of Hitec salt. When compared in terms of 

mass flow rate, the mass flow rate of Hitec salt is higher than 

paraffin. At the end of 4 hours, the mass flow rates of PCMs in 

the furnace were determined as 0.047 g s-1 and 0.061 g s-1 for 

Paraffin and Hitec, respectively. 

 
Figure 17. Contours of Hitec salt in the furnace numerically; 

a) Temperature and b) melting 

 

 
Figure 18. Variation of all Hitec salt average temperature in 

the furnace with time 

 

 
Figure 19. Variation of the liquid fraction (β) of Hitec salt in 

the furnace with time 

 

Table 8. Melting flow rates and melting rates in the furnace for paraffin and Hitec salt 

 

 

 

 

Method 

Paraffin 

Melting ratio 

β  (%) 

Mass flow ratio  

ṁ (g s-1) 

Hitec 

Melting ratio 

β  (%) salt 

Mass flow ratio 

ṁ (g s-1) 

Experimental 8.9 0.047 3.4 0.061 

Numerical 7 0.037 3.1 0.056 

a) 

b) 
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Figure 20. Comparison of numerical and experimental data for paraffin 

 

 
Figure 21. Comparison of numerical and experimental data for Hitec salt 

 
Figure 22. Thermal efficiency and mass flow rates of paraffin and Hitec salt in the furnace with time 

 

 
Figure 23. Time dependent temperature curve of Paraffin and Hitec salt for discharge condition 
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According to the focal temperatures measured in the 

experiments, the heat flux on the focal region of the furnace 

containing paraffin was calculated as 1218 W m-2, while the heat 

flux on the focal region of the furnace containing Hitec salt was 

calculated as 1955 W m-2 with Eq. 4. Based on the experimental 

data with Eq. 4, the theoretically calculated heat fluxes of the 

infrared lamp were calculated as 3716 W m-2 for paraffin and 

8447 W m-2 for Hitec. These heat fluxes were used in the 

thermal efficiency equations. The thermal efficiency and mass 

flow rates of paraffin and Hitec salt in the furnace varying with 

time are given in Figure 22. The average thermal efficiency of 

paraffin in the furnace was calculated to be approximately 56%, 

while the average thermal efficiency of Hitec salt in the furnace 

was calculated as 65.6%. Additionally, the first law of 

thermodynamics efficiency (ƞtotal=Qst/Qin, electric) calculated for 

paraffin and Hitec salt are 8% and 19.7%, respectively. In this 

efficiency, 500 W electrical energy given to the system was used 

as the input energy. 

 

 
Figure 24. Comparison of this study with paraffin melting experiments of different sizes in the literature 

 

 
Figure 25. Comparison of similar literature on the melting of Hitec salt 

 

According to the experimental results in the discharge, the 

graph of paraffin cooling at a slower rate than Hitec salt is given 

in Figure 23 

 

4.2. Comparison of paraffin and Hitec salt with studies in the 

literature 

The experimental data with paraffin in this study were 

compared with some studies in the literature by Ambarita et al. 

[23]. Accordingly, the temperature change graph of paraffin in 

the furnace obtained when heat input was made from different 

regions (side) and when a similar temperature (80 °C) input was 

made is given in Figure 24. It is seen that the melting flow rates 

obtained for 0.89 kg paraffin with dimensions of (10x10x10) 

mm in the literature and 7.6 kg paraffin in this study are close to 

each other. As in the literature, the melting flow rate is high at 

the beginning due to the heat given to the furnace from the side. 

In addition, the temperature difference is observed due to the 

low heat conduction coefficient according to the size difference 

of the furnaces. 

The overall four tests confirmed that paraffin and beeswax 

have good ability to store heat energy at the temperature above 

32 °C for over 8 hours in infant incubator [37]. In this study, it 

is revealed that the paraffin temperature varies between 60-80 C 

for 4 hours in the discharge state and is suitable for long-term 

heat storage. 

In the literature, melting experiments conducted by Xiao et 

al. [24] on Hitec salt, heat transfer was made to furnaces of 

different sizes (cylindrical with a diameter of 95 mm and a 

length of 300 mm) from different surfaces. Despite these size 

differences, the literature study conducted with a temperature of 

160 °C applied to an equal surface reached melting flow rates in 

the range (0.06-0.08) g s-1 similar to the study in this article, as 

seen in Figure 25. Considering the melting region in this study 

and the literature, there was little difference in Hitec salt 

temperatures since they have different surface areas and heat 

input surfaces. The study conducted by Xiao et al. on Hitec salt, 

for charging and discharging conditions, the furnace top 

temperature and middle temperatures in the experimental data 

in this article are compared in the graph in Figure 26 [24]. 

Accordingly, while the temperatures in the regions close to the 

heater are high, the temperatures in the regions approximately 5 

cm away from the heater are lower. It is seen that the 

temperatures of the region 5 cm away from the heater (T6) are 

close to the furnace top and middle region temperatures in this 
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article. In the discharge condition, it is seen in Figure 26b that 

the T6 temperature point and the upper and middle temperatures 

have similar cooling curves. 

Finally, if the infrared lamp simulators are compared, firstly, 

A radiation power of up to 2100 W with a maximum peak flux 

of 2700 kW m-2 was presented by Bellan et al. [38]. Secondly, 

by Kuhn and Hund, Using a 20 kW lamp, the simulator achieved 

a peak flux of approximately 16,000 kW m-2 and measured a 

radiation power of 3000 W inside a square with a side of 7 cm. 

Based on the lamp's electrical input, the conversion efficiency 

to radiation energy was 17% [39]. In this article, a heat flux of 

approximately 8500 W m-2 is achieved with a 500 W powerful 

infrared lamp, while the energy conversion efficiency is 

calculated as 19.7%. In addition, the focal heat flux can be 

increased by reducing reflection and optical losses in the focal 

area of approximately 8 cm. 

 

 
Figure 26. Temperature comparison with a study in the literature on Hitec salt a) in charge and b) in discharge [24] 

 

4.3. Economic analysis of the system 

The cost of the installed ray concentrator and heat storage 

system is quite low. The cost of all components of the system is 

listed in Table 9. The total installation cost was calculated to be 

$300. In addition to the installation cost, there is the electricity 

consumption of the infrared lamps. The infrared lamp power 

used for the designed ray concentrator system is 500 W. In this 

case, if the unit price of electricity in Turkey for 2024 is 

approximately 0.067 $/kWh, the infrared lamp concentrator 

system consumes approximately $0.0338 per kWh.  

It is aimed to reduce electricity costs by storing 4 more hours 

of thermal energy with the electricity given in the charging state. 

 

Table 9. Component and total cost values of the whole system 

Product/material/process Unit price [$] Total price [$] 

Infrared lamp 500 W 10 20 
Furnace1 (stainless steel) 75 75 

Furnace2 (glass) 10 10 

Reflective foil 20 20 
Metallic sheet 10 10 

Quartz glass 20 20 

Sodium Nitrate 2.5 25 

Potassium Nitrate 3 30 

Sodium Nitrite 2.5 25 

Paraffin 3.5 35 

Consumables and labour 30 30 

Total [$] 300 

 

In the system operating with Hitec salt, about 30% of the 

electricity consumed is stored as thermal energy, thus reducing 

electricity consumption costs. By spending approximately 

$0.134 for 0.5 kW of power over 4 hours, at least 0.8 kW of 

thermal energy is stored in 8 hours. Therefore, to convert the 

infrared ray concentrator system into useful work, it is sufficient 

to operate it for 4-6 hours instead of 8 hours. Additionally, the 

installation cost of the Hitec salt heat storage system was 

calculated to be $255. If the system operates for 12 hours a day, 

the installation cost is covered in approximately 2.5 years. 

The installation cost of paraffin was calculated as $145. The 

amount of thermal energy stored in 8 hours with the paraffin 

heat storage system was obtained as an average of 0.32 kW. In 

order to convert this system into useful work, it is sufficient to 

run it for 4-6 hours instead of 8 hours. If the heat storage system 

with paraffin is operated for 12 hours a day, it can cover the 

installation cost in 1.7 years. 

Thermoeconomic analysis was calculated as the ratio of the 

energy loss (Qloss) of the whole system to the total heat storage 

system installation cost (Zinst) [40]. The Thermoeconomic 

analysis of the whole system was calculated as 3.17 W/$ and 

1.56 W/$ for paraffin and Hitec salt, respectively. In this case, 

it is seen that Hitec salt has less thermal energy loss and is more 

economical. On the other hand, using the same 500 W source 

for paraffin increased the thermal energy loss. It is 

recommended to use infrared light source with lower power for 

paraffin to prevent evaporation. Finally, in order to increase the 

Thermoeconomic efficiency of both storage systems, methods 

that increase heat transfer within the furnace should be used. 

In this study, the operation and maintenance (O&M) cost of 

the infrared radiation thermal energy storage system was 

calculated to be approximately 97 $/kW per year. The thermal 

energy storage costs were determined to be 195 $/kWh for 

paraffin and 166 $/kWh for Hitec salt. In previous literature, it 

was reported that the O&M cost for the parabolic trough type 

thermal energy storage system with a power capacity of 100 

MW, which can provide 6 hours of thermal storage with molten 

salts, ranged from 60 $/kW to 70 $/kW, while the thermal 

energy storage cost varied between 50 $/kW and 80 $/kWh [41]. 

It was found that the thermal energy storage costs per unit were 

a) b) 
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higher for small-scale storage systems than for large-scale 

systems. In this study, the capital costs were determined to be 

3625 $/kW for paraffin and 2550 $/kW for Hitec salt, while the 

capital costs for trough-type thermal energy storage systems 

were reported to range from 6400 $/kW to 10,700 $/kW [42]. 

These results indicate that the capital costs of energy storage 

systems increase as their storage capacities grow. 

 

5. Conclusions 

Through the infrared lamp thermal energy storage system, 

sufficient temperatures were reached to melt the materials used, 

as confirmed by experimental and numerical methods. As a 

result, a new thermal energy storage method was tested. It was 

demonstrated that the heat transfers in the system, achieved 

through radiation and convection, made it safer by eliminating 

the risks of electrical conduction and short circuits, particularly 

in the salts within the furnace. 

In the experiments for the Hitec salt charging condition, the 

focal temperature varied between approximately 280-300°C, 

while the average temperature of the upper region of the furnace 

was 220°C, and the temperature of the middle region of the 

furnace increased over time, reaching 87°C after 4 hours. On the 

other hand, after the 4-hour paraffin charging experiment, the 

focal temperature was recorded at 210°C, the upper region 

temperature at 80°C, and the middle region temperature at 22°C. 

At the beginning of the discharge, the temperature of the 

Hitec salt was 102°C, and the temperature of the paraffin was 

75.3°C. After 4 hours, the temperature of the Hitec salt dropped 

to 46°C, while the temperature of the paraffin decreased to 

55.2°C. The slower cooling of paraffin was attributed to its 

lower thermal conductivity. The stability of Hitec salt at higher 

temperatures makes it highly suitable for medium and high-

temperature applications.  

The mass flow rates of the phase change materials in the 

furnace, measured using the infrared artificial ray method, were 

0.047 g s-1 for paraffin and 0.061 g s-1 for Hitec salt, respectively. 

The average thermal efficiency of paraffin in the furnace was 

calculated to be approximately 56%, while the average thermal 

efficiency of Hitec salt was calculated to be 65.6%. Additionally, 

the first law of thermodynamics efficiency (total efficiency) for 

paraffin and Hitec salt was calculated to be 8% and 19.7%, 

respectively. As a result, paraffin is found to have a high heat 

storage capacity for low-temperature applications (up to around 

80°C). However, for heat storage at medium and high 

temperatures, the Hitec salt mixture, an inorganic salt with a low 

melting point, high specific heat capacity, and stable operation 

at high temperatures, is considered more suitable. 

The installation cost of the ray concentrator system is low. 

Additionally, the electricity required for the system can be 

supplied by a photovoltaic (PV) panel, making the system more 

economical. For high-temperature applications, such as those 

using Hitec salt, the reflective surface should be made of 

polished metal rather than foil to ensure temperature resistance. 

Finally, methods to improve heat transfer in the furnace should 

be developed to facilitate faster melting inside the furnace.   
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