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 In the case of technological developments, energy consumption is rising. Due to this reason, it is 

essential for more efficient use of limited energy resources all over the world. The waste energy 

should be recovered for useful applications. Moreover, the improvements in terms of system 

efficiency and environmental impacts should be utilized for conventional power plants in the frame 

of co/tri-generation systems as well as waste-to-energy concept. For all these reasons, in coal-fired 

power plants and other power cycle enhancement studies, supercritical and ultra-supercritical 

conditions are being designed for more efficient power plants. In this study, a conventional gas 

power plant was analyzed in terms of thermodynamic aspect and some recommendations were 

developed in order to increase the system efficiency. As a result of the thermodynamic analyses, the 

thermal efficiency of the plant was found to be 43.78%. The aim of this paper is to point out the 

importance of tri-generation systems that can be adapted to existing ones in order to increase system 

efficiency. 
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1. Introduction 

Nowadays, energy consumption is increasing all over the 

world and its scarce amount leads to people to find out 

alternative solutions for efficient usage of energy. With 

population growth in the world, energy consumption is also 

increasing. It is possible to increase the efficiency of a system 

by decreasing the exergetic losses and/or adapting new 

auxiliary systems to the existing ones. The most important 

attempt that can be achieved in this respect is energy recovery 

by utilizing waste energy. In this phenomenon, first of all, the 

updated portrait of any system should be outlined 

thermodynamically. There are many studies in which 

thermodynamic and thermoeconomic analyses were made in 

this respect in the open literature [1-4]. As a result of these 

comprehensive analyses on actual systems, in order to increase 

the system efficiency, optimization studies are also performed 

[5-8]. An actual system’s efficiency can be recovered by using 

many different systems such as gas turbines, supercritical CO2 

(S-CO2) cycles, Brayton, organic Rankine and Kalina cycles. 

Such as; Organic Rankine cycle (ORC) is an alternative 

solution for low-grade thermal energy recovery technology, 

which is utilized to all kinds of low-temperature heat sources 

including geothermal, solar, biomass and especially waste heat 

energies [9]. A power cycle with ammonia-water mixtures as a 

working fluid can be used for waste heat in order to improve 

the efficiency of a power plant. This cycle is named as Kalina 

cycle which was designed by Alexander Kalina using a 

bottoming cycle instead of the Rankine cycle in combined 

cycle power plants in 1989 [10]. A study on the S-CO2 cycle in 

the open literature [7] was seen to optimize energy production 

of actual power plants. Besides this, for thermoeconomic 

optimization of actual power plants after well-performed 

thermodynamic analyses, a method named as specific exergy 

costing (SPECO) method can be utilized [11, 12]. Besides this, 

the utilized systems can also be considered in the frame of 

co/tri-generation concept in the purpose of an efficiency 

increase. Herein a tri-generation is a simultaneous production 

of electricity and heat as well as cooling from a single energy 

source. 

In the concept of more efficient power plants, a well-

known Brayton cycle can be utilized. The Brayton cycle 

emerged for use in a two-stroke kerosene-fired reciprocating 

engine was patented by US engineer George Brayton in 1872. 

The components in gas turbines are; gas compressor, 

combustion chamber and expansion turbine. Air enters the 

compressor and pressurized. Compressed air is then burned 

with fuel and the burned air expands in the turbine stages, 

providing mechanical energy. Although the thermal efficiency 

of open cycle gas turbine systems is quite low, they are 

preferred because of their rapid commissioning and low 

investment costs compared to other systems. All gas turbine 

systems are operated by the so-called Brayton Cycle and 

produce mechanical power.  

Moreover, supercritical fluids are of interest to the 

scientific community with their superior solvent properties, 

which can be changed easily by temperature and pressure. 

Among the supercritical fluids, thanks to its low critical 

temperature and critical pressure values, carbon dioxide 

solvent is frequently used because of not being toxic to the 

environment. S-CO2 is a fluid state of carbon dioxide which is 

held above the critical pressure and critical temperature point, 

behaving similar to that of a liquid. This allows a significant 

reduction in the pumping power needed in a compressor and a 
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significant increase in the thermal energy-electric energy 

conversion efficiency. 

In accordance with the information given above, in this 

paper, by combining the advantages of Brayton and S-CO2 

cycles, a study was carried out in the concept of tri-generation 

system. Thermodynamic analyses of an actual power plant as 

well as tri-generation system are presented. As a result, a tri-

generation system to increase overall efficiency of the actual 

systems is suggested herein in general manner.      

 

2. Materials and Methods 

In the thermodynamic analyses of the actual power plant as 

well as the tri-generation system, Engineering Equation Solver 

(EES) program was used using the actual data of the plant. The 

actual operating data were taken and under the light of those, 

the system was analyzed thermodynamically. The schematic 

layout of the actual power plant with the proposed tri-

generation system is given in Fig. 1.   

The actual data of the plant are tabulated in Table 1. The 

operating pressure, temperature and mass flow rate data of the 

three working fluids such as air, water and S-CO2 were taken 

from the system. The inlet and exit states of each device were 

numbered sequentially and then the thermodynamic analyses 

were performed in EES program in this manner.  

For thermodynamic analyses, the well-known equations 

which are given below were used. For the mass balance 

throughout all devices, continuity equation for control volumes 

was used in the presence of steady state steady flow conditions 

as: 

 

 = ei mm      (1) 

 

where m  is the mass flow rate and sub-indices i  and e
represent inlet and exit states, respectively.  The first law of 

thermodynamics for steady state steady flow processes 

throughout the related control volumes which are given in Fig. 

1 in the absence of the change in both kinetic and potential 

energies, is given as: 

 

 −=− iiee hmhmWQ     (2) 

 

After analyzing each control volume in the proposed 

system, the thermal efficiency of the system is evaluated by 

using the Eq. (3) as:  

 

Hnetth QW  /=     (3) 

 

where th is the thermal efficiency of the system,  netW is 

the net power output, HQ is the heat transfer rate to the system 

from high temperature reservoir.   

 

3. Results and Discussion 

As a result of the thermodynamic analyses, the amount of 

heat transfer rate to/from system devices and the amount of 

power produced/consumed by each device were evaluated 

using the actual operating data and then tabulated in Table 2. 

 

 

 
Figure 1. The schematic layout of the system 
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Table 1. Thermodynamic properties of the states in the plant 

State Fluid P (bar) T (oC) ṁ (kg/s) 

1 air 1.01 20 1.71 

2 air 14.2 420 1.71 

2 -1 air evacuation (%15) 14.2 420 1.45 

3 air 13.5 1250 1.45 

3 -1 air evacuation (%5) 13.5 1250 1.62 

4 air 1.8 801 1.62 

5 air 1.5 460 1.62 

6 air 1.3 97 1.62 

7 air 1.03 47 1.62 

8 S-CO2 78 32 4.29 

8 -v1 S-CO2 78 32 2.65 

9 S-CO2 230 64 4.29 

9-v2-mp S-CO2 230 64 1.64 

9 -v2-mc S-CO2 230 64 2.65 

10 S-CO2 229 23 2.65 

11 S-CO2 17.1 78 2.65 

12 S-CO2 77.8 27 2.65 

13 S-CO2 229 435 1.64 

14 S-CO2 229 721 1.64 

15 S-CO2 78.4 581 1.64 

16 S-CO2 78.2 99 1.64 

17 S-CO2 78 32 1.64 

P1-1 water 1.01  1.44 

P1-2 water 20 27 1.44 

P1-3 water 10 95 1.44 

P2-1 water 1.01  1.45 

P2-2 water 20 20 1.45 

P2-3 water 77.8 27 1.45 

P3-1 water 1.01  1.99 

P3-2 water 20 25 1.99 

P3-3 water 10 95 1.99 

 

The turbine and compressor were considered as isentropic 

ones. The work produced by the air turbine was found as 864 

kW and the work consumed by the compressor was evaluated 

as 706 kW with their evaluated isentropic efficiencies of 

75.86% and 80.06%, respectively. The work produced by the 

turbine in the S-CO2 line was 276 kW besides the work 

consumed by the compressor was 114 kW. It was seen that the 

network for both air and S-CO2 line systems was almost 150 

kW. As a result of the thermodynamic analyses, the overall 

thermal efficiency of the system was found as 43.78%. 

 

Table 2. Thermodynamic results 

States Devices Q̇(kW) Ẇ(kW) 

1 -2 Air Compressor - 706 

2 -3 Combustion Chamber 708 - 

3 -4 Air Turbine - 864 

4 -5 Air High-Temp. Heat Exch. 626 - 

5 -6 
Air Moderate-Temp. Heat 

Exch. 
609 - 

6 -7 Air Low-Temp. Heat Exch. 83 - 

8 -9 S-CO2 Compressor - 114 

9 -10 Cooler 2 239 - 

11-12 Fan 87 - 

13 -14 S-CO2 High-Temp. Heat Exch. 592 - 

14-15 S-CO2 Turbine - 276 

15-16 Recuperator 922 - 

9-13 Recuperator 921 - 

16-17 Cooler 1 358 - 

8 -12 S-CO2 Low-Temp. Heat Exch. 81 - 

P1.1-

P1.2 
Water Pump 1 - 2.85 

P2.1-

P2.2 
Water Pump 2 - 2.87 

P2.2-

P2.3 
Cooler 2 239 - 

P3.1- 

3.2 
Water Pump 3 - 3.94 

P3.2- 

3.3 

Water Moderate-Temp. Heat 

Exch. 
581 - 

 

4. Conclusions 

In this study, a thermodynamic analysis of a power plant 

which was constructed as a couple of two cycles, Brayton and 

S-CO2 cycles was performed in order to illustrate the positive 

effect in energetic efficiency of the system. These systems are 

called as tri-generation ones in which simultaneous production 

of electricity and heat as well as cooling from a single energy 

source are carried out. The importance of co/tri-generation 

systems is emphasized herein. As a result of the 

thermodynamic analyses, the thermal efficiency of the power 

plant was found as 43.78% which is a remarkable value for a 

typical power plant. As a future study, in the frame of 

increasing of system thermal efficiency, alternative cycles 

such as Kalina, organic Rankine and other alternative power 

cycles can be adapted to conventional power plants to compare 

their existing thermal efficiencies.  
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 Improvement of Lubricant properties is encouraged in production industries for enhanced 

performance. This study investigated the effect of titanium oxide nanoparticle additive on the 

tribological properties of sandbox bio-lubricant. Titanium oxide nanoparticle-enriched sandbox bio-

lubricant was developed by adding varying concentrations of the nanoparticle to sandbox lubricant. 

Central composite design was employed for the experimental design and optimization. The 

lubricant was enriched with nanoparticle concentration of 0 wt%, 0.75 wt%, and 1.50 wt %. The 

parameters values used for the evaluation were: load (2 N, 5 N, and 8 N) and speed (150 rpm, 200 

rpm, and 250 rpm). Effects of these values on wear rate, friction coefficient and flash temperature 

parameter were evaluated. The lowest values of coefficient of friction and wear rate were obtained 

at a speed of 200 rpm and concentration of 0.75 wt% with 2 N load, which lead to a 78.3% and 

15.3% reduction in coefficient of friction and wear rate respectively over that of pure sandbox bio-

lubricant. The optimal parameters combinations for minimum coefficient of friction and wear rate 

as well as maximum flash temperature were: 8.0N load, 199.49rpm speed and a 0.71wt% 

concentration which leads to a coefficient of friction of 0.045 which is lower than that of pure 

sandbox bio-lubricant at all levels. The wear rate at the optimum setting is 0.0171 which is lower 

than that of pure sandbox at the same 8.0N load. The observed flash point at the optimal settings is 

0.0381 which is higher than that of pure sandbox bio-lubricant at all levels of load and rpm.  The 

titanium oxide nanoparticle added to sandbox lubricant improved the tribological properties of the 

lubricant by increasing the anti-friction and anti-wear ability of the lubricant. This shows the 

potential of titanium oxide nanoparticle as additive for bio-lubricant production. 

Keywords: 
Sandbox seed oil 

Lubrication 
Wear rate 

Coefficient of friction  

 

 

1. Introduction  

Lubricants play crucial roles in extending the life of 

equipment by lubricating, suspending, cooling, cleaning, and 

protecting metal surfaces [1]. These substances are employed 

in tribological contacts to separate the contacting surfaces' 

peak asperities. According to Jackson [2], lubricants defend 

against corrosion, dissipate heat, exclude impurities, and flush 

away wear products. According to Khasbage et al. [3], a 

lubricant should be able to transport protection chemicals to 

the contacts where they are needed while also moving wear 

particles away from the source. Lubricants should be effective 

in all driving circumstances, including short trips and cold 

starts.  

According to Gulzar [4] and Shahnazar et al. [5], lubricants 

fall into three categories: mineral lubricants, natural lubricants, 

and synthetic lubricants. According to Chandan et al. [6], the 

majority of mineral lubricants are petroleum-based and they 

are widely used.  Because of their superior biodegradability 

and renewable feedstock, natural lubricants—those made from 

plant- and animal-based fats and oils—are considered to be 

more environmentally friendly than synthetic lubricants, which 

are made through chemical synthesis from a variety of 

materials, including olefins, aromatics, alcohols, acids, and 

halogenated compounds. 

According to Naik and Galhe [7], numerous research has 

demonstrated that vegetable oils, such as oleic and palmitic, 

are the optimum feedstock for lubricants since they include 

monounsaturated fatty acids. Because of the action of the 

highly polar fatty acids which forms protective hydrocarbon 

coatings on the metal surfaces, vegetable oils work well as a 

boundary lubricant. According to Hassan et al. [8], the ester 

groups in sandbox oil give it a strong affinity for metal 

surfaces, forming protective layers on surfaces that come into 

touch with it.  

  Nanoparticles, which have the potential to reduce wear and 

friction, are emerging additives in the lubricant. It has been 

reported that nanoparticles lubricating effect depend on their 

concentration, shape and size [9, 10]. The use of nanoparticles 

as additives to oil is motivated by a number of factors.  The key 

advantage of using nanoparticles is their tiny sizes that allows 

them to enter the cavities of contact area, which leads to 

effective lubrication effect [11]. This small size enables them to 

pass through the filters of the lubrication system without 

affecting their concentration during use. 

Four possible ways the nanoparticles added to base oil act 

are; protective film, rolling effect, mending effect, and 

polishing effect [10, 12]. By forming a thin surface protective 

film with the friction paired surfaces, the nanoparticle in the 

protective film lowers wear and friction. Spherical 

nanoparticles roll between contact surfaces in the rolling 

effect, altering the sliding friction to provide a mixture of 

rolling and sliding friction. Nanoparticles are applied to the 
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surface to produce a physical tribofilm that makes up for the 

mass loss in order to produce the mending effect [10]. The 

nanoparticle abrasiveness reduces the rubbing surface 

roughness in the polishing effect. 

The performance of titanium oxide nanoparticles as 

lubricant additives is good because of their low toxicity, non-

volatility, anti-oxidant properties, and other pleasant properties 

[13]. A nanoparticle additive made of titanium oxide (TiO2) 

was reported by Le and Lin [14] to have the potential to 

increase the applicable load, decrease the friction force, and 

increase the anti-wear properties of the lubricant. Lubricant 

with titanium dioxide nanoparticle additive was examined by 

Battez and Rodriguez [15], and it was discovered that the 

properties of titanium dioxide make it well suited for use in 

tribological applications. According to Afzal et al [16], for 

titanium oxide nanoparticles dispersed in lubricating oil 

obtained through sonication process, nanoparticle 

agglomeration can be avoided by application of surfactant.  

Comparing plain oils without nanoparticle additive to those 

with TiO2 nanoparticle lubricant additive, Binu et al. [17] 

showed an improvement in the journal bearing's capacity to 

carry load. The tribological properties of titanium oxide 

nanoparticle additive in petroleum-based engine oil were 

examined by Laad and Jatti [13]. They discovered that adding 

TiO2 nanoparticles to engine oil significantly lowers wear rate 

and friction, which enhances the lubricating properties of the 

lubricant. The stability and superior solubility of the titanium 

oxide nanoparticles in the lubricant are further confirmed by 

the dispersion investigation.  

Traditional lubricant additives, due to their sizes have a 

challenge of protective film formation on contact surfaces, low 

durability and poor solubility in non-polar lubricants compared 

to nanoparticles. This research is aimed at replacing traditional 

lubricant additives with nanoparticles as a step towards 

sustainable development of bio-lubricants using sandbox oil –

which is aboundant in Nigeria. Lubrication potential of 

titanium oxide nanoparticle and the effect of the nanoparticle 

on tribological performance of the bio-lubricant were also 

investigated. 

 

2. Materials and methods 

The materials and methods employed in this study are 

highlighted in this section. 

 

2.1. Materials and equipment 

Sandbox (Hura crepitans) oil, methanol, potassium 

hydroxide, trimethylolpropane (TMP), oleic acid (OA), 

titanium oxide (TiO2) nanoparticle, conventional lubricant 

SAE 40, were among the materials and reagents utilized in this 

study.  Anton Paar ball-on-disc tribometer (Model TRN) was 

used for the wear test.  

Sandbox oil was used because it is aboundand in Nigeria 

and it has been reported to work well in biodiesel – reducing 

pollution emmition while maintaining efficiency [18].  Oleic 

acid was selected to be used as a surfactant because of its 

ability to enhance the dispersion stability of the nanoparticle 

[19]. Potassium hydroxide was selected because of its ability 

to act as catalyst in methyl esther synthesis using methanol 

[20]. Conventional lubricant SAE 40 is a common lubricant for 

enginins bearing load within the range of this study and 

beyond. Thus, it was selected for comparism. Anton Paar ball-

on-disc tribometer (Model TRN) was selected to carryout wear 

test because it is the wear test equipment available where this 

research was carried out and the range of parameters tested fall 

within its capacity. Titanium oxide is used for solid lubricant 

production and it has been found to improve the tribological 

properties of conventional engine oil [21]. Thus, it was 

selected for this study.  Trimethylolpropane (TMP) has been 

found to have good performance in biolubricanting oils [22]. It 

was thus selected for this study.  

 

2.2. Methods 

The following sequence was followed in carrying out this 

research; firstly, the materials were collected and prepared, 

second stage was the production of nanoparticle-enriched 

sandbox bio-lubricant and finally the tribological evaluation of 

the bio-lubricants was performed. 

 

2.2.1. Materials collection and preparation 

Sandbox (Hura crepitans) seeds were gathered in Wukari 

town, Taraba State, and appropriately identified at Federal 

University Wukari's Department of Biological Science. After 

being washed, the seeds were manually dehulled and then 

ground in a mill. Using n-hexane as the extraction solvent, the 

oil was extracted using a soxhlet extractor. Other chemicals 

and commercially available titanium oxide nanoparticles were 

obtained from Bristol Scientific Company Ltd. in Lagos. 

Sigma-Aldrich, USA, produced the titanium oxide 

nanoparticles that were used, with a particle size of less than 

100 nm.  

 

2.2.2 Formulation of titanium oxide nanoparticle-enriched 

bio-lubricant 

Using sandbox oil as the base oil, a titanium oxide 

nanoparticle-enriched bio-lubricant was prepared following the 

guidelines of the ISO 5509 [23] technique as reported by Bilal 

et al. [24]. A double transesterification process—methyl ester 

synthesis and bio-lubricant synthesis—was used in the 

formulation. In the initial transesterification, the oil sample 

was mixed with methanol using potassium hydroxide as a 

catalyst to produce methyl ester of the oil, an intermediate 

product. Potassium hydroxide was added at a weight 

percentage of 0.5% of the oil weight, and the weight ratio of 

the oil to methanol was 3:1. The required bio-lubricant was 

produced during the second transesterification by mixing 

trimethylolpropane (TMP) with the sandbox methyl ester. 

Attempt was made to enhance the tribological characteristics 

of the bio-lubricant by adding titanium oxide (TiO2) 

nanoparticles at weight percentages of 0.75 wt% and 1.50 

wt%. Oleic acid was added as a surfactant to enhance the 

dispersion stability of the nanoparticle and avoid 

agglomeration during the dispersion process. Figure 1 shows 

the formulation process. 

The bio-lubricants, designated SB100 (sandbox oil), 

SBTiO75 (sandbox oil + 0.75 wt% TiO2), and SBTiO150 

(sandbox oil + 1.50 wt% TiO2), were formulated utilizing 

varying concentrations of TiO2 nanoparticles. The tribological 

analysis of the bio-lubricant was conducted using Minitab 

16.00 software and a three-level, three-factor (33) factorial 

design was used. The codes for the levels were -1, 0 and +1. 

The three factors, referred to as independent variables used are 

concentration of titanium oxide (TiO2) nanoparticles with 

different weight concentrations, speed, and load. The factors 

and their levels are shown in Table 1. The values selected for 

the factors were based on a number of studies on 

nanoparticles-enriched bio-lubricants by Gulzar [4], Abere 
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[25], Le and Lin [14], Hassan et al. [8], Thottackkad et al. [26] 

and Umaru et al. [27]. 

 

 
Figure 1. Methodology for formulation of nanoparticle-

enriched bio-lubricant 

 

2.3. Tribological evaluation of the bio-lubricant 

Evaluation of the tribological behaviours of the produced 

lubricant was carried out. Comparison was made between the 

performance of three categories of lubricants - those with 

titanium oxide nanoparticles, those without titanium oxide 

nanoparticles and SAE 40 conventional lubricants. ASTM 

G99-05 (2010) test method was employed to assess the 

tribological behaviour of the bio-lubricants.  Figure 2 shows 

the schematic diagram of the ball-on-disc tribometer used. 

Stainless steel balls of 6 mm diameter were placed in the upper 

stationary ball holder on a tribometer. A 70 mm diameter and 

6.35 mm thick aluminium alloy discs were used. Tests were 

then conducted on the lubricating oils using the design 

parameters.  50m was set as the sliding distance and all the 

tests were done for 5 – 12 minutes duration range. To ensure 

the required contact conditions, the ball specimen was 

carefully put into the holder and set perpendicularly to the disc 

surface. Applying lubricant between the disc and the ball 

satisfied the requirements for boundary lubrication. The 

system lever was given the proper load to apply the chosen 

force that pressed the ball up against the disc. 

 

Table 1. Factors and levels for experiment 

Factors Symbol 
Level 

(-1) (0) (+1) 

Load (N) A 2.0 5.0 8.0 

Speed (rpm) B 150 200 250 

Concentration (wt%) C 0 0.75 1.50 

 

After adjusting the speed and rotation counter to the proper 

levels, the electric motor was switched on. Once the required 

number of revolutions was reached, the test was terminated. 

After removal, the specimen was cleaned. To determine the 

wear rate and friction coefficient, the process was repeated for 

each test. The acquired friction coefficient and wear rate 

figures were noted. According to Jabal et al. [28], the flash 

temperature parameter—a figure used to represent the critical 

flash temperature at which a lubricant will perform 

satisfactorily under specific circumstances—was also 

determined for each experimental scenario using equation (1). 

FTP =
W

d1.4     (1) 

 

where 

 

𝑊 = 𝑙𝑜𝑎𝑑 (𝑘𝑔) 

𝑑 = 𝑚𝑒𝑎𝑛 𝑤𝑒𝑎𝑟 𝑡𝑟𝑎𝑐𝑘 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 (µ𝑚)  

 

 
Figure 2. Schematic diagram of the Anton Paar ball on disc 

tribometer used 

 

The disc specimens' surfaces were analysed in line with 

Gulzar [4] in order to comprehend the lubricant's lubricating 

mechanism. The research was conducted using scanning 

electron microscopy, a flexible technique for examining 

surfaces at a wide variety of magnifications and high 

resolution. SEM was utilized to scan the sample surface with a 

focused electron beam, and the image was captured. 

3. Results and discussion 

Description of the experimental results and their 

interpretation as well as the conclusions drawn is contained in 

this section.  

 

3.1. Tribological performance of the formulated bio-lubricant  

Both the developed bio-lubricant and the traditional 

lubricant SAE 40's tribological capabilities were assessed. 

Figures 3 through 7 display the observed tribological 

parameters, such as the wear rate, coefficient of friction, and 

flash temperature. 

 

 
 

Figure 3. Effect of nanoparticle enrichment on coefficient of 

friction of the bio-lubricants (2 N, 150 rpm) 
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SAE 40: Conventional lubricant, SB100: Sandbox oil only, 

SBTiO75: Oil + 0.75 wt% TiO2, SBTiO150: Oil + 1.50 wt% 

TiO2 

 

3.2. Effect of nanoparticle enrichment on friction coefficient  

Figures 3 through 7 illustrate the effect of nanoparticle 

enrichment on the friction coefficient at various speeds and 

loads. The findings demonstrate that nanoparticle-enriched 

sandbox oil exhibited superior anti-friction properties at some 

concentrations, weights, and speeds, and poor properties at 

others. When SBTiO75 and SBTiO150 were compared to pure 

sandbox oil at 150 rpm and 2 N load, the friction coefficients 

of the two bio-lubricants were reduced by 10.81% and 4.05%, 

respectively. Additionally, at 150 rpm with an 8 N load, the 

friction coefficient decreased by 14.80% for SBTiO75 and 

36.40% for SBTiO150. At 200 rpm with a 5 N load, the 

reductions were 38.96% and 18.18% for SBTiO75 and 

SBTiO150, respectively, and at 250 rpm with a 2 N load, the 

reductions were 78.30% and 33.02% for SBTiO75 and 

SBTiO150, respectively. Friction coefficient increased by 

9.33% for SBTiO75 at 250 rpm with an 8 N load, but 

decreased by 5.88% for SBTiO150. These findings 

demonstrated that sandbox oil loaded with nanoparticles 

provides substantially lower friction coefficients than sandbox 

oil without nanoparticles.  

 

 
Figure 4. Effect of nanoparticle enrichment on coefficient of 

friction of the bio-lubricants (8 N, 150 rpm) 

 

 
Figure 5. Effect of nanoparticle enrichment on coefficient of 

friction of the bio-lubricants (5 N, 200 rpm) 

 

When the effect of percentage enrichment was compared 

for the lubricants, it was found that SBTiO75 had a lower 

friction coefficient than SBTiO150 at 150 rpm with a 2 N load, 

200 rpm with a 5 N load, and 250 rpm with a 2 N load. 

However, SBTiO150 had a lower friction coefficient than 

SBTiO75 when subjected to an 8 N load at two distinct 

speeds—150 rpm and 250 rpm. This demonstrates that the 

lubricant's anti-friction behavior was significantly influenced 

by the percentage or amount of enrichment and load.When the 

lubricant was first enriched with 0.75 weight percent of 

nanoparticles at 2 N and 5 N load, the friction coefficient 

significantly decreased; however, when the enrichment was 

increased to 1.50 weight percent, the friction coefficient rose in 

comparison to the 0.75 weight percent enrichment. These 

findings demonstrate that higher load requires high enrichment 

and lesser load demands low enrichment. These findings are 

consistent with studies published by Ali et al. [10], Shahnazar 

et al. [5], Ali and Xianjun [11], Jabal et al. [23], Patil et al. [9] 

and Alves et al. [12], which found that oils enriched with 

nanoparticles had lower friction coefficients than oils without 

nanoparticles. These results also compare favorably with the 

friction coefficient of conventional lubricant, SAE 40. 

 
 

Figure 6. Effect of nanoparticle enrichment on coefficient of 

friction of the bio-lubricants (2 N, 200 rpm) 

 

 
Figure 7. Effect of nanoparticle enrichment on coefficient 

of     friction of the bio-lubricants (8 N, 250 rpm) 

 

When the friction coefficient results were analysed, it was 

shown that the nanoparticle-enriched bio-lubricant show a 

significant improvement over the pure sandbox oil. The 

coefficient of friction reduces until it reaches a specific point 

where it begins to increase as the concentration of the 

nanoparticle in the bio-lubricant increases from 0.75 weight 

percent to 1.50 weight percent. According to Thottackkad et 

al. [26], this demonstrates that there is an optimal enrichment 

level at which the friction coefficient is at its lowest for a given 

weight and speed. As the lubricant's nanoparticle enrichment 

level is raised to the optimum level, the friction coefficient 

(COF) rises as well. Thottackkad et al. [29], Laad and Jatti 

[13], and Gulzar [4] have all observed similar trends of higher 

friction coefficient with greater concentration of nanoparticle 

towards the optimum concentration. It was found that a 



Popoola and Onyekwere TIJMET (2024) 7(2) 

 

68 

 

uniform and steady dispersion of titanium oxide nanoparticles 

in the base oil significantly contributed to the improvement in 

the friction coefficient of the lubricants. According to Gulzar 

[4], nanoparticle concentration is important for the creation of 

stable dispersion, which leads to better friction behaviour.  

Stable dispersion contributed to the steady resistance to 

friction. The lubricant's homogeneous distribution of 

nanoparticles increased the likelihood of improving the 

rubbing surfaces. According to Ali et al. [10], the ability of the 

nanoparticle to convert pure sliding friction to rolling friction 

due to reduced interfacial interaction for frictional surfaces as 

well as the secondary effect of surface enhancement due to the 

surface polishing nature of the nanoparticle are additional 

reasons for the decrease in friction coefficient of the 

nanoparticle-enriched bio-lubricant. 

When the concentration of nanoparticles is smaller, the 

lubricant's nanoparticles create a third body rolling effect 

between the sliding surfaces which reduces friction. 

Thottackkad et al. [26] and Ghaednia et al [30] stated that this 

impact is significantly more noticeable at greater loads when 

the nanoparticles agglomerate and give the contacting area 

more supportive effort. Friction is raised as a result of the solid 

particle contact becoming more prevalent as the enrichment 

level is raised. According to Zulkifli et al. [31]'s report on the 

mechanical entrapment theory, nanoparticles in the lubricant 

are deposited at the contacting surfaces and form a layer that is 

later removed during further sliding, resulting in a decrease in 

friction. Additional causes include the formation of tribo-film 

on worn surfaces, which reduces the lubricant's ability to 

withstand shearing, and the effectiveness of fatty acids. Bahari 

[32] claims that the creation of the mono-molecular layer is 

also aided by the strong polarity of the fatty acids found in 

vegetable oils, which attracts the carboxyl group (COOH) to 

metallic surfaces. 

3.3. Effect of nanoparticle enrichment on wear behaviour   

Figures 3 through 7 further illustrate how the wear rate of 

the bio-lubricants is affected by the enrichment of 

nanoparticles. The findings demonstrated that whereas pure 

sandbox oil had poor anti-wear qualities at some 

concentrations, loads, and speeds, nanoparticle-enriched 

sandbox oil exhibited superior anti-wear properties at others. 

The findings demonstrate that, as long as the proportion of 

enrichment remained within the optimal level, nanoparticle 

enrichment increased the bio-lubricant's wear rate. When the 

percentage of enrichment exceeded the optimum 

concentration, the bio-lubricant's wear rate rose. Battez and 

Rodriguez [15] stated that this was caused by granule 

abrasions brought on by an overabundance of nanoparticles in 

the contact area. When the effect of percentage enrichment 

was compared to the bio-lubricants' wear rates, SBTiO75 was 

shown to have a lower wear rate than SBTiO150 at the loads 

(2, 5, and 8 N) and speeds (150, 200, and 250 rpm). As the 

concentration of the nanoparticle additions increases from 0.75 

weight percent to 1.50 weight percent, the anti-wear 

advantages gradually diminish. At varying speeds of 150 rpm 

and 250 rpm, it was found that the wear rate for a 2 N load was 

less than that of an 8 N load. Additionally, it was noted that 

wear rate increased as load and speed increased.  

Compared to speed, this rate of increase is more noticeable 

in relation to load. According to Mohan et al. [33], wear 

increases with load and speed beyond the deposition of 

nanoparticles created by tribo-film production. This further 

demonstrates the significant influence that load and enrichment 

percentage or level had on the lubricant's anti-wear properties. 

Abere [25] suggests that the impact of the chemical makeup of 

the bio-lubricants on film formation could be the cause of the 

wear rate reduction resulting from this nanoparticle addition. 

The nanoparticle formed a stable and homogeneous solution in 

the lubricant, penetrated the contact area, and deposited on the 

mating surfaces to form a tribo-film through a deposition 

mechanism during lubrication.  

The wear scar on the disc was altered by the addition of 

titanium oxide nanoparticle additive to the basic oil. A surface 

that is comparatively smooth, as seen in Figure 8 was produced 

after testing. Tao et al. [34] claim that the less severe disc wear 

is probably caused by the bio-lubricant's capacity to create a 

protective tribo-film. The nanoparticle's enhanced behaviour 

may be attributed to its minuscule size and consistent, stable 

dispersions, which allowed them to permeate the rubbing 

surfaces and fill in the worn scar. Numerous researchers have 

reported on this material filling technique using nanoparticles 

[4,20,27]. 

 

 
a)  b)  c)  d) 

 
        e)           f)           g)          h)     i) 

Figure 8. Typical optical micrographs of wear track on the 

discs; a) SB100 (2 N), b) SB100 (5 N), c) SB100 (8 N),  

d) SBTiO75 (2 N), e) SBTiO75 (5N), f) SBTiO75 (8N), 

g) SBTiO150 (2N), h) SBTiO150 (2N), and i) SBTiO75 (2N) 

 

Some of the worn tracks in Figure 8 were so hardly 

noticeable. It shows that the nanoparticle was successful in 

forming a protective layer. This demonstrates enhanced wear 

resistance. According to Gulzar [4], this could be explained by 

the bio-lubricant's stable and uniform nanoparticle dispersion 

as well as the presence of fatty acid, which might aid in the 

lubricant layer's ability to maintain thickness and adhere well 

to the surface in order to lessen metal-to-metal contact. The 

creation of a protective layer and the significantly smaller size 

of the nanoparticles, which allowed them to more easily 

penetrate the contact zones, are other possible explanations for 

this anti-wear mechanism. Nanoparticles also deposit between 

interaction surfaces. The disc specimens' surfaces were 

analysed in order to comprehend the lubricant's lubricating 

mechanism. Figure 9 shows that the surface mending caused 

by the nanoparticle deposition on the disc surface was 

enhanced by an increasing concentration of nanoparticles. 

Figures 9(a), (b), and (c) demonstrate a larger tendency of 

wear tracks at low nanoparticle concentrations. However, as 

the concentration of nanoparticles increased, the tracks were 

filled in and the surface mended effect enhanced (Fig. 9(d), (e), 

and (f)).  

Running-in or breaking-in wear mechanism was observed 

in figures 8 and 9. According to Bahari [32], in this mechanism 

the wear rate is often initially high, but as the surface become 

smother and the more prominent asperities are flattened or lost, 

 1 
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the wear rate falls. After a suitable time, the full-service 

conditions can be applied without any sudden increase in wear 

rate and the steady low wear rate is maintained for the 

operational life of the component. It is evident from the 

analysis of wear and friction that when applied at the ball-disc 

interface, titanium oxide nanoparticle-enriched bio-lubricant 

exhibits superior tribological capabilities than the base oil 

lubricant. These findings were in line with earlier studies by 

Laad and Jatti [13], who found that the addition of titanium 

oxide (TiO2) nanoparticle improved the tribological properties 

of lubricating oil, as well as studies by Ali and Xianjun [11] 

who found that base oil containing nanoparticle additives had 

exceptional anti-friction and anti-wear qualities. 

 

 
Figure 9. SEM micrographs of disc specimens tested with the 

formulated bio-lubricants 

 

3.4. Effect on flash temperature parameter (FTP)   

A value known as the flash temperature parameter is used 

to indicate the critical temperature below which a lubricant can 

form a film and endure without breaking down. It is a single 

number that is frequently used to convey the censorious flash 

temperatures that occur when lubricants totally fail in specific 

circumstances. The bonding between the lubrication molecules 

was broken at that point, according to Syahrullail et al. [35], 

and the surface began to starve of lubricant. The effect of 

nanoparticle enrichment on the bio-lubricant's flash 

temperature parameter is displayed in Figs. 3–7. Because of 

the increased frictional force caused by an increase in load, the 

flash temperature parameter generally rose when the load was 

increased from 2 N to 8 N. Similar patterns were noted by 

Singh [36] for the Jatropha bio-lubricant, showing an increase 

in the flash temperature parameter from 50 N to 150 N of load.  

The results implies that the lubricant could keep the 

lubrication layer intact for a longer amount of time. This is 

because the bio-lubricant performs better at higher FTP values. 

As a result, it is noted that, in comparison to base oil, the 

nanoparticle enrichment increased lubricity overall 

performance and decreased the likelihood of lubricant film 

breakup.  

3.5. Optimum enrichment level 

The projected operating conditions required to achieve the 

lowest coefficient of friction and wear rate as well as the 

maximum flash temperature parameter were, according to the 

optimization result in Figure 10, a load of 8 N, a speed of 

199.4949 rpm, and a concentration of 0.7121 weight percent of 

TiO2 nanoparticles. At the optimum setting, the wear rate and 

coefficient of friction has values of 0.0171 and 0.0490 

(mm3/Nm), respectively, and the flash temperature parameter 

had value of 0.0381.  

 
Figure 10. Optimization results for titanium oxide 

nanoparticle-enriched bio-lubricant 

 4. Conclusions 

The bio-lubricant's tribological behaviour revealed that the 

titanium oxide nanoparticle enhanced the flash temperature 

parameter, decreased friction and wear rate because the 

particles were deposited on the worn surfaces and between the 

rubbing surfaces, and ultimately decreased the shearing 

resistance. When SBTiO75 and SBTiO150 were compared to 

pure sandbox oil at 150 rpm and 2 N load, the friction 

coefficients of the two bio-lubricants were reduced by 10.81% 

and 4.05%, respectively. Additionally, at 150 rpm with an 8 N 

load, the friction coefficient decreased by 14.80% for 

SBTiO75 and 36.40% for SBTiO150. At 200 rpm with a 5 N 

load, the reductions were 38.96% and 18.18% for SBTiO75 

and SBTiO150, respectively, and at 250 rpm with a 2 N load, 

the reductions were 78.30% and 33.02% for SBTiO75 and 

SBTiO150, respectively. Friction coefficient increased by 

9.33% for SBTiO75 at 250 rpm with an 8 N load, but 

decreased by 5.88% for SBTiO150. These findings 

demonstrated that sandbox oil loaded with nanoparticles 

provides substantially lower friction coefficients than sandbox 

oil without nanoparticles. The nanoparticle created a stable and 

homogeneous solution in the lubricant, penetrated the contact 

area, and deposited on the mating surfaces to form a tribo-film 

through the deposition mechanism during lubrication. In order 

to enhance the bio-lubricant's tribological qualities, titanium 

oxide nanoparticles can be employed as an anti-friction and 

anti-wear additive. 
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 KFm airfoil, attracts attention among radio-controlled aircraft enthusiasts due to its simplicity of 

construction. It was not preferred in manned aircraft due to its poor lift-to-drag ratio performance in 

wind tunnel tests. In this article, by comparing it with the NACA0012 profile, which is generally 

preferred at high subsonic speeds, the consequences of choosing the KFm-4 wing profile over the 

NACA0012 profile due to its ease of production, and what advantages and disadvantages it has. The 

comparison; While increasing the speed of high-speed unmanned aerial vehicles, it will be important 

to fly more stable, have better maneuverability, reduce the drag force and delay separation. The 

calculations were obtained by performing computational fluid dynamics analysis in 2 dimensions. 

Analysis was conducted under conditions of a low Reynolds number, with a consistent velocity at 

Mach 0.6 and a zero-degree angle of attack. To validate the precision of the outcomes, a series of 

tests were executed, involving variations in grid size or node configurations. With the increase in 

the number of nodes, the lift coefficient exhibited a rising trend; however, upon reaching 305100 

nodes, further increase in nodes did not lead to any significant change in the lift coefficient. As a 

result, a lift coefficient value of 0.1010 was obtained for the NACA 0012 profile, while a lift 

coefficient value of 0.0720 was obtained for the KFm-4 profile. Thus, it was concluded that it would 

be more appropriate to use the NACA 0012 profile in high-speed unmanned aerial vehicles. 

Keywords: 
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NACA 0012 
High speed UAV 

Symmetrical airfoil 

CFD analysis 

 

 

1. Introduction  

Unmanned aerial vehicles are very important today, both 

civilian and military, especially in missions where the risk of 

losing an aircraft is high. In this case, the aircraft must 

aerodynamically perform its duty stably at both low and high 

subsonic speeds (<980 kmh=609 mph=0.8 Mach). For this, the 

wing profile must be selected correctly so that the aircraft can 

fly stably even at high angles of attack, so that the possibility of 

stalling is minimized [1]. 

It is possible to improve the aerodynamics of an aircraft by 

trying various types of wing profiles. Richard Kline and Floyd 

Fogleman designed several staggered airfoils designed solely 

for paper airplanes in 1960. Richard Kline's goal was to create a 

paper airplane that could fly long distances and automatically 

increase altitude by countering wind resistance and turbulence. 

Thus, he achieved the stepped wing profile. Kline Fogleman 

profile structure can also be called stepped wing profile. 

Stepped wing profiles enable the creation of a vortex-shaped 

airflow by preventing the separation of the airflow and 

maintaining the airflow. The airflow behind the step is separated 

from the airfoil [1]. After making preliminary examinations and 

models, the designers submitted their patents to the patent office 

[2]. The NACA 0012 airfoil is a symmetrical wing profile 

without any humps, commonly employed in diverse aviation 

applications. Similar to the KFm-4 profile, it exhibits excellent 

performance at low Mach numbers. [3]. 

In the 21st century, the KF airfoil has seen renewed interest 

among radio-controlled aircraft enthusiasts due to its simplicity 

of construction, but it has not been adopted for full-size aircraft 

capable of carrying pilots, passengers or other significant 

payloads. Poor lift-to-drag ratio performance in wind tunnel 

tests means that to date the KF airfoil has not been used on any 

full-size aircraft. However, the KF airfoil and its derivative 

'staggered' airfoils have gained a following in recent years in the 

world of radio-controlled model airplanes made of foam. Their 

low Reynolds numbers allow staggered airfoils to generate a 

significant amount of lift for the friction incurred, which has 

made them increasingly popular with RC enthusiasts. This paper 

investigates the advantages and disadvantages of choosing the 

KFm-4 airfoil over the NACA0012 airfoil due to its ease of 

manufacture, in comparison to the NACA0012 airfoil, which is 

generally preferred for high subsonic speeds. 

In this study, k-ω SST turbulence model was used to 

simulate the problem using CFD analysis [4]. A comparison was 

made in terms of lift and drag coefficients of both airfoils at 0.6 

Mach speed. Understanding low Reynolds number 

aerodynamics holds paramount importance in both military and 

civilian sectors. Consequently, this investigation places 

particular emphasis on examining the separation phenomena at 

the trailing edge of symmetrical airfoils operating within the 

constraints of low Reynolds numbers. [4]. 

 

2. Materials and Methods 

2.1 Force Equations 

Drag 𝐹𝐷 and Lift 𝐹𝐿 are basically expressed in two terms and 

these are dimensionless coefficients [5]: 
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https://orcid.org/0000-0003-0756-9753
https://orcid.org/0000-0002-1195-2344


Gözüm and Özarpa TIJMET (2024) 7(2) 

 

73 

 

𝐶𝐷 =
𝐹𝐷

1

2
𝜌∞𝑣∞

2𝐴
      (1) 

𝐶𝐿 =
𝐹𝐿

1

2
𝜌∞𝑣∞

2𝐴
     (2) 

 

The occurrence of lift in an airfoil depends on several factors 

such as air density, airflow velocity, angle of attack and total 

area of the airfoil. In the equation above, 𝐶𝐷 and 𝐶𝐿 are the drag 

and lift coefficients, 𝐹𝐷 and 𝐹𝐿 are the drag and lift forces, 𝜌∞ is 

the density of the air, 𝑣∞ is the cruise speed and A is the wing 

area. 

 

2.2 Other Equations 

Other equations used are listed here: 

 

Continuity equation [5]: 

 

∇.𝜈 = 0      (3) 

 

Conservation of momentum [5]: 

 
𝜕𝜈⃗⃗⃗

𝜕𝑡
 + 𝜈∇.𝜈 = - 

1

𝜌
∇p +  

𝜇

𝜌0
∇2𝜈 + 𝑔⃗ – β(T - 𝑇0) 𝑔⃗ (4) 

 

β is the coefficient of thermal expansion. Conservation of 

Energy [5]: 

 
𝜕𝑇

𝜕𝑡
 + 𝜈. ∇T = 𝛼∇2T    (5) 

 

2.3 Turbulence Model 

In the setup section, the solver type was selected as density 

based for compressible flow [5]. Air speed is taken into account 

as 0.6 Mach. The k-ω SST turbulence model was used to 

simulate the problem [6]. 

The specific dissipation rate of kinetic energy is solved by 

k-ω turbulent models. This model requires computers with 

higher memory for calculation. It is quite sensitive and difficult 

to converge. The equations for the models are below [6]. 

 

k-ɛ turbulence model equation [6]: 

 
𝜕

𝜕𝑡
 (ρk) +  

𝜕

𝜕𝑥𝑖
(ρk𝑢𝑖) =  

𝜕

𝜕𝑥𝑗
 [(µ+

µ𝑡

𝜎𝑘
) 

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 - ρϵ -  𝑌𝑘 + 𝑆𝑘

      (6) 

 
𝜕

𝜕𝑡
 (ρϵ) +  

𝜕

𝜕𝑥𝑖
(ρϵ𝑢𝑖) =  

𝜕

𝜕𝑥𝑗
 [(µ+

µ𝑡

𝜎𝜖
) 

𝜕𝜖

𝜕𝑥𝑗
] + 𝐶1𝜖

𝜖

𝑘
(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) - 

𝐶2𝜖ρ
𝜖2

𝑘
 + 𝑆𝜖      (7) 

 

k-ω turbulence model equation [6]: 

 
𝜕

𝜕𝑡
 (ρk) +  

𝜕

𝜕𝑥
(ρk𝑢𝑖) -  

𝜕

𝜕𝑥𝑖
 (Г𝑘

𝜕𝑘

𝜕𝑥𝑖
) + 𝐺𝑘 - 𝑌𝑘 + 𝑆𝑘 (8) 

 
𝜕

𝜕𝑡
 (ρ ω) +  

𝜕

𝜕𝑥
(ρω𝑢𝑖) =  

𝜕

𝜕𝑥𝑖
 (Гω

𝜕ω

𝜕𝑥𝑖
) + 𝐺ω - 𝑌ω + 𝑆ω (9) 

 

Explanations of the symbols used in the formulas are; (𝑮𝒌: 

Production of turbulent kinetic energy due to mean velocity 

gradients, 𝐺𝑏: Turbulent kinetic energy production due to lift 

force, 𝐺ω: ω represents the derivation, 𝑌𝑀: Undulating 

expansion in compressible turbulence towards overall 

dissipation velocity, 𝑌𝑘  and  𝑌ω: Dispersion of k and ω due to 

turbulence, Γk and Γω: Effective diffusion of k and ω 

respectively, 𝑆𝑘 and 𝑆𝑤: User-defined source terms). 

 

2.4 Model, Mesh and Boundary Conditions 

The calculation model and research methodology were 

created using ANSYS Fluent 19 software [7]. Here, a flow 

analysis was performed around NACA 0012 and KFm-4 airfoils 

with the following initial parameters (Table 1). The calculation 

domain is divided into finite volumes by the calculation model, 

as shown in Figures 1, 2 and 5. The mesh structure is 

concentrated in computational areas where there are large 

changes in the calculated parameters. 

 

Table 1. Calculation conditions 

Density (Air) 1.225 kg/m³ 

Wind speed 204.17 m/s (0.6 Mach) 

Angle of Attack  0 (Degrees) 

Chord Length 1.0 m 

Temperature 293 K 

Reference Pressure 101325 Pa 

 

While boundary conditions are generally used up to 20c in 

the geometry section before making the C type mesh,[4], [8], [9] 

in this study it was drawn taking into account the 12.5 c (c: 

chord)  dimension. 

 

 
Figure 1. The computational domain around the airfoils 

 

Chord length is taken into account as 1m. The inlet and walls 

are called fluid inlets, the exit part is called fluid outlet, and the 

wing boundaries are called airfoil [10]. 

 

 
Figure 2. The computational domain around the airfoils in 

ANSYS for NACA 0012 and KFm-4 

 

 
Figure 3. KFm-4 Airfoil 
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Figure 4. NACA 0012 Airfoil 

 

 
Figure 5. Boundary condition and mesh structure for NACA 

0012 (mapped mesh) 

 

 
Figure 6. Mesh structure (mapped mesh) 

 

Airfoil data on Ansys is shown as a drawing in Figures 3 

and 4. 

 

Table 2. Ansys mesh settings for NACA0012 and KFm-4 

airfoils 

Nodes 305100 

Elements 303750 

Mesh Metric None 

Suppressed No 

Type  Number of Divisions 

Number of Divisions 450  225 

Mapped Mesh Yes 

Method Quadrilaterals 

Constrain Boundary No 

Size Function Uniform 

Behavior Hard 

Bias Type -------- ----- --- - 

Bias Option Bias Factor 

Bias Factor 150.0 

 

In the Table 2; Meshing process of KFm-4 Profile, 303750 

meshes were cast (Number of elements). In Figure 6, the 

"Mapped Mesh" structure is shown on Ansys Fluent. 

The freestream velocity is 204.17 m/s, 

Density is 1.225 kg/𝑚3 

Dynamic viscosity is 1.82e-5 kg/ms, 

Boundary layer length is 1 m, 

Y+ Value is 1, 

Reynold number is 1.1e+6, 

Estimated Wall distance is 2.0e-5. 

 

3. Results and Discussion 

As an initial condition, the airflow velocity is assumed to be 

equal to 204.17 m/s (0.6 Mach). The results of the numerical 

investigations are presented below. The distributions of the 

velocity field around the examined airfoil models and the 

pressure values for these models are shown (NACA 0012 and 

KFm-4). All figures are presented for 0-degree angle of attack. 

In Figure 7, the maximum dynamic pressure is shown as 83768 

Pascal. 

 

 
Figure 7. NACA 0012 dynamic pressure distribution (Pa) 

 

 
Figure 8. KFm-4 Dynamic pressure distribution (Pa) 

 

 
Figure 9. NACA 0012 Speed distribution (m/s) 

 

 
Figure 10. KFm-4 Speed distribution (m/s) 
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In Figure 8, the maximum dynamic pressure is shown as 

79566.42 Pa. From the shapes of the pressure lines, it can be 

seen that the leading edge has lower pressure, while the upper 

and lower surfaces have higher pressure. This shows that the 

surfaces with high pressure try to lift the fuselage and therefore 

increase the lift coefficient, but it should not be forgotten that 

the analysis was carried out at 0-degree angle of attack and on a 

symmetrical airfoil. As can be seen from the figure, the pressure 

contours are distributed symmetrically and positioned to fully 

meet the wind (at 0 degrees). In the given form of pressure 

contours it is shown that there is a green color on the leading 

edge, on the lower and upper side the color is red, the red color 

indicates a higher-pressure value and the green color indicates a 

lower value. 

As the angle of attack increases, the lift coefficient also 

increases, but when the angle of attack reaches 16 degrees, a 

stall situation will occur [6, 11]. 

In Figure 9, the maximum speed of the air flowing on the 

surface is shown as 451.65 m/s. The interpretation of Figure 9 

is given in the conclusions section. 

In Figure 10, the maximum speed of the air flowing on the 

surface is shown as 396.03 m/s. The interpretation of Figure 10 

is given in the conclusions section. 

When we look at the speed distributions above, we see that 

the highest speeds are reached as we move from the wing 

surface towards the tips. As you move towards the wing tips, the 

boundary layer becomes thinner, resulting in less drag and a 

higher speed at the wing tips. When we look at the speed 

distributions above, we see that the highest speeds are reached 

as we move from the wing surface towards the tips. 

 

Table 3. Forces acting on NACA 0012 Profile 

Lift 7165.5 N 

Drag -373.4 N 

𝑪𝒍 0.1010  

𝑪𝒅 -0.0052  

 

Table 4. Forces acting on KFm-4 Profile 

Lift 5109.40 N 

Drag -729.01 N 

𝑪𝒍 0.0720  

𝑪𝒅 -0.0102  

 

The table 3 and 4 shows the force and coefficient values 

calculated as a result of the analysis. 𝐶𝑙, refers to the lift 

coefficient, and 𝐶𝑑 refers to the drag coefficient. As can be seen 

from the table, at 0-degree angle, the NACA 0012 airfoil is 

superior to the KFm-4 profile in terms of lift and drag forces. 

 

4. Conclusions 

Aerodynamic comparison was made between the values 

assumed above and the results of modeling the flow in 2D. 

Special attention was paid to determine the 2D pressure 

distribution and velocity for the model with the initial 

parameters set. Based on the lift and drag forces in Table 3 and 

Table 4, it was concluded that the NACA 0012 airfoil was 

superior for 0 degrees.  

In High Subsonic Speed Unmanned Aerial Vehicles, the 

KFm-4 airfoil can be used, but the NACA0012 airfoil is more 

suitable, especially when high subsonic speed is required. As a 

result of the analysis, it was seen that it is not suitable for use in 

large-sized and man-carrying aircraft compared to the 

NACA0012 profile. 

However, KFm airfoils can increase the level of flight safety 

by reversing accidents that occur by exceeding critical angles of 

attack (stalling at higher angles). If these airfoils are designed in 

hybrid with NACA symmetric airfoils, they can provide a 

significant advantage. In a more detailed analysis, it is possible 

to formulate the following results: 

-  At high angles of attack, vortex formations can be seen on 

the upper surface of the airfoil. 

- The results obtained in the analysis are based on numerical 

errors, the applicability of the computational models and 

the limitations of the mesh. For this reason, experimental 

verification of the numerical results should be performed 

on platforms such as wind tunnels. 
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 In recent years, deep cryogenic treatment (DCT) has been applied to steel materials as an additional 

heat treatment to improve various material properties such as wear resistance, impact resistance and 

hardness. In this study, the mechanical properties of CPOH cold work tool steel with high wear and 

impact resistance and Dörrenberg Edelstahl patented WP7V cold work tool steel used in applications 

requiring high hardness were improved by deep cryogenic heat treatment. The materials subjected to 

deep cryogenic heat treatment were subjected to a conventional austenitizing and quenching process. 

After quenching, the materials were subjected to deep cryogenic treatment and then tempered. The 

microstructure, hardness, wear and impact properties of cryogenically heat treated materials were 

investigated in comparison with those obtained after conventional heat treatment. It was found that 

the wear rate of CPOH steel increased by 76.22% and WP7V steel increased by 88.95% with deep 

cryogenic heat treatment. At the same time, as a result of microstructure examinations, it was 

determined that the amount of residual austenite decreased and finer secondary carbide distribution 

was realized. It was found that deep cryogenic heat treatment of tool steels in addition to conventional 

heat treatment can improve material performance and provide high performance tool steels required 

by the industry. 

Keywords: 
Tool steel  
CPOH 

WP7V 

Deep cryogenic treatment 
Wear test  

 

1. Introduction  

CPOH steel material; It is a new generation cold work tool 

steel that combines high wear and impact resistance with 8% 

chromium and 2.5% molybdenum. This tool steel is used in bolt 

rolling rollers and combs, cold rolling mill rollers, precision 

cutting dies for sheet metal up to 10 mm. WP7V tool steel is a 

special tool steel with high chromium, molybdenum and 

vanadium alloy patented by Dörrenberg Edelstahl. It is used in 

molds subjected to high stresses due to its high hardness depth, 

engraving molds with flat shapes such as forks and spoons, cold 

or hot cutting molds or punches, sheet metal cutting molds of 7 

mm and above [1].  

In hard various applications such as precision cutting, 

stamping and punching applications, tool steels are subjected to 

high loads, contact pressures, contact temperatures and 

conditions that cause wear of the materials. Tool steels exhibit 

mechanical properties such as high hardness, wear resistance 

and impact strength due to their tempered martensite 

microstructure and carbides in their structure. In order to further 

improve these properties under harsh conditions of use, deep 

cryogenic treatment has attracted much attention in recent years 

[2]. 

In the last decade, the application of cryogenic heat treatment 

to metallic materials has led to significant advances in various 

industries, such as medicine, aerospace, robotics, materials 

science, nanotechnology and mining. This technique, 19. it 

evolved over the century from the first attempts of James Dewar 

and Karol Olszewski to process materials at low temperatures 

using liquefied gases (nitrogen and hydrogen). Scientific 

foundations of cryogenic heat treatment, 20. it was further 

reinforced by the first observations made by NASA in the 

middle of the century. NASA has detected a noticeable increase 

in hardness and wear resistance in the materials used on space 

shuttles returning from space, especially aluminum components. 

These findings have revealed the potential of cryogenic heat 

treatment to improve the properties of metallic materials. Since 

then, cryogenic heat treatment has been adapted by various 

methods to improve the macroscopic and microscopic properties 

of metallic materials and significant achievements have been 

achieved in industrial applications. This process improves the 

microstructure of the materials, increases their durability and 

enables the emergence of longer-lasting and efficient products 

that meet the performance requirements [3-4]. However, a study 

by Hong et al. [5] indicated that cryogenic heat treatment 

reduces the cost by 50%. Therefore, it is recognized as an 

environmentally friendly and economical approach to improving 

materials. 

Deep cryogenic processing (DCT) involves holding 

materials at very low temperatures, such as -125 to -196 °C, for 

12 to 48 hours [6]. In deep cryogenic processes, materials are 

gradually cooled from room temperature to cryogenic 

temperatures of -196°C. After maintaining this temperature for 

a certain period of time, the temperature is raised to room 

temperature at the same rate as the cooling rate. The use of liquid 

nitrogen or nitrogen gas as the cooling medium avoids thermal 

stress problems during slow cooling [7]. 

In general, in tool steels, the purpose of deep cryogenic 

treatment is to remove residual austenite and distribute fine 

carbides evenly. The transformation from austenite to 

martensitic phase begins at the martensite initial temperature 

(Ms) and is completed at the martensite ending temperature (Mf). 

However, the martensite terminal temperature (Mf) is considered 
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to be below room temperature. This results in the partial 

transformation of austenite to martensite during rapid cooling 

(Q). Deep cryogenic treatment accelerates the conversion of 

retained austenite to martensite by reducing the temperature to 

extremely low temperatures (-196 °C). At the same time, deep 

cryogenic treatment contributes to the formation of finer 

secondary carbides [8–10]. These changes in the microstructure 

after cryogenic treatment of tool steels help improve the 

mechanical properties of the material, including hardness, 

impact strength and wear resistance [11]. Marcos Perez et al., 

[12] in their study, investigated the effect of deep cryogenic heat 

treatment applied at -196°C for 12 hours on the mechanical 

properties of AISI H13 steel. They reported that the cryogenic 

heat treatment significantly improved the fracture toughness of 

H13 steel, attributing this improvement to the homogeneous 

distribution of fine carbides resulting from the cryogenic 

process. In another study, D. Das et al., [13] investigated the 

effect of deep cryogenic heat treatment performed at -196°C for 

36 and 84 hours on carbide precipitation and tribological 

behavior of D2 steel. The samples subjected to both 

conventional and deep cryogenic heat treatment were tested for 

wear under sliding conditions at three different loads (49.05 N, 

68.67 N, and 78.48 N) using a constant sliding speed. Their 

findings demonstrated that deep cryogenic heat treatment 

promotes the formation of refined secondary carbides, increases 

their volume fraction, and leads to a more homogeneous 

distribution. They also reported that the wear resistance of the 

material improved due to a reduction in retained austenite, an 

increase in carbide content, and the homogeneous distribution of 

carbides. 

This study investigates the effects of deep cryogenic 

treatment (DCT) on the next-generation tool steels, CPOH and 

WP7V, in comparison to conventional quenching and tempering 

(QT) processes. DCT is applied to enhance the performance of 

these innovative steels, which are subjected to challenging 

industrial conditions. To date, no studies in the literature have 

examined the application of cryogenic treatment on these 

patented steels, making this research a valuable contribution to 

achieving superior performance in industrial applications. 

In this context, samples treated with and without DCT were 

analyzed for hardness, microstructure, and mechanical 

properties (wear and impact resistance). The findings of this 

study provide a comprehensive evaluation of how DCT affects 

the performance of steels compared to traditional heat treatment 

methods. 

 

2. Materials and methods 

2.1. Materials 

Table 1 shows the chemical compositions of CPOH and 

WP7V tool steels. The tool steels were obtained from SAĞLAM 

METAL A.Ş. 

 

Table 1. Chemical composition of CPOH and WP7V tool 

steels 

Tool Steel Fe C Cr Mo V 

CPOH Balance 1.00 8.00 2.50 0.30 

WP7V Balance 0.50 7.80 1.50 1.50 

                

2.2. Heat treatment of the materials 

Quench and tempering heat treatments of tool steels were 

carried out in a vacuum environment in the Schmetz furnace at 

Sağlam Metal. Both tool steels were gradually pre-annealed at 

different temperatures after vacuum was applied and then the 

furnace was raised to process temperature. After the austenitic 

transformation was achieved at 1040 °C for 45 minutes, the 

materials were cooled with nitrogen gas and the martensitic 

transformation (hardening) of the tool steel was carried out. For 

comparison purposes, some samples were taken into a deep 

cryogenic heat treatment cabinet and subjected to deep 

cryogenic heat treatment at -150 °C for 24 hours. In this process, 

nitrogen gas was used as the cooling medium. Then, tool steels 

without deep cryogenic heat treatment (conventional quench) 

and with deep cryogenic heat treatment were completed with 

two-stage tempering under the same conditions at 520°C for 5 

hours. The heat treatment process applied to CPOH and WP7V 

tool steels is shown in the graph in Figure 1. 

 

2.3. Microstructure investigations of materials 

For metallographic examinations, the tool steels were first 

sanded with sandpaper at 320, 600, 800, 1200 and 2500 grit 

intervals and the surface cleaning was completed by polishing 

with 3 µm diamond paste. Chemical etching of the samples was 

carried out by immersion in 100 ml of distilled water containing 

3% Nital (HNO3). Microstructure characterizations were 

performed using a Nikon LV150N flat metal microscope. 

 

2.4. Hardness measurements 

Hardness measurements of tool steels were carried out by the 

Vickers method using the Future-Tech FM800e device with a 

diamond pyramid tip under a load of 500 gf. Measurements were 

made with a sinking time of 10 seconds and five separate 

measurements were taken for each material and the average 

value was reported. 

 

2.5. Impact Test 

      Impact test samples with dimensions of 75x10x10 mm were 

prepared from tool steels with and without deep cryogenic 

treatment. Charpy Impact Test was carried out in Karabük 

University Iron and Steel Institute MARGEM Laboratory 

according to ASTM E23-16b standard. Charpy Impact Test 

results of CPOH and WP7V tool steels were calculated by taking 

the average of 2 tests. 

 

2.6. Wear test 

Wear tests of tool steels were carried out using the linear 

wear test device within Sağlam Metal. Tool steels were tested 

using aluminum trioxide (Al2O3) balls in a dry environment, at 

a speed of 175 rpm and under a load of 20 N for a distance of 

500 meters. After the test, volume losses were determined by 

examining the surface profilometry of the wear marks on the 

materials. 

 

 
Figure 1. Process graph of heat treatment of CPOH and WP7V 

quality tool steels 
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3. Results and discussion 

3.1. Microstructure investigations 

Figures 2 and 3 show the microstructure images of CPOH 

and WP7V tool steels with conventional (QT) and deep 

cryogenic heat treatment (DCT). The microstructure of both 

steels consists of matrix and carbides. In both cases, the matrix 

consists primarily of tempered martensite. The irregular, 

spherical, white structures seen in microstructural images are 

alloyed carbide phases, which are primary and secondary 

carbides [14]. In Figures 2(a) and 3(a), micrographs of CPOH 

and WP7V tool steels without cryogenic treatment reveal an 

uneven distribution of primary carbides. Additionally, the 

presence of austenite retained in the microstructure of WP7V 

tool steel without deep cryogenic treatment is observed more 

clearly in Figure 3 (a). 

When the cryogenically treated microstructure images of 

CPOH and WP7V tool steels presented in Figure 2(b) and Figure 

3(b) are examined, it is seen that both steels have a tempered 

martensite structure, primary carbides are not observed and 

secondary carbides are smaller than 5 µm. The formation 

mechanism of secondary carbides is attributed to thermal 

stresses generated during the deep cryogenic process, leading to 

the fragmentation or refinement of existing large primary 

carbides into smaller secondary carbides [15–16]. There are also 

effects of deep cryogenic treatment such as (i) homogeneous 

redistribution of fine alloy carbide, (ii) precipitation of very 

small size (<1 μm) carbide alloy elements. [17]. 

 

 

 
Figure 2. Optical microstructure image of CPOH tool steel at 

1000X magnification a) QT, b) Q+DCT+T 

 

 

 
Figure 3. Optical microscope image of WP7V tool steel at 

1000X magnification a) QT, b) QT+DCT+T 

 

3.2. Hardness test results 

Vickers hardness results of CPOH and WP7V tool steels 

without deep cryogenic treatment (Conventional (QT)) and with 

deep cryogenic heat treatment (DCT) are shown in Figure 4. The 

hardness of CPOH and WP7V tool steels with conventional heat 

treatment was determined as 788.8 HV and 714.9 HV, 

respectively. The hardness of CPOH and WP7V tool steels 

subjected to deep cryogenic heat treatment was measured as 

803.1 HV and 724.7 HV, respectively. After deep cryogenic heat 

treatment, an increase in the hardness of the tool steel was 

observed by 15 HV for CPOH and 10 HV for WP7V. This 

increase in hardness after deep cryogenic heat treatment 

increases the hardness strength by causing the remaining 

austenite, a softer phase seen in the microstructure image, to 

transform into martensite, a harder phase with a higher carbon 

content [18]. Moreover, hardness increased in deep cryogenic 

heat treated samples due to continuous austenite removal, more 

uniform carbide distribution, and higher secondary carbide 

content [19–20]. It is reported in the literature that the presence 

of secondary fine carbides significantly increases the 

mechanical strength of steel due to their small and hard 

properties [21]. 

In both cases, CPOH tool steel was observed to be harder 

than WP7V. This is due to the fact that CPOH tool steel contains 

0.5% more carbon than WP7V tool steel in the chemical 

composition given in Table 1. The higher amount of carbon in 

CPOH tool steel increases the solid solubility in the steel crystal 

structure, causing the crystals to bond more tightly to each other 

and increasing the hardness [22]. 
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Figure 4. Hardness test results of QT and DCT heat treated 

CPOH and WP7V tool steels 

 

3.2. Impact test results 

Table 2 shows the data obtained from the Charpy impact test. 

While the average impact energy of CPOH and WP7V tool 

steels subjected to conventional heat treatment was calculated as 

2.11 J and 5.8 J, respectively, the impact energy of CPOH and 

WP7V tool steels subjected to deep cryogenic heat treatment 

was calculated as 3.77 J and 8.76 J. It was observed that the 

impact energy increased when both tool steels were subjected to 

deep cryogenic processing. The notch impact strength of the 

material was calculated using the notch impact strength 

calculation formula (1) [23]. The impact strength of CPOH tool 

steel was found to be 26.38 kJ/m2 after conventional heat 

treatment, while it was 47.13 kJ/m2 after deep cryogenic heat 

treatment. The impact notch strength of WP7V tool steel under 

conventional heat treatment and deep cryogenic heat treatment 

was found to be 72.5 kJ/m2 and 109.5 kJ/m2, respectively. It was 

observed that the impact notch strength of both tool steels 

increased after deep cryogenic heat treatment. 

 

Impact strength = 
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

A
  (1) 

A = Cross-sectional area in the notch area 

 

This increase in impact toughness resulting from deep 

cryogenic treatment is believed to be an improvement due to 

finer and more uniform carbide precipitation seen in 

microstructural images [24]. In both conditions, CPOH tool steel 

was found to have lower impact notch strength compared to 

WP7V tool steel. The higher the carbon content in tool steels, 

the more brittle the material becomes, thus reducing its ductility 

and making the steel more brittle. Based on this mechanism, it 

was concluded that the impact notch strength of CPOH tool steel 

was lower than that of WP7V tool steel. 

 

Table 2. Charpy Impact Test Results of CPOH and WP7V 

Tool Steels 

Tool Steels 
Average Impact Energy (J) 

Impact Strength 

(kJ/m²) 

QT Q+DCT+T QT Q+DCT+T 

CPOH 2.11 3.77 26.38 47.13 

WP7V 5.8 8.76 72.5 109.5 

 

3.4. Wear test results 

Table 3 shows the average friction coefficients of CPOH and 

WP7V tool steels obtained from the dry wear test for 500 m. 

While the friction coefficient of CPOH tool steel with 

conventional heat treatment was 0.478μ, the friction coefficient 

after deep cryogenic heat treatment was 0.389μ. While the 

friction coefficient of WP7V tool steel was 0.545μ after 

conventional heat treatment, it decreased to 0.401μ after 

cryogenic treatment. Both materials showed a decreasing trend 

in friction coefficient after deep cryogenic treatment. 

 

Table 3. Coefficient of friction values of CPOH and WP7V 

tool steels. 

Tool Steel 
Coefficient of Friction (µ) 

QT Q+DCT+T 

CPOH 0.478 0.389 

WP7V 0.545 0.401 

 

Figure 5 shows the 3D profile topographies of the wear scars 

of (a) conventional (b) deep cryogenically treated CPOH tool 

steel after the wear test. Considering the color concentration, it 

was observed that the depth color concentration of the deep 

cryogenically treated material was lower than that of the 

conventionally heat treated material. 

 

 

 
Figure 5. 3D surface topography images of CPOH tool steel a) 

QT, b) Q+DCT+T 

 

 
Figure 6. Two-dimensional profilometer images of the worn 

surfaces of conventional and deep cryogenic heat treated 

CPOH tool steel 
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Figure 6 shows the 2D profilometer image of conventional 

(QT) and deep cryogenic heat treated (DCT) CPOH tool steel 

after the wear test under 20 N load. Detailed examination of the 

profilometer images shows that deep cryogenic treatment 

reduces the pit depth and wear area. 

Figure 7 shows the 3D surface topographies of (a) 

conventional and (b) deep cryogenic treated WP7V tool steel 

after the wear test. It is observed that the depth color 

concentration is higher in the conventional heat treated 3D 

topography of WP7V tool steel compared to the deep cryogenic 

treated material. 

 

 

 
Figure 7. 3D surface topography images of WP7V tool steel a) 

QT, b) Q+DCT+T 

 

 
Figure 8. Two-dimensional profilometer images of the worn 

surfaces of conventional and deep cryogenic heat treated 

WP7V tool steel 

 

Figure 8 shows the 2D profilometer image of conventional 

(QT) and deep cryogenic heat treated (DCT) WP7V tool steel 

after the wear test under 20 N load. The deep cryogenic heat-

treated WP7V tool steel was observed to exhibit less wear depth 

and better wear properties compared to the conventionally heat-

treated WP7V tool steel. 

In Figure 9, the wear depths of conventional and deep 

cryogenic heat treated CPOH and WP7V tool steels are 

compared. CPOH tool steel with conventional and deep 

cryogenic heat treatment showed better wear resistance 

compared to WP7V tool steel with conventional and deep 

cryogenic heat treatment. In both cases, it is thought that the fact 

that CPOH tool steel has a lower pit depth than WP7V tool steel 

is due to the alloying elements it contains. The high carbon 

content in CPOH tool steel increases the hardness resistance, 

making the interatomic bonds in the material stronger during 

wear as the hardness increases. This makes it difficult for 

abrasive particles to dislodge the material. This reduces the 

effectiveness of mechanisms such as microscraping and 

notching as the material hardens. 

 

 

 
Figure 9. Comparative wear depth plot of CPOH and WP7V 

tool steel a) QT, b) Q+DCT+T 

 

 
Figure 10. Area measurements calculated from two-

dimensional profilometer images of the worn surfaces of 

CPOH and WP7V tool steel 

 

Figure 10 shows the area loss diagram of the material, 

consistent with the wear scars obtained from two-dimensional 

profilometer analyzes of CPOH and WP7V tool steels. It is 

observed in Figure 10 that the highest area loss occurs in 

conventionally heat-treated WP7V tool steel. 

Although area loss after deep cryogenic heat treatment 

decreased compared to conventional heat treatment for both tool 

a

a) 
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steels, for WP7V tool steel, deep cryogenic heat treatment 

resulted in a more significant improvement in area loss 

compared to CPOH tool steel. This observation can be explained 

by the fact that the alloying elements in WP7V tool steel 

promote secondary carbide formation. It is thought that the high 

content of vanadium alloying element in WP7V tool steel allows 

the precipitation of vanadium-rich secondary carbides [25]. 

Figure 11 shows the wear rate graphs of WP7V and CPOH 

tool steels. Wear rates were calculated with the formula given 

below [26]. 

 

Wear rate = 
𝑙𝑜𝑠𝑠 𝑜𝑓 𝑎𝑟𝑒𝑎

load × distance × density
   (2) 

 

The wear rates of CPOH and WP7V tool steels subjected to 

conventional heat treatment are 2.57478E-08 and 5.98013E-08, 

respectively. The wear rates of CPOH and WP7V tool steels 

subjected to deep cryogenic heat treatment were 6.12357E-09 

and 6.6051E-09, respectively. A significant reduction in the 

wear rates of both tool steels subjected to deep cryogenic heat 

treatment was observed. The effect of deep cryogenic heat 

treatment to improve wear resistance is thought to be due to the 

increased density of uniformly dispersed fine secondary 

carbides formed by deep cryogenic heat treatment and the 

removal of retained austenite, a soft phase [27-28]. After deep 

cryogenic treatment, an improvement in wear resistance of 

76.22% for CPOH tool steel and 88.95% for WP7V tool steel 

was observed. 

 

 
Figure 11. Wear rate graphs of CPOH and WP7V tool steels 

      

 
Figure 12. Macro images of WP7V and CPOH tool steels 

subjected to wear testing, a) WP7V QT, b) WP7V Q+DCT+T, 

c) CPOH QT, d) CPOH Q+DCT+T 

 

According to the wear test results applied over a distance of 

500m under 20N load, macro and micro images of the wear 

marks of conventional and cryogenically treated WP7V and 

CPOH tool steels are presented in Figure 12 and Figure 13. As 

seen in the 50X microstructure images of the wear scars in 

Figure 13, it was determined that conventionally heat-treated 

WP7V and CPOH tool steels had wider scar depths compared to 

their cryogenically treated forms. 

When the wear traces of (a) conventional (Q+T) and (b) 

cryogenically treated (Q+DCT+T) states of WP7V tool steel are 

examined in Figure 13, it is seen that in the case of conventional 

heat treatment, the parts broken off from the surface along the 

wear trace are removed from the system without adhering to the 

surface again. It is considered to be moving away. At the same 

time, it is seen that they do not interact much with the surfaces 

of the sample and the alumina ball. This indicates that it exhibits 

intense abrasive wear. In the case where cryogenic treatment 

was applied, particles adhering to the surface as well as intense 

abrasive wear were observed. Adhesive wear type was also 

occasionally exhibited in cases where cryogenic treatment was 

applied.  

 

  
 

  
Figure 13. 50X optical microscope images of WP7V and 

CPOH tool steels subjected to wear testing, a) WP7V QT, b) 

WP7V Q+DCT+T, c) CPOH QT, d) CPOH Q+DCT+T 

 

Figure 13 shows the wear marks of both conventional (Q+T) 

and cryogenically heat-treated (Q+DCT+T) forms of CPOH tool 

steel. In both (c) conventional and (d) cryogenic heat treated 

forms, it is observed that adhesive wear is dominant, with the 

particles that break off at the beginning of wear sticking to the 

surface again. 

The predominance of adhesive wear in CPOH tool steel is 

considered to stop or slow down the progression of wear during 

sliding compared to WP7V tool steel. As seen in the wear rate 

graphs in Figure 11, CPOH tool steel supports this assessment 

by exhibiting a lower wear rate compared to WP7V tool steel. 

Figure 14 illustrates the schematic wear mechanism based on 

carbide size and distribution. As shown in the mechanism, 

homogeneously distributed secondary carbides create a uniform 

hardness and surface during wear, resulting in stable wear across 

the entire surface. In contrast, the wear mechanism of tool steel 

with primary carbides reveals that irregularly distributed 

primary carbides lead to instability on the tool steel surface, 

causing more wear in areas lacking carbides due to lower 

hardness. 

This mechanism highlights the wear characteristics of 

materials subjected to both conventional and deep cryogenic 

heat treatments. The research findings indicate that the presence 

of primary carbides in conventionally heat-treated materials 

increases the wear rate, whereas the wear rate decreases after 

b) a) c) d) 

a

) 

c

) 

d

) 

b) 

c) d) 

a) 
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deep cryogenic treatment due to the formation of secondary 

carbides, enhancing wear resistance. 

 

 
Figure 14. Schematic illustration of the wear mechanism 

according to carbide type (Primary-Secondary) and distribution 

 

Additionally, it is believed that the deep cryogenic treatment 

in CPOH and WP7V tool steels induces martensitic 

conditioning, leading to the formation of defects such as 

dislocations, where carbon atoms accumulate. Deep cryogenic 

treatments also generate residual compressive stresses within the 

structure, particularly at interfaces such as the carbide-matrix 

interface. These compressive stresses can mitigate the tensile 

stresses that occur during wear, thereby reducing crack initiation 

and propagation and enhancing the adhesion of carbides to the 

matrix. This results in improved wear resistance during wear 

[29-30]. 

 

4. Conclusions 

• In this study, the hardness of CPOH tool steel treated with 

conventional heat treatment was measured at 788.8 HV, 

whereas the hardness of CPOH tool steel subjected to deep 

cryogenic treatment was 803.1 HV. It was found that the 

deep cryogenic treatment increased the material's hardness 

by 1.8%. 

• While the hardness of WP7V tool steel with conventional 

heat treatment was measured as 714.9 HV, the hardness of 

WP7V tool steel with deep cryogenic treatment was 

measured as 724.7 HV. Deep cryogenic treatment 

increased the hardness of WP7V tool steel by 1.4%. 

• According to the Charpy impact test results, the average 

impact energy of CPOH tool steel increased by 78.67% 

after deep cryogenic treatment, while the average impact 

energy of WP7V tool steel increased by 51.03%. 

• According to the wear test results, the application of deep 

cryogenic treatment reduced the area loss of CPOH tool 

steel by 76.22% and the area loss of WP7V tool steel by 

88.95%. 

• Compared with conventional heat treatment, deep 

cryogenic treatment reduced the wear rate of CPOH tool 

steel by 76.22% and the wear rate of WP7V tool steel by 

88.95%. 

• As a result of the study, it was evaluated that deep 

cryogenic treatment, when used in conjunction with 

conventional heat treatment in both new generation tool 

steels and other tool steels, can improve mechanical and 

wear properties, thereby extending the service life in 

applications where wear and impact resistance are critical, 

such as in the aerospace, automotive, defense, and 

metalworking and machinery industries. 
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 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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Thermal storage 

 

 

 

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 

http://dergipark.gov.tr/tijmet
https://orcid.org/0000-0001-9680-1889
https://orcid.org/0000-0003-4027-4666
https://orcid.org/0000-0002-9099-3573
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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 

average focal temperature is 210 °C, while higher temperatures 

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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