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A B S T R A C T   

A roughness of the absorber plate can improve the efficiency of a solar air heater. To boost the 
efficiency of triangle solar air heaters, this research presents the results of a comparison study 
between with and without rib roughness on absorber plates. Both use black paint with graphene 
nanoparticles infused into it, coating an absorber plate. Both numerical and experimental 
methods have been used to examine the impact of surface roughness on friction factors and heat 
transport properties. ANSYS 14.5 software module and RNG turbulence, k-€ model is used to 
conduct a three-dimensional simulation and solve the governing equations in the turbulent sit
uation. Based on experimental data, it has been established that smooth plates are more efficient 
in converting heat into useful work than rough ones, on average, by a factor of 4.82 and 4.46, 
respectively. The length of the duct in the solar air heater mitigates the temperature gradient seen 
in the simulation result. The roughness of V-shaped ribs has a far larger effect on the heat transfer 
and friction factor properties than do variations in relative roughness pitch (P/e) and Reynolds 
number (Re). Experimental observations supported by modeling and simulation confirms that 
triangular duct absorber surface roughness provides improved outcome.   

1. Introduction 

Solar power has the biggest potential among all renewable energy sources since it is sustainable, freely available, and abundant [1]. 
The availability of reliable and affordable energy is critical to every country’s progress. Available solar energy is substantial and can be 
utilized in versatile ways [2]. One of the most pressing issues facing mankind today is how to harness the sun’s power for human needs 
more effectively to lessen the burden of negative impacts of conventional energy usage. Various solar air heaters can be used with this 
energy [3]. Conventionally, SAHs are the most economically viable means of solar energy conversion. Common uses for this type of 
solar thermal system include winter house heating, timber seasoning, grain &crop drying, and space heating [4]. 

Poongavanam et al. [5] carried out investigation to find whether a shot-blasted V-corrugation absorber plate might rise the heat 
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transmission of the solar air heater. It was observed that it could; be higher Nusselt than with a regular experimental system, but the 
friction factor was only slightly higher. Pandey et al. [6] investigated a roughness component of the SAH, NACA profile (0040) ribs’ 
thermohydraulic capacity, and their THPP was found to be 2.53 at a Reynolds number of 6000. Jain and Lanjewar [7] observed that Nu 
is multiplied by 2.3 and the friction factor is multiplied by 3.130 when a V-shaped rib with an asymmetrical gap and staggering rib 
arrangement is used. To enhance the convective heat transfer rate within SAH, several ribs and coating alternatives are being 
investigated. So far, in research based on Solar thermal energy, researchers aimed to optimize the gain from solar radiation. In this 
perspective, the design parameters of solar air heaters, especially the absorber plates, are critical for absorbing maximum power from 
the sun [8]. The available experiments in the literature are predominantly focused on increasing the absorber’s heat transfer surface 
area. The present study literature survey is divided into two parts: the roughness parameter of the absorber plate and absorber plate 
nanomaterial coating. 

The purpose of this investigation is to examine the differences between absorber plates with smooth and V-shaped roughness. 
Coatings consist of black paint with graphene infused into it at a rate of 2% in both cases. CFD analysis provides thermohydraulic 
performance and heat transfer from absorber surface to air. It has a predetermined mass flow rate and adjusts for air temperature and 
sun intensity. On the other hand, the experimental investigation determines TSAH’s thermal efficiency, exergy efficiency, exergy 
destruction rate, and sustainability index. The is certainly aimed for better understanding of the V-shaped roughness on the TSAH 
absorber plate. 

2. The materials and methods 

To explore the impact of a recently developed absorber plate on the performance of TSAH, an experimental system has been 
designed. Using data from both experimental observations and CFD simulations, a comparative analysis carried out between con
ventional and modified TSAH. In this investigation, the physical and simulated systems were tested with the use of a TSAH that had 
several V-shaped ribs with the gap between them and was coated with graphene nano-material. During the CFD analysis and coding, 
the following assumptions are made.  

• Fluid flow is assumed to be stable, incompressible, and turbulent.  
• The fluid’s characteristics are assumed to be the same through the pipe.  
• Atmospheric air is assumed to be the working fluid, with an inlet temperature of 300K. 

2.1. Experimental instalation 

Experimentation including fabrication, installation and testing carried out at Solar Energy Research Centre at GLA University 
Mathura. Fig. 1 depicts schematic and experimental design. The dimensions of the triangular section are 1 m, 0.6 m, and 0.52 m, and it 
has a hydraulic diameter of 0.352 m. The aspect ratio of the triangular work section is 1.15. In experimental observation, it is assumed 
that the flow of air inside the triangle duct is completely turbulent. With the assistance of an air blower, the air is sucked in from the 
entry segment at atmospheric conditions. 

2.2. Coating preparion 

First of all, graphene nanomaterial of 2% concentrations is mixed with a black paint that is painted to the surface of the absorber. A 
layer of graphite that has been created by a process known as chemical exfoliation is called graphene. The graphene material itself 
takes the shape of a fluffy, soft, and dark black powder. Fig. 2 displays FESEM images and an EDS analysis of the coating on the 
absorber plate. 

3. Data reduction 

3.1. Performance calculations 

The starting temperature difference (To) is expected to begin the analytical procedure. To = Ti + ΔT 

Fig. 1. TSAH Schematic and Experimental arrangement.  
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An expected average temperature for both absorber plate types is provided by the relationship [9]. 

Tp =
T0 + Ti

2
+ 10  

hw = 5.7 + 3.8V 

The heat loss coefficient of the glazing plate is determined by the average temperature of the absorber surface (Ut), [10]. 
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The total heat loss; 

UL =Ut + Ub + Ue  

Qu1 =Ap
[
I(τα) − UL

(
Tp − Ta

)]

The mass flow rate of air can be calculated by the equation [12], 

ṁ=
Qu1

CpΔT  

Re =
ṁDh

μAt  

Pr =
˙mCp

ka 

The equation that may be used to calculate the Nusselt number is given below [13], 

Nu =
3.66 + 0.0668(Dh/L)RePr

1 + 0.04[(Dh/L)RePr]
2/3 

Fig. 2. EDS characterization of the 2% Graphene black paint coating.  
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The correlation between the Nusselt number and the convection heat transfer coefficient [11,14,15]. 

h=
Nuka

DH  

F′

=
h

h + UL 

The following formulas are used to determine the plate efficiency factor [16] and heat removal factor [17]; 

FR =
ṁCpair

AcUL

[

1 − exp
{
− F′ ULAp

ṁCpair

}]

Qu2 =FRAp[I(τα) − UL(To − Ti)]

ηth =FR(τα) − FRUL(To − Ti)

I  

3.2. Exergy calculations 

This is define the net exergy energy rate of the solar air heater [18], 

Es = IAp

(

1 −
Ta

Tsun

)

Exergy is gained by the collector surface and is denoted as, 

En = IApηthηc − Pm(1 − ηc)

Pm =
ṁΔP

ρ  

ηc = 1 −
Ta

Tb 

The formula calculates the TSAH’s energy efficiency; 

ηex =
En

Es  

Calculations for several forms of exergy destructions look like this [19], 
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The Sustainability Index (SI) is also a crucial metric for assessing the efficacy of thermal systems that are based on renewable energy 
sources. 

SI =
1

1 − ηex  

4. Results and discussion 

Analytical comparison using computational fluid dynamics (CFD) and experimental evaluation of roughened and smooth absorber 
plates are carried out here. To ensure that the design that was suggested is an efficient one, CFD model was investigated for validation. 

4.1. CFD simulation result 

Ansys 14.5 workbench software was used for the numerical simulation to determine the TSAHs’ thermal and flow parameters. 
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Fig. 3 shows the full temperature distribution over the roughened absorber sides of a solar air heater. Due to the reduced quantity of 
sunlight reaching the absorber plate, TSAH with a tilted absorber plate is less hot than those with horizontal roughened or smooth 
absorber plates. A section of the input and exit pressure curves is depicted in the duct’s input part has a higher pressure than the duct’s 
output section. For this reason, TSAHs with a smooth absorber plate experience less pressure drop than those with a rough absorber 
plate. 

Changing the absorber plate’s geometry causes a shift in the relationship between Reynolds and Nusselt numbers. The Nusselt 
number grows with the Reynolds number for any given configuration of rib roughness. This is because there is now less space between 
the reattachment point and inter rib zone, which allows for a longer detached flow. The Nu for an absorber plate with a roughened V 
shape and varying rib roughness is significantly higher across the board for Re than one with a smooth surface. 

The influence of Reynolds number on Nusselt number and THPP for various absorber face roughened plate layouts is shown in 
Fig. 4. For a range of rib roughness designs, friction factors drop as Reynolds numbers rise. Reattachment distances and the recir
culation zone behind the ribs both decrease with increasing Reynold number. This decrease is brought on by the suppression of the 
laminar sub-layer that occurs at high Reynolds numbers. For a given Reynolds number, a decrease in the pitch ratio P/D and e/D is 
observed to increase the THPP. At constant P/D & e/D pitch ratios and increasing Reynolds number, the THPP parameter drops in all 
situations. 

Mesh compatibility for the turbulent flow through the intentionally roughened solar air heater is investigated by conducting a grid- 
dependency analysis. Three alternative grids, each with a different total number of nodes (184,727, 310,900, and 355,695), are 
employed in a grid independence test. When expanding from 310,900 to 355,695 cells, the variance in Nusselt number and friction 
factor is determined to be minimal. Increasing the number of cells above that point will not provide any additional benefit. To facilitate 
the computation at hand, a grid with 310,900 cells has been decided for the experiment. The computational domain often makes use of 
non-uniform structured quadrilateral grids. The fine-sizing is set at 40 and the relevance is assumed to be 40. 

As the roughness grows, the relative flow rate falls. These patterns of activity are reminiscent of those observed in flows through 
homogeneously rough microchannels. Turbulence in the flow, created by artificial roughness, increases the heat transmission between 
the air and the heated wall. The surface roughness was found to have significant effects on the pump’s efficiency. 

4.2. Experimental result 

To compare the heater’s thermal efficiency, the investigations were conducted. The sun radiation and air temperature swings 
occurred throughout the two separate trials. Experiment’s average ambient temperatures are 310K. 

Fig. 5 shows that the thermal efficiency changes with the amount of sunlight available. Boosting the sun intensity improved the 
thermal efficiency of the absorber surface in both configurations. Maximum thermal efficiency was reached at a solar intensity of 750 
W/m2, and efficiency dropped down precipitously above that point. A roughened absorber plate has been shown in all studies to have 
higher average thermal efficiency than alternative TSAHs. 

Investigation indicates following observatins: strong absorption of solar radiation, enhanced heat transfer between absorber sur
faces and flowing air boost heat gain in TSAH with roughened absorber plate. It has been observed that heat loss was exacerbated by 
the growing temperature and solar radiation. Similarly, heat loss follows a predictable profile in this study. Fig. 5 displays the shifts in 
exergy loss components and intensity of solar radiation experienced by roughed plates. The exergy analysis of a SAH relies heavily on 
the absorber surface temperature. This analysis is essential to grasp the fundamentals of the design and operation of any thermal 
system. Under all experimental situations, the exergy efficiency tracked the variation in the rate of instantaneous emission or ab
sorption of energy. Exergy efficiency was at a low point at 750 W/m2 of solar power and rises as intensity from the sun was increased. 

The Sustainability Index is a measure of a system’s efficiency based on its exergy use. Fig. 6 displays a comparison of roughened and 
smooth absorber plates in terms of sustainability index vs solar intensity. The temperature and the exergy efficiency function as a 
whole determines the sustainability index. Both versions of the solar air heater have a intensity magnitude, that is lowest at 780 W/m2 

and increases. For a clearer picture of how the roughened absorber plate in TSAH affects airflow and thermal performance since the 
temperature of an air current is directly proportional to the amount of solar radiation striking on it, increasing the magnitude of solar 

Fig. 3. Roughened absorber plate’s roughened temperature contour (TSAH).  
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radiation causes the air current to heat up to a greater magnitude. 
It has been compared between the Nusselt number and friction factor obtained using the Dittus-Boelter equation and the modified 

Blasius equation, respectively, with the values determined experimentally for a smooth duct. The experimental results verify by the 
CFD findings. Results from computational fluid dynamics (CFD) and experiments showed that, with an insolation of 750 W/m2, the 
heat transfer coefficient is 7.5 W/m2◦C and 7.29 W/m2◦C, respectively. The discrepancy between CFD and experimental results was 
found to be between 1.5% and 2.8%. The comparison of the other type of solar air heater is shown in Fig. 7 and it has a significant effect 
on improving its efficiency. 

Fig. 4. Variation of the THPP and Nusselt number vs Reynolds number using various roughened plates.  

Fig. 5. Solar intensity variation vs thermal efficiency.  

Fig. 6. Comparison of the sustainability index and solar intensity.  
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5. Conclusions 

5.1. Following conclusions are drawn on the basis of experimental observations and CFD analysis  

• The experimental investigation shows that the TSAH entrance air temperature ranges from 307 to 310 K.  
• The CFD results shows a large temperature and pressure gradient within the duct, indicating that the pressure is higher in the input 

region than in the output region. The temperature of the absorber plate increases as solar radiation rises.  
• Nusselt and Reynolds numbers are proportional. As P/D and e/D are decreased, the average Nusselt number rises.  
• At a solar intensity between 630 and 1080 W/m2, the thermal efficiency of TSAH with roughened absorber plate is 4.56–5.34% 

higher than that of TSAH with a smooth absorber plate. At 750 W/m2 of solar intensity, thermal efficiency is maximum (75.31%).  
• The CFD analysis found that the best inlet-to-outlet temperature difference was achieved with a V-shaped roughness with a rib. In 

addition, there is a decrease in pumping losses and an improvement in efficiency. 
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Appendix 

The finite volume method is used in the ANSYS 14.5 fluid flow fluent. 

Fig. 7. Comparison of the sustainability index and solar intensity.  

R. Kumar et al.                                                                                                                                                                                                         



Case Studies in Thermal Engineering 43 (2023) 102784

8

∂
(
ρuj

)

∂xj
= 0  

∂
(
ρuiuj

)

∂xj
= −

∂p
∂xi

+
∂

∂xj

[

μ
(

∂ui

∂xj
+

∂uj

∂xi

)

+ μt

(
∂ui

∂xj
+

∂uj

∂xi

)]

∂(ρuiT)
∂xi

−
∂

∂xj

[

(Г +Гt)
∂T
∂xj

]

= 0 

Since the flow within the triangular section is turbulent, the analysis is done using the k-ε model. The transport equations are used 
in the RNG, and the k-ε model is given below. 
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Uncertainty Analysis 

Uncertainty analysis is a very useful method of analyzing the experimental results. Uncertainties in experimental measurement may 
arise as a result of test conditions, device usage, device standardization, and thermocouple connection points. 
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