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ABSTRACT 

In the 21th century, renewable energy has to play very important role in socio-economic and industrial 
development. This paper evaluates the exergy- energy analysis, which is based on the second law of thermodynamics. 
The triangular solar heater is developed to determine the heat transfer rate, thermal efficiency, exergy efficiency and 
Bejan number. In addition, we have examined the effects of entropy generation with respect to solar radiation and 
ambient temperature of air. Absorber plates coated with graphene and copper oxide nano-particles by the different 
percentages (0.1%, 0.2%, 0.3% & 0.4%) doped into black paint which increases the absorption of heat. The Reynolds 
number (4500 ≤ 𝑅௘ ≤ 22700) varies for the fixed selective coating on absorber plate and mass flow rate. The 
experimental observations were performed for   constant mass flow rate of air ranging from 0.0035kg/s to 0.018 kg/s. 
The experimental result gives the average thermal efficiency enhancement of 3.58% for 0.3% graphene/CuO-black 
paint. Entropy generation is more for 0.1% and minimum for 0.3% graphene/CuO-black paint coating. The entropy 
generation analysis concludes that the entropy generation increases with increasing the mass flow rate. Exergy 
efficiency enhancement can be found 0.169%for 0.3% with respect to 0.1% graphene/CuO-black paint. 
 

Keywords: Triangular Solar Air Heater, Entropy Generation, Solar Intensity, Nano-particles, Absorber 
Plate Coating, Heat and Mass Transfer 
 
INTRODUCTION 

The solar air heating systems are highly effective and promising in absorption of solar energy. It convert 
solar energy to heat with the help of flowing air. The solar thermal system gives the hot air in the output. This hot air 
can be used for space heating or drying purposes. These systems can produce thermal energy in the form of warm air 
at the output with the help of absorb solar radiation from the sun. This form of energy production, which is safe, clean, 
environmental friendly and it cannot produce any harmful effect on the environment. This energy  can be used an 
extraordinarily in  active and passive heating systems [1]. TSAH's main applications include space heating, crop 
drying, textiles and solar dryers. These are cost effective devices and easy to manufacture, require less maintenance 
cost. The purpose of the device is to optimize the thermal and exergy efficiency, which is defined as the ratio of useful 
thermal energy output to that of incident radiation which available during day clear sky and day time. Intensity of 
solar radiation available and duration of availability depends upon latitude, longitude, local environmental conditions 
and season. Performance of TASH can be evaluated by its ability to convert incident solar energy into useful work. 
The amount of useful energy calculated by TSAH can be increased by increasing the velocity of flowing fluid as air 
through the inside passage of the TSAH [2]. 

The solar experiment device is similar to a heat exchanger device which converts solar radiation into heat 
energy. For the consideration of exergy performance of the triangular system, this is based on the second law of 
thermodynamics. Energy balance of incident radiation and its conversion into useful work is in accordance with  first 
law of thermodynamics [3]. In the solar air heating system, absorber plate works as an absorbing surface which is 
coated with graphene and copper oxide nano-particles doped black paint. The coating on absorber plate has a good 
thermal conductivity to transfer the heat to the fluid used as an air [4]. In this presented experimental investigation, 
Bejan number gives a very good contribution in the study of performance evaluation. The Bejan number depends on 
entropy generation rate throughout the system. Also, Reynolds number and air transfer coefficients are increased as 
mass flow rate increases. 

 
EXTENDED LITERATURE REVIEW 

On the basis of literature survey of research contribution of many researchers in area of exergy and energy 
analysis on solar air heaters, it can be interpreted that minimization of entropy generation is the ultimate objective to 
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enhance exergetic performance of SAH. Researchers have an alert on investigating the exergy efficiency, heat transfer 
and entropy generation for better improvement in the solar system.  

Huseyin [5] performed  experimental investigation on  performance of flat plate SAH by using thermal 
energy storage as a paraffin wax (PCM) and finds latent heat storage technique for the greenhouse. It is to find that 
the heat stored 0.65-2.1 KW and average daily exergy was stored 112 W-79.9 W.  

Tyagi et al. [2] investigated parametric analysis of the energetic performance of the concentrating type 
SAH. It based the analysis on the inlet fluid temperature and efficiency. They found that the exergy value depends on 
the solar intensity and it decreases exergy at the low value of intensity and exergy decreased at intensity value is 
increasing. 

Gupta and Kaushik [6], an analytical exergy analysis shows the unique parameters like AR, collector plate 
area, and mass flow rate. They found that it achieves a higher exergy rate at a low valve of duct depth and high AR.  

Singh et al. [7] performed theoretical investigation on effect of entropy generation and heat transfer in nano 
fluid. A finding of theoretical investigation reveals that entropy generation ratio is constant for particular system or it 
increases slowly.  

Akpinar and Koçyiğit [8] performed  experimental analysis on  the performance of SAH with the several 
type of method and two mass flow rate. It has been inferred on the basis of experimental findings that, first law 
efficiency is varied between 20% & 82% and second law shows efficiency changed 8.32% - 44.0%. 

Ching et al. [9] presented a numerical investigation on right triangular enclosure through mixed convection 
heat and mass transfer is examined. Here the bottom surface maintained the uniform temperature. They found in results 
the increases of buoyancy ratio increases the heat and mass transfer rate for all values of Richards on number for every 
direction of sliding wall motion. 

Sriromreun et al. [10] performed  experimental  and  numerical  study  on  the  heat  transfer enhancement 
in a channel with Z shaped baffles. The effect of Z baffle and height and pitch spacing length are examined. The phase 
45 Z baffle with larger e/H gives the higher friction loss and heat transfer. 

Malvandi et al. [11] Present study based on the nanofluid effect on the boundary layer flow over plate and 
analyzes the entropy generation inside the boundary layer. They found that entropy generation is depending on the 
volume fraction of the nanofluid particle. 

Parvin et al. [12]  presented an experimental investigation on the entropy generation and heat transfer by 
forced convection. Cu–water nano-fluid used as working fluid in experimental research. It is found that entropy 
generation rate increases as the Reynolds number and volume fraction Cu–water nano-fluid. 

Mahian et al. [13] performed an  analytical study is  for the entropy generation and heat transfer of nano-
fluid flow in a flat plate solar heater. Al2O3 /water used as a working nano-fluid. A result confirms that entropy 
generation decline with increase in concentration of nano-fluid. Absorber plate roughness increases the outlet 
temperature of fluid and it also increase the entropy generation. 

Skullong et al. [14] the experimental study based on the heat transfer and turbulent flow in a solar air heater 
with wavy groove tarbulators. The air flow is maintained the Reynolds number varies 4000 to 21000.They found in 
results both the upper and lower walls of the test channel gives highest heat transfer rate and friction factor compared 
with smooth channel. 

Shojaeizadehet al. [15]investigated exergetic analysis of a FPSC with Al2O3 /water nano-fluid like working 
fluid. It is observed that the magnitude of exergy efficiency changes with corresponding parameters like nano-particle 
volume concentration and mass flow rate of fluid. The rate of exergy efficiency is increased by 1% by using 
Al2O3/water nano-fluid.  

Bahrehmand et al. [16] performed  mathematical simulation on effect of single and double glazing  on 
performance analysis of solar system. Experimental findings are not in favour of using double glazing as it has an 
adverse effect on thermal efficiency of SAH.  

Verma et al. [17] investigated on performance analysis of FPSC using MgO/water nano-fluid. 
Experimental results establish that thermal efficiency enhanced by 9.34% while exergy efficiency by 32.23% at 0.75% 
particle volume fraction and optimum flow condition 1. 

Kalaiarasi et al. [18] performed experimental investigation  on energy and exergy analysis of SAH. The 
study based on the design and sensible heat storage in SAH. They found the value of exergy and energy enhancement 
from 18.25% to 37.53% and 49.4% to 59.2% respectively. 

Zhu et al. [19] performed experimental analysis on new type of SAH with micro heat pipe arrays. 
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Researchers claims maximum thermal efficiency can be obtained up to 69% at a mass flow rate of air 290 m3/h. 
Gill et al. [20] performed experimental investigation on the solar air heater having broken arc rib. Five type 

of broken rib on the roughened plate having gap position ranging 0.2-0.8 for Reynolds Number values 2000-
16000.They found in result ,in the presence of broken rib enhance the friction factor, Nusselt number and thermo-
hydraulic performance up to 2.55, 2.37 and 1.94 respectively compared with smooth duct.  

Ghiami and Ghiami [21] investigated thermal and exergy efficiency of energy storage system using PCM 
paraffin wax. Findings of investigation exhibits thermal efficiency 26.78% and enhancement in exergy efficiency has 
been 4.86% to 20.47%. Optimum enhancement in exergy efficiency observed 20.47% at 0.017 kg/s.  

Mesut Abuska [22] in experimental study shows the performance with the help of absorber plate roughness 
and mass flow rate. Absorber plate roughness provides turbulent air flow, and it increases the surface area. 
Experimental observation indicates that efficiency of SAH depends upon the solar radiation, mass flow rate and 
absorber plate roughness. 

Kilic M. [23] investigated the heat transfer effect on the porous plate by transpiration cooling. A result 
establishes that the increase in the water flow rate induces a decrease in the surface temperature which increases the 
efficiency of the porous plate and the cooling efficiency of the device.  

Kilic M. [24] the investigation based on the study of heat transfer from porous plate by the cooling medium 
as an air with different mass flow rate. Authors observed from the result increases the Reynolds number causes the 
increases the temperature of the surface of the porous plate and decreasing the efficiency of 13.7 percent but in case 
of water average surface temperature of the plate is decreases 1.1percent and efficiency increases 19.1 percent. 

Mortazavi and Ameri[25] investigated performance of  FPSC through thin metal sheet. Study based on the 
advanced energy analysis for FPSC through thin sheet of metal. Results establish that lesser exergy loss occurs with 
higher absorption efficiency absorber plate. 

Kilic M. and Abdulvahitoglu[26] investigated the heat transfer from a heated surface with the help of nano-
fluids and swirling jets. Authors were used pure water, Al2O3-H2O,TiO2-H2O for the heat transfer and fluid flow 
analysis It is determined that increasing the Reynolds number from Re=12000 to 21000 causes an increase of 51.3 per 
cent on average of the Nusselt number.  

Kilic M. and Ali H. [27] numerically investigated the heat enhancement and fluid flow from the heated 
surface by the use of three impinging jet with nanofluid. The study was based on the Al2O3-water, CuO-water, TiO-
water, Cu-water and pure water. The result shows that the use of Cu-water nanofluid induces a rise of 2.2 per cent, 
5.1 per cent, 4.6 per cent and 9.6 per cent on average Nusselt in comparison to CuO-water, TiO-water, Al2O3-water 
and pure water.  

Kumar and Layek  [28] performed numerical optimization of the SAH with warped rib roughness on the 
absorber plate. Authors reported maximum increment in exergetic efficiency as 1.81%, 1.79% and 1.81% in 
comparison with a smooth plate for temperature rise parameter 0.0125 m2 K/W.  

Abdelkader et al. [29] conducted an  investigation on effect of absorber plate coating in exergy efficiency 
. Here 4% CNTs/CuO-black paint is used for a coating material which improves the performance of SAH. It shows 
exergy efficiency increased by 22.4 %. Inlet and outlet temperature difference is 22% based on the average result. 

Nidhul et al. [30] performed CFD analysis on the triangular solar air heated duct with V-rib roughness. 
Authors varied the performance parameter, Reynolds Number, fixed relative pitch, relative rib height and pitch 
inclination. Experimental result confirms the maximum enhancement in exergetic efficiency was 23%. 

Šest et al. [31] carried an experimental study on  the behaviour of selective graphene and copper oxide 
nano-particles coating on absorber plate. This coating is used for the anticorrosion material. The result shows good 
anticorrosion behaviour of graphene and copper oxide nano-particles compared to aluminium substrate. 

Wang et al. [32] investigate to improve the efficiency of SAH by using S –shaped ribs on the absorber 
plate. It is found that the thermal efficiency was improved by 13 % to 48% at pressure drop varies 15.8-30 Pa.  

Abo-Elfadl [33] the performance of double pass SAH were studied at different mass flow rates and 
compare the performance parameter with tubular and flat SAH. They found that tubular SAH efficiency is grater then 
flat SAH efficiency by 19.4%, 21%, and 40.3% at inlet air flow rate 0.075kg/s, 0.05kg/s 0.025kg/s respectively. H.  

Hassan et al. [34] performed comparative analysis  of SAH  with tubular and flat SAH at varying flow 
rates. Observations reveals that average tubular SAH efficiency was about 83.6%, 76.3% and 59.8% corresponding to 
rate of flow at 0.075, 0.05 and 0.025 kg/s, respectively with an increase of 132.6%, 58.6%, and 43.5%, respectively 
compared to flat SAH and the daily top heat loss of tubular SAH is decreases 10% compared to flat SAH. 
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Kumar R et al. [35] used triangular duct to find the thermal efficiency of solar heater .It was found the 
higher thermal efficiency at higher mass flow rate.  

Kumar R et al. [36] investigated the performance of triangular solar heater  using  graphene  nonmaterial  
embedded  in  black  paint.  It was found the maximum efficiency of the system is 48.23 percent at air velocity 1 
m/sec.  

Bensaci et al. [37] performed experimental and numerical investigation to improve the thermo-hydraulic 
performance of solar air heater. They have found that the optimum thermo-hydraulic performance factor is achieved 
where the baffles are located the first part of conduit and which occupy 50 % of SAH. 

Abdullah et al. [38] performed experimental study on the SAH  to enhance the efficiency of heater. Authors 
have used an aluminum cans on the absorber plates as a tabulators. The comparison between with or without reflector 
were carried out. They found that the maximum daily efficiency of the anticipated SAH was 73.4% at 0.05 kg/s for 
staggered heater equipped with guide vanes and external reflector.  

Akhbari et al. [39] investigate the experimental data of a triangular channel SAH with U turn air flow 
pattern. They found that the maximum efficiency is obtained for the TASH at mass flow rate of 0.045kg/s and the 
result also reveals that, it require less area compare to flat SAH at same solar radiation.  

Arunkumar et al. [40] in their analytical study for enhancement of  the efficiency with the help of roughness 
employed on the absorber plate which increase the turbulence level of the air. Experimental observation support that 
some parameters are effective in performance enhancement. These are geometries used, design considerations, flow 
conditions and their heat transfer rate, turbulence, absorber plate temperature resulted in enhancement of the heat 
transfer rate from the absorber plate.  

Darici and Kilic [41] investigated the performance of solar air collector by changing the geometry of 
absorber plate and the result were compared with  the trapezoidal and flat absorber plates. Result establishes the 
maximum enhancement in temperature rise for trapezoidal plate was9℃with respect to flat plate solar air collector at 
mass flow rate of 0.022kg/s. It has been also observed for the trapezoidal absorber plate that average efficiency rise 
63% at 0.044kg/s compare to flat plate collector. 

Yildirim et al. [42] made the use of absorber plate with rib-groove geometry on absorber plate in solar air 
heater. Theoretical analysis was done by using energy balance equation and various parameters relative roughness 
height and roughness pitch and pitch to groove positions were investigated in the Reynolds number range between3000 
to 21000.Results were compared with those of flat plate solar air heater. It was found that by increasing groove position 
to pitch ratio the value of thermo hydraulic efficiency increases. Differential transform methods have also been applied 
on flat plate solar air heater whose absorber plate thickness is varied along its length.  

Dutta and kundu [43]. The results obtained were validated  using modified Bessel’s function .It was 
concluded that temperature of absorber plate increases linearly along direction of heat flow. Solar radiation 600 W/m2 
and initial collector fluid temperature of 30oC were taken.  

Menni et al. [44] used four baffle plates in the passage of flow of air through the duct of rectangular section 
and performed its CFD analysis Ansys FLUENT software version 6.3.Aspect ratio and width to height ratio of 1.31 
and 5.137 were taken respectively. The ratio of spacing between baffles and its height were taken as 0.972. The 
research resulted into a finding that thermal enhancement factor TEF increases with increase in Reynolds number. Its 
maximum value was obtained when Reynolds number of 32000 was taken.  

Singh et al. [45] analyzed experimentally the thermo hydraulic performance using triangular projections 
as roughness geometry on absorber plate of solar air heater. The roughness geometry resulted in increase in heat 
transfer, Nusselt number but also at the cost of some increase in friction factor value. Correlations were developed 
between friction factor and Reynolds number. 

The aim of the paper is to investigate the thermal efficiency, exergy efficiency, entropy generation and 
Bejan number by the use of graphene/CuO nano-particles embedded into black paint coating on absorber surface. The 
main purpose of the study is to prepare a solar selective coating for absorber surface by using black paint and different 
percentage of hybrid nano-materials. This is to improve the exergy and energy performance of TSAH. In the numerical 
investigation, solar intensity, mass flow rate and ambient temperature of the fluid are taken as a variable parameter. 
The novelty of this study graphene/CuO nano-particles embedded into black paint have not used before at any study. 
In this paper, the effect of solar selective coating on the absorber surface has been investigated for thermal efficiency, 
exergy efficiency and entropy generation rate. 
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EXPERIMENTAL SETUP 
An experimental setup is designed, fabricated and tested in the solar research centre, department of 

mechanical engineering in GLA university, Mathura. In India Mathura has a good zone of solar intensity potential 
(Latitude and longitude coordinates are 27.49, 77.67).  The average annual solar intensity is about 4.55 kWh/m2/day. 
An experimental set-up is shown in Figure 1 & Figure 2 and a schematic diagram of triangular solar air heater is in 
Figure 3. The experimental arrangement consists of an equilateral triangular section that is made-up by the aluminum 
sheet. The size of the triangular section is 1m  ×  0.6m ×0.52m as well as hydraulic diameter is 0.352 m with an aspect 
ratio of the triangular segment is 1.15. The inlet and outlet section distance end to end of the pipe are same. Therefore, 
the flow assumed within the triangular section is completely turbulent without slip at the wall and throughout the 
length of the test section, thermal properties are constant. In the inlet side of the section air is sucked with help of a 
blower at ambient condition. 

In presented experimental investigation, we have used four types of absorber surfaces which have coated 
with graphene/CuO nano-particles at a different percentage (0.1%, 0.2%, 0.3% & 0.4%) doped into black paint. The 
absorber plates are made of aluminum with selective coating on it. The absorber plate is a very important component 
of the triangular heater section, which absorbs the solar radiation from the sun. One side of the triangular section 
comprises a glass cover used as glazing although the other two side of triangular section are absorber plate. 

Inlet and outlet temperature measured by the K-type (Ni-Cr/Ni-Al) thermocouple were used. The solar 
intensity meter measures the solar radiation intensity on the glazing plate. Solarimeter placed on the glazing sheet at 
the same inclined plane. Inlet and outlet pressure has been measured by the micro manometer. For air speed 
measurement a digital anemometer was used. The output of the hot air is controlled by a control device at output 
section. The detailed design specifications of TSAH are given in  

Table 1.The thermo- physical properties of the air are given in table 2. 
 

Table 1. Detail specification of TSAH 
 

Specification Dimension Unit 
Length of Triangular section 1 m 
Length of triangle sides 0.6 m 
Height of triangle 0.52 m 

Hydraulic Diameter 0.352 m 
Aspect  ratio of TSAH  1.15 -- 

Length of outlet and  inlet section 
of TSAH 

0.4 m 

Diameter of outlet and inlet pipe 0.0635 m 
Back insulation thickness 0.004 m 
Conductivity of Back Insulation 0.04 W/m K 

Number of Glazing Plates 1 -- 
Glazing Plate Thickness 0.004 m 
Glazing Plate area 0.6 m2 

Absorber plate area 1.2 m2 

Edge area of triangular section 0.312 m2 

 
Table 2. Thermo-physical properties of air 

 

Specification Dimension Unit 
Density  1.125 kg/m3 

Specific Heat at Constant Pressure 1.006 KJ/kg-k 
Specific Heat at Constant Volume 0.718 KJ/kg-k 

Viscosity  1.783x 10-5 N/m2 
Thermal Conductivity  0.0262 w/m K 

Ideal Gas Constant 287 J/kg-k 
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Figure 1. Experimental setup 
 

 
 

Figure 2. 2-D drawing of TSAH duct 
 

 
Figure 3. A schematic picture of TSAH 

 
NANO-PARTICLES COATING 

The graphene and copper oxide nanoparticle are used in the experiments to form a distinctive type of coating 
on the absorber plate. The hybrid nanomaterial is developed by the mass ratio of Graphene 20% and copper oxide 
80%. The magnetic stirring is used for the mixing the nanoparticle into black paint. The absorber plate is coated with 
black paint in which graphene and copper oxide nano-particles of different percentage were doped. Initially, the 
percentage of graphene and copper oxide nano-particles is doped black paint to increase the absorptivity and decrease 
the emissivity of absorber plate. This graphene (purchased from the Platonic Nanotech Private Limited-India) is 
produced by the chemical exfoliation method, is very fluffy, very light powder in black color and CuO is a black 
colour powder. The different percentage absorption of 0.1 per cent, 0.2 per cent, 0.3 per cent and 0.4 per cent of the 
hybrid coating material were 0.946, 0.949, 0.952 and 0.955 respectively. For emissivity values of 0.122, 0.134, 0.129 
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and 0.12 with respect to different percentages of 0.1 per cent, 0.2 per cent, 0.3 per cent and 0.4 per cent of hybrid 
coating material. The physical and chemical properties of the graphene and copper oxide nano material are given in 
Table 3 and  

Table 4. In Figure 4shows the TEM images of graphene nano-particles and Figure 5. The XRD analysis 
graphene and copper oxide is shown in Figure 6. 

 
Table 3. Physical and chemical properties of the graphene nano-particle 

 

Specification Dimension Unit 
Purity 99%  
Thermal Conductivity 2000 W/m-K 
Density 0.15 g/ cm3 

Thickness 5-10 Nm 
Length  5-10 Micron 

Number of Layer 4-8  
Surface Area 200-240 m2/g 

 
Table 4. Physical and chemical properties of the copper oxide nano-particle 

 

Specification Dimension Unit 
Purity 99.9% W/m-K 

Density 6.4 g/ cm3 

Average particle size 30-50 Nm 
Surface Area 20-30 m2/g 
Morphology Near Spherical  

 
 

 
Figure 4. TEM images of graphene nano-particles a) at 100nm scale, b) at 200nm scale 

 

 
 

Figure 5. TEM image of copper oxide nano-particles 
 

a) b) 
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Figure 6. a) XRD analysis of graphene and b) XRD analysis of copper oxide  
 
EXPERIMENTAL METHODOLOGY 

It includes brief introduction of solar air heating system with detailed literature review. Design and 
fabrication of triangular solar air experimental set-up and preparation of nano-hybrid coating along with its 
characterization. Testing was performed in natural condition following ASHARE-93 norms. Result analysis and 
conclusion includes cause and effect analysis of observed data. Future scope of work also discussed. Figure 7 
demonstrate schematic presentation of experimental methodology. 
 

 
 

Figure 7. Experimental methodology 

 
DATA REDUCTION 
Thermal Efficiency of TSAH 

In the solar heater system efficiencies are the most important parameters. These parameter determines the 
system performance. The useful heat rate Q୳ determined for the triangular solar air heater can be presented in form  
of heat energy absorbed by the system and energy lost by the system,[46] 

 

𝑄௨ =  𝐴௖𝐹௥[𝐼(𝜏𝛼) − 𝑈௅(𝑇௢ − 𝑇௜)]                                                    (1) 

a) 
b) 
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The overall heat coefficients U୐ is the sum of top loss, bottom and edge loss coefficients, represented by the 
fallowing equation, 

 

𝑈௅ = 𝑈௧ + 𝑈௕ + 𝑈௘                                                                (2) 

 
The top loss coefficients U୲ of the glass plate is calculated by the formula [47],[48] 
 

𝑈௧ = ൮
𝑁

஼

೛்
ቀ

( ೛்ି்ೌ)

(ேା௙)
ቁ

௘ +
1

ℎ௔
൲

ିଵ

+
𝜎൫𝑇௣ − 𝑇௔൯൫𝑇௣

ଶ + 𝑇௔
ଶ൯

ଵ

ఢ೛ା଴.଴଴ହଽଵே௛ೌ
+

ଶேା௙ିଵା଴.ଵଷଷ∈೛

∈೒
− 𝑁

                       (3) 

 

𝑓 = ൫1 + 0.089ℎ௔ − 0.01166ℎ௔𝜖௣൯(1 + 0.07866𝑁), 𝑒 = 0.43 ቆ1 −
100

𝑇௣
ቇ             (4) 

 
𝐶 = 520[1 − (0.000051𝛽ଶ)]𝐹𝑜𝑟 0଴ < 𝛽 < 70଴                                        (5)  

 
The bottom and edge heat loss coefficients are fixed for a particular setup and is given by bellow 

equation,[49] 
 

𝑈௕ =
𝑘௕

𝑋௕
                                                                          (6) 

 

𝑈௘ = 𝑈௕ ൬
𝐴௘

𝐴௖
൰                                                                   (7) 

 
F୰(heat removal factor) can be determined from equation,[50] 
 

𝐹ோ =
�̇�𝐶௣௔௜௥

𝐴௖𝑈௅
ቈ1 − 𝑒𝑥𝑝 ቊ

−𝐹ᇱ𝑈௅𝐴௣

�̇�𝐶௣௔௜௥
ቋ቉                                                 (8) 

 
The heat transfer from convection between the ambient  and glass cover was calculated by the 

correlation [51] 

 

ℎ௔ = 5.7 + 3.8𝑉                                                                 (9) 

 

�̇� = 𝜌௢𝐴ௗ𝑉                                                                   (10) 

 

𝑅௘ =
𝜌௢𝑉𝑑

𝜇
                                                                     (11) 

 

𝑃௥ = �̇�
𝐶௣௔௜௥

𝑘௔
                                                                    (12) 

 

Nusselt number can be determined by equation[52], 
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𝑁௨ =
3.66 + 0.0668(𝐷௛/𝐿)𝑅௘𝑃௥

1 + 0.04[(𝐷௛/𝐿)𝑅௘𝑃௥]ଶ ଷ⁄
                                                 (13) 

 

The convective heat transfer coefficient by using the correlation of Nusselt number is determined by, 

 

ℎ =
𝑁௨𝑘௔

𝐷ு
                                                                    (14) 

 

𝐹ᇱ =
ℎ

ℎ + 𝑈௅
                                                                  (15) 

 

The first law  efficiency of the TSH  system is given by the ratio of heat gain to input heat energy,[53] 

 

η௧௛ = 𝐹ோ ቈ𝜏𝛼 −
𝑈௅(𝑇௢ − 𝑇௜)

𝐼
቉                                                                  (16) 

 

Exergy Efficiency of TASH 
The net exergy energy rate supplied by the solar air heater is specified by,  

 

෍ �̇�௜௡௟௘௧ = 𝐼𝐴 ቈ1 −
4

3
൬

𝑇௔

𝑇௦௨௡
൰ +

1

3
൬

𝑇௔

𝑇௦௨௡
൰

ସ

቉                                      (17) 

 

The sum of exergy loss rate is denoted by  

 

෍ �̇�௟௢௦௦ = ൫�̇�௢௣௧ି௟௢௦௦൯ + ൫�̇�௤ି௟௢௦௦൯ + ൫�̇�௙௥ି௟௢௦௦൯ + ൫�̇�௦௨௡,்௣ି௟௢௦௦൯ + ൫�̇�்௔,்௣ି௟௢௦௦൯      (18) 

 
The external optical losses from heater is formulated by using the relation: 

 

�̇�௢௣௧ି௟௢௦௦ = 𝐼𝐴(1 − 𝜏𝛼) ቈ1 −
4

3
൬

𝑇௔

𝑇௦௨௡
൰ +

1

3
൬

𝑇௔

𝑇௦௨௡
൰

ସ

቉                              (19) 

 
The exergy loss from SAH to surroundings is given by equation, 

 

�̇�௤ି௟௢௦ = 𝑈௅𝐴൫𝑇௣ − 𝑇௔൯ ቈ1 − ቆ
𝑇௔

𝑇௣
ቇ቉                                           (20) 

 
The frictional exergy loss of SAH is given by, 

 

�̇�௙௥ି௟௢௦௦ =
𝑇௠𝑚∆𝑝

𝜌𝑓𝑇௔
                                                               (21) 

 
The finite difference between the fluid causing and absorber surface the exergy destruction is given 

by, 

 

�̇�்௔,்௣ି௟௢௦௦ = 𝐼𝐴η௧௛𝑇௔ ቈ൬
1

𝑇௔
൰ − ቆ

1

𝑇௣
ቇ቉                                             (22) 
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The exergy destruction losses due to absorption of solar intensity radiation by absorber surface is 

given by, 

 

�̇�௦௨௡,்௣ି௟௢௦௦ = 𝐼𝐴𝜏𝛼 ቈ1 −
4

3
൬

𝑇௔

𝑇௦௨௡
൰ +

1

3
൬

𝑇௔

𝑇௦௨௡
൰

ସ

− ቆ
𝑇௔

𝑇௣
ቇ቉                          (23) 

 
Exergy efficiency of the SAH is determined by the equation, 

 

𝜂௘௫ = 1 −
∑ �̇�௟௢௦௦

∑ �̇�௜௡௟௘௧

                                                              (24) 

 

Analysis of Bejan Number 
The destruction of  exergy rate is the sum of  exergy loss rate due to temperature gradient  between absorber 

plate and sun,  exergy destruction rate caused by pressure drop, destruction of exergy rate due to air flow  inside the 
triangular duct and the temperature gradient between the absorber plate and air, It is represented  by the equations 
given below (27-28);[54] 

 

�̇�ௗ = �̇�ௗ,௱ ೞ்
+ �̇�ௗ,௱௉ + �̇�ௗ,௱்ೌ                                                   (25) 

 

�̇�ௗ,௱ ೞ்
= 𝜂௖𝐼𝐴௖𝑇௔(

1

𝑇௣
−

1

𝑇௦
)                                                      (26) 

 

�̇�ௗ,௱௉ =
�̇�𝛥𝑃

𝜌

𝑇௔ 𝑙𝑛 ቀ ೚்

்ೌ
ቁ

(𝑇௢ − 𝑇௜௡)
                                                        (27) 

 

�̇�ௗ,௱்ೌ = �̇�𝐶௣𝑇௔ ቆ𝑙𝑛
𝑇௢

𝑇௜௡
−

(𝑇௢ − 𝑇௜௡)

𝑇௣
ቇ                                          (28) 

 
 

In addition of that exergy, overall loss coefficients of the TASH give the leakage exergy rate, 

 

�̇�௟ = 𝑈௅𝐴௖൫𝑇௣ − 𝑇௔൯ ቆ1 −
𝑇௔

𝑇௣
ቇ                                                 (29) 

 

Then the Bejan Number is defining as, 

 

𝐵௘ =
�̇�௚௘௡,∆்

�̇�௚௘௡,∆் + �̇�௚௘௡,∆௣

                                                           (30) 

 
Therefore the entropy generation rate  depends on the formula[55] 

 

�̇�௚௘௡ =
𝑊௟

̇

𝑇௔
=

�̇�ௗ�̇�௟

𝑇௔
                                                               (31) 

 

where, Ṡ୥ୣ୬,∆୘is entropy generation due to temperature and Ṡ୥ୣ୬,∆୮ is entropy generation due to pressure drop. 
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�̇�௚௘௡,∆் 𝑇௔ = 𝜂௖𝐼𝐴௖𝑇௔ ቆ
1

𝑇௣

−
1

𝑇௦
ቇ + �̇�𝐶௣𝑇௔ ቆ𝑙𝑛

𝑇௢

𝑇௜௡

−
(𝑇௢ − 𝑇௜௡)

𝑇௣
ቇ + 𝑈௅𝐴௖൫𝑇௣ − 𝑇௔൯ ቆ1 −

𝑇௔

𝑇௣
ቇ  (32) 

 

Experimental Uncertainty Analysis 
For the authentic and faithful data measurements of the experimental parameters, the uncertainty 

examination is necessary to estimate the improvement in experimental measurement. In this study, measured 

parameters have been divided into the two categories. The first type parameters depend on exergy efficiency, 

thermal efficiency and entropy generation. We measure the second type parameters like solar radiation, 

temperature and the mass flow rate of air. The uncertainty analysis is calculated by the root square method 

and is given by equation,[56] 

 

𝛿η೎
= ൥෍ ൬

𝜕η௖

𝜕𝑥௜
𝛿𝑥௜൰

ଶ௡

௜ୀଵ

൩

ଵ
ଶൗ

                                                    (33) 

 
Where x୧ is the input data measured by the instrument, δx୧ is the uncertainty analysis and δηౙ

is the 

efficiency uncertainty of the TSAH. Thermal efficiency equation based on the mathematical expression, 
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                       (34) 
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𝜕𝑆௚௘௡

𝑆௚௘௡
= ൥ቆ

𝜕�̇�௫,ௗ௘௦௧

�̇�௫,ௗ௘௦௧

ቇ

ଶ

+ ൬
𝜕𝑇௔
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ଶ

൩

ଵ
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                                            (36) 

 
 

For the measurement of uncertainty second type parameter, we can use the error estimation for dependent 
parameters and its calculated by the following relation: 

 

𝑊 = [(𝑥ଵ)ଶ + (𝑥ଶ)ଶ + (𝑥ଷ)ଶ + ⋯ + (𝑥௡)ଶ]
ଵ

ଶൗ                                      (37) 
 
Uncertainties in different calculated parameters for the present experimental work are presented in Table 5. 
 

Table 5. Uncertainties analysis of parameters 
 

Variable Uncertainties Value(%) 
Air Inlet Temperature ±0.16 
Air outlet Temperature ±0.16 

Mass flow rate of Air ± 2.5 
Velocity of Air ± 3.4 

Density of Air ±0.67 
Heat Transfer Coefficient ± 5.2 

Reynolds Number ±1.88 
Heat energy received ±4.2 

Thermal Efficiency ±3.25 
Exergy Efficiency ±1.45 

Entropy Generation ± 2.65 
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RESULT AND DISCUSSION 
In this section, we have investigated the effect of absorber plate coating of different percentage graphene and 

copper oxide nano-particles on the thermal efficiency and exergy analysis. For the experimental investigation of the 
TSAH we have follow ASHRAE standards. To maintain the steady-state condition, 10 min time intervals taken for 
every set of experimental observations. These observations have a five-set of observations to minimize the error in 
observations. Performance of TSAH can be defined by parameters: the thermal efficiency, exergy efficiency and 
entropy generation. In Figure 8, shows the variation of thermal efficiency of TSAH with respect to mass flow rate for 
varying concentration of selective coating.  For each set of absorber plate coating material at constant solar intensity 
I=800 W/m2and ambient temperature Ta=289K. The thermal efficiency increases with the air mass flow rate and 
maximum efficiency can be found at 0.01847 kg/s. The maximum thermal efficiency is 69.42%, 70.9%, 73.19% and 
72.36%for different percentage of absorber coating at the mass flow rate of 0.01809 kg/s. It is observed that the 
average thermal efficiency for 0.3% graphene/CuO-black paint is higher by 4.91% then the 0.1%graphene/CuO-black 
paint considering the maximum mass flow rate. In the experimental study, we find it for every case the thermal 
efficiency increases with increasing mass flow rate of air. Therefore, thermal energy is transferred to the air by 
increasing the effect of turbulence inside the test section at higher mass flow rates and it also decreases the temperature 
of the absorber plate. Hence it reduces the heat loss to the surrounding, which provides higher thermal efficiency. 

 

 
 

Figure 8. Thermal efficiency vs. mass flow rate for different absorber plate coating 

In Figure 9, demonstrates the variation of TSAH exergy efficiency vs. mass flow rate at different absorber 
plate coating at constant solar intensity I=800 W/m2 and ambient temperature Ta=289 K. Exergy efficiency as 
exhibited in graph (Figure 9) is decreases with mass flow rate. With higher concentration of coating, energy utilization 
factor enhances the exergy efficiency. Increase in mass flow rate enhances the pressure drop and leads to lower exergy 
efficiency in all the cases. The effective exergy efficiency is increases at 0.1% graphene/CuO-black paint to 0.3% 
graphene/CuO-black paint for same mass flow rate. Also further increases the mass flow rate reduces rate of energy 
absorption and excess in pressure drop resulted in lower exergy efficiency for all cases of incremental mass flow rate. 
The exergy efficiency is a function of mass flow rate. If the mass flow rate increases then exergy efficiency is decreases 
due to fact that decreases in outlet temperature, exergy losses and higher the pumping power. Thus the exergy 
efficiency fallows the declining pattern. 

 

 
 

Figure 9. Exergy efficiency vs. mass flow rate for different absorber plate coating 
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In Figure 10, shows the behaviour  of entropy-generation vs. mass flow rate at increasing concentration of  
absorber plate coating at fixed  solar irradiance I=800 W/m2. For the design and further improvement of the TSAH 
entropy generation analysis is cardinal. For any thermal system, minimization of entropy generation is the prime 
objective to enhance exergy efficiency. As the air mass flow rate increase, it also increases the entropy generation. 
Entropy generation represents the temperature difference of heat transfer rate and pressure drop between inlet and 
outlet section. The entropy generation is lower for 0.3% graphene/CuO-black paint and higher for 0.1% 
graphene/CuO-black paint for the same mass flow rate because the nanomaterial coating on absorber plate which 
increases absorption surface area. According to the equation (18) exergy loss is directly proportional to entropy 
generation rate because of loss of heat energy at higher mass flow rate. For increasing mass flow rate entropy 
generation also increases, thus exergy efficiency deceases because of entropy generation gives an adverse effect on 
exergy efficiency. It can be concluded that TSAH system performs better for 0.3% graphene/CuO-black paint coating. 

 

 
 

Figure 10. Entropy generation vs. mass flow rate for different absorber plate coating 

In Figure 11, demonstrate the thermo-behavioral change of exergy efficiency vs. solar intensity at a fixed 
mass rate 0.00387 kg/s. As solar intensity increases, the exergy efficiency is decreased and the exergy efficiency 
depends on the sum of exergy destruction rate and temperature difference between the input and output of the system. 
As the solar intensity increases which increase in temperature of the absorber plate which is associated with the exergy 
destruction losses due to absorption surface. This causes the exergy efficiency is decreasing throughout the TSAH. 

 

 
 

Figure 11. Variation of exergy efficiency vs. solar intensity 
 

In Figure 12, shows the behavior of exergy energy vs. solar intensity. As the solar intensity increases then 
exergy energy is also increases because the exergy destruction rate occurring due to higher temperature difference 
between sun and absorber plate. It enhances exergy losses. Due to the resulting increase in absorber Plate temperature, 
this loss is proportional to rising solar intensity. It is observed that the exergy destruction is due to temperature 
difference between the absorber plate and flowing air. Now it can be inferred that solar intensity augments the exergy 
destruction rate. 
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Figure 12. Variation energy inlet vs. solar intensity 
 

In Figure 13,  the variation of Bejan number Vs mass flow rate at varying  coating concentration of absorber 
plate at fixed  solar irradiance I=900 w/m2 and ambient temperature Ta=292 K. The phenomena of exergy efficiency 
and entropy generation rate can be  precisely  explained by the Bejan number [51]-[57]-[58],It varies with mass flow 
rate and variation of specific nature of graphene and copper oxide coating on the absorber plate. As the air mass flow 
rate increases, it also decreases the Bejan number. According to Bejan number equation (1), heat transfer to the 
absorber plate to air and combine entropy generation takes place because of air flowing inside the TSAH and the 
temperature difference between absorber plate and air. At the higher air mass flow rate the contribution of permanent 
heat transfer becomes considerable, which results in reduction of the Bejan number. The value of Bejan number for 
0.3% graphene/CuO-black paint is higher with respect to 0.1%, 0.2% and 0.4% graphene/CuO-black paint because of 
superior thermal conductivity and convective heat transfer coefficients of the absorber plate coating.  

 

 
 

Figure 13. Bejan number vs. mass flow rate for increasing concentration of absorber coating 
 

In Figure 14, shows the effect of increasing absorber surface concentration on ambient temperature and 
thermal efficiency at fixed air flow rate m=0.007294 kg/s. As the solar intensity increases, correspondingly the ambient 
temperature of air also increases and the thermal efficiency decreases. This reflects in reduction of thermal efficiency 
of the TSAH. Due to absence of any obstruction inside TSAH, exposure time between the air and surface of the 
absorber plate is less because of lesser contact of air, so it will decrease heat transfer rate. Therefore, the inlet 
temperature of air and solar intensity is increased and the thermal efficiency in every case is deceases. 

In Figure 15, shows the variation of Nusselt number and friction factor of air vs. Reynolds number at different 
absorber plate coating of TSAH. As the Reynolds number increases, it also increases the Nusselt number and decreases 
the friction factor. According to the Hausen equation of  Nusselt number (13), shows the heat transfer at a boundary 
layer near the absorber plate. If Reynolds number increases, it produces air turbulence inside triangular section which 
improves the main flow interaction to the absorber plate and increases heat transfer rate. Thus it can be concluded that 
the Reynolds number strongly affects the Nusselt number. The friction factor is inversely proportional to the Reynolds 
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number. The friction factor decreases with the Reynolds number. Friction factor interrupting the boundary layer and 
reducing loss of flow separation. 

 

 

Figure 14. Ambient temperature and efficiency vs. flow rate of air for increasing absorber surface coating 
 

 
 

Figure 15. Nusselt number and friction factor vs. Reynolds number for increasing absorber surface concentration 
 

In Figure 16, shows the variation of outlet temperature and thermal efficiency vs. air velocity. At the air 
velocity increases outlet temperature reduces because heat transfer from absorber plate to air is decreases but thermal 
efficiency is increases.    

 
 

Figure 16. Outlet temperature and thermal efficiency vs. air velocity 
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In Figure 17, shows the variation of air temperature vs. length of TSAH. As the triangular section length 
increases, the air temperature increases. At the entrance, there has been a higher temperature gradient between the 
absorber plate and inlet air. If length of the solar air heater increases the temperature gradient reduces due to heat 
transfer from the absorber plate to air which result increases the air temperature. The maximum increment in air 
temperature at 0.3% graphene/CuO-black paint whereas the minimum increment in 0.1% graphene/CuO-black paint 
absorber plate. 

 
Figure 17. Variation of air temperature vs. length of TSAH  

 
CONCLUSIONS 

In the presented experimental study, the experiment was carried out for the TSAH to see the effect on thermal 
efficiency, exergy efficiency, entropy generation and Bejan number. Based on the input parameters considered and 
experimental result obtained with respect to the graphene and copper oxide nano-particle into black paint coating on 
the absorber plate. These are four types 0.1%, 0.2%, 0.3% and 0.4% graphene/CuO-black paint. The results can be 
concluded as follows: 

 For absorber plate coating with 0.3 % graphene/CuO-black paintgives the higher thermal efficiency in 
comparison with other type of coating configurations. The increment of average thermal efficiency (0.3 %) 
is 3.58%, 2.35% and 1.344 for 0.1%, 0.2% and 0.4% graphene/CuO-black paint respectively at solar intensity 
I=800w/m2. 

 The improved efficiency of Exergy for 0.3% graphene/CuO-black paint has been observed. An improvement 
in average energy efficiency of 0.3 percent graphene/CuO-Black paint is 0.169 percent, while solar intensity 
I=800 W/m2 is 0.1 percent graphene/CuO-Black paint. 

 The optimum magnitude of exergy efficiency obtained for a air mass rate of 0.00387 kg/s. Further increase 
in mass flow rate brings adverse impact on exergy efficiency for all cases of graphene/CuO-black paint 
coating. 

 Entropy generation is more than 0.1% graphene/CuO-black paint coating and a minimum 0.3% 
graphene/CuO-black paint coating. 

 Bejan number gives higher value for 0.3% graphene/CuO-black paintis0.999, which is the highest for all 
cessations due to this fact a TSAH device gives better output for 0.3% graphene/CuO-black paint and is 
highly effective in transforming solar energy into useful work. 

 The ambient temperature ranges from 287 K to 298 K on Feb16-18, 2020 and during the experiment day the 
solar intensity ranged from 800 to 1050 w/m2. 

 Reynolds number and heat transfer coefficients of air is increases with respect to mass flow rate. The 
Reynolds number (4500 ≤ 𝑅௘ ≤ 22700) varies for the fixed selective coating on absorber plate and mass 
flow rate. 
In the presented experimental research, it was observed that selective coatings and modified design play a 

dominant role in enhancing solar air heating system thermal and exergetic efficiency. 
There is further scope of research in modifications of designs, selective coating designs, application of hybrid 

PCM and design of obstructions (inserts) to achieve higher temperature rise of working fluid. 
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NOMENCLATURE 
L  Length of triangular section 
W  width of triangular section 
I  solar intensity 
V  velocity of air 
DH  hydraulic diameter of triangular section 
m  mass flow rate of air 
Ae  area of edge surface 
Ac  area of glazing plate 
Ap  area of absorber plates 
Tp  absorber plate temperature 
Tsur  surrounding temperature 
Ti  air inlet temperature 
Ta  ambient temperature 
Ts  sun temperature 
To  air outlet temperature 
UL  overall heat coefficients 
Ut  top loss coefficients 
Qu  useful heat 
Fr  heat removal factor 
εp, εg  emissivity of absorber plate and glass cover 
ka  thermal conductivity of back insulation 
ha  heat transfer coefficients of air 
Pr  Prandtl Number 
Re  Reynolds Number 
Nu  Nusselt Number 
Xb  back insulation thickness    
 
Abbreviations 
AC               Alternating Current 
CAS  Chemical Abstracts Service 
CFD  Computational Fluid Dynamics 
SAH  Solar air heater 
TEM  Transmission electron microscopy 
TSAH  Triangular solar air heater 
XRD  X-ray diffraction 
FPSC  Flat plate solar collector 
 
Greek Symbol 
α  absorptivity 
β  tilt angle  
μ  viscosity of air 
τ  transmitivity 
ρo  density of air 
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