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Abstract 

The application of solar air heaters (SAHs) is an effective method of utilizing abundant 

solar energy for heating purposes and reducing the consumption of fossil fuels. 

However, the performance of SAHs is characteristically low owing to a sublayer 

formation over the heated surface. To address this low performance, numerical 

examinations on a novel configuration of SAH have been performed in this study. The 

proposed design encompasses a combined arrangement of both impinging air jets and 

rectangular sectioned V-ribs on the absorber surface. A validated numerical model is 

used to investigate the effect of varying roughness height, pitch, and angle of attack 

from 0.016 to 0.024, 0.264 to 0.792, and 30° to 75° respectively while keeping 

impingement parameters fixed and varying Re from 3000 to 18000. The analysis 

results in terms of Nusselt number (Nu) and friction factor (ff) characteristics as a 

function of roughness parameters are evaluated. The results exhibit a considerable 

enhancement of 3.36 and 5.31 in Nu and ff respectively in contrast to conventional 

SAHs under similar boundary conditions. Moreover, the proposed model performs 

best at Re = 18000 with the highest thermohydraulic performance (ηcombined) of 1.92. 

The presented results conclude that the proposed arrangement of jet cooling with 

rectangular sectioned V-ribs is an efficacious way for improving the performance of 

SAHs. 

Keywords: Solar Air Heater, Heat Transfer Enhancement, Impingement Heat 

Transfer, Computational Fluid Dynamics, Nusselt Number, Friction Factor 
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Chapter 1  

Introduction 

1.1. Background 

Fastly growing populations and immense industrial growth have caused an imbalance 

between energy demand and supply. Despite their major health and environmental 

disadvantages [1,2], fossil fuels are still the main source of energy. Combustion of 

fossil fuels results in the emission of greenhouse gases. Given the recent growth in 

industry, the emission of greenhouse gases is expected to rise exponentially. It is 

estimated that if dependence on fossil fuels does not change then there will be severe 

changes in climate leading to severe weather change and health problems [3]. Such 

consequences of continuously utilizing fossil fuels can put the mere existence of 

human beings in jeopardy [4,5]. In an effort to reduce greenhouse gas emissions and 

dependence on depleting fossil fuels, many countries have been focusing on promoting 

renewable energy technologies. They are leaning towards implementing policies that 

can lead them toward carbon neutralization and ensure sustainable yet green industrial 

growth [6].  

 

Fig. 1.1 (a) Graphical representation of global Renewable Energy Generation in the world 

(2000–2020)  (b) Graphical representation of global Renewable Energy Consumption in the 

world (2000–2019) [8] 
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Renewable energy resources not only mitigate the adverse effects of utilizing fossil 

fuels but also help in maintaining economic growth [7]. Therefore, the world’s current 

energy mix is going through an immense transition from conventional resources such 

as coal, gas, oil and petroleum to renewable energy resources such as hydro, solar, 

wind and others. Fig. 1.1 provides information about the yearly generated renewable 

energy and its consumption [8].  

Renewable energy in its various forms, especially solar energy, is playing a key role 

to bridge the gap of increased energy demand for sustainable industrial growth [9]. It 

is estimated that solar energy that reaches our atmosphere in the form of radiation is 

200 times greater than what humans consume in the form of commercial power. This 

fact alone speaks volumes to the potential of solar energy to meet the ever-growing 

energy demands. Solar energy can be transformed into either electrical energy or 

thermal energy. Devices such as Photovoltaic (PV) cells convert solar light to electrical 

energy using semi-conducting material while Concentrated Solar Power (CSP) plants 

use solar energy to convert it to thermal energy or high-temperature heat using 

concentrated mirrors which in turn is transformed to electrical energy using heat 

engines [8].  

 

Fig.  1.2 Installed Global Renewable Energy by Technology [9] 

Solar energy is also being put to good use for heating purposes using solar water 

heating systems [10] and solar desalination systems [11].  
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Moreover, solar energy through the introduction of solar air heaters can be utilized for 

space heating in buildings, crop drying and many industrial processes [12].  

1.2. Principle 

A conventional solar air heater consists of the following components. 

• Glass cover 

• Absorber plate 

• Inlet and outlet sections 

• Back and side plates – insulation 

 

Fig. 1.3 Components of a solar air heater 

The basic configuration of a solar air heater along with its components is given in Fig. 

1.3. Solar air heaters, in their fundamental configurations, are heat exchangers. Glass 

cover receives the radiation from the sun and transmits it into the duct. The absorber 

plate gets heated by absorbing radiation from the sun and as air enters the duct from 

the inlet section, it comes in contact with the heated absorber. The convection heat 

transfer takes place in the duct where the absorber plate is cooled by the ambient air. 

Consequently, air attains a higher temperature, and this heated air is then collected 

from the outlet section. The side and bottom plates of a solar air heater constitute a 

duct and are typically made of plywood material. In addition, the bottom and side 

plates are covered with glass wool or mineral wool to avoid any heat losses during the 
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process. The absorber plate is usually painted black in order to increase radiation 

absorption.  

Solar air heaters are classified based on various categories as flow patterns, 

applications, hybriding, collector (absorber) materials, glass covers, flow types, and 

collector (absorber) surface type [13]. These types are provided in Fig. 1.4. 

 

Fig. 1.4 Classifications of solar air heaters [13] 

1.3. Problem Statement 

Solar air heaters, in their fundamental configurations, are heat exchangers and their 

performance is characterized by the heat transfer interaction between the absorber 

surface and air. In a typical single-duct flat plate solar air heater, the heat transfer 

coefficient of air is considerably low owing to a sublayer formation over the heated 

surface. This causes the surface temperature of the heated surface to be considerably 

higher. Consequently, the heat losses to the ambient are significant and, therefore, 

efficiencies of solar air heaters are inherently low [14].  

To augment the thermal performance, many researchers have conducted studies on 

solar air heaters which have mainly focused on either introducing artificial roughness 

on absorber plates like dimples, ribs, protrusions and wires in different shapes, 

orientations, and varying distances or making changes in the airflow passages with 

respect to the absorber.  

Evidently, the literature suggests that different types of configurations especially V-

ribs, air impingement and combined technique of ribs with air impingement have been 
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employed by researchers. However, a rectangular solar air channel comprising 

impinging air jets and rectangular sectioned V-ribs as artificial roughness has not been 

investigated to this date. Furthermore, a number of past studies [15–21]  imply that the 

numerical technique has proven to be inexpensive, less time-consuming and an 

accurate way of computing the thermal and hydraulic characteristics in SAHs. 

1.4. Research Objectives 

The goals of this study are. 

• To augment the convection heat transfer rate between air and the absorber in a 

solar air heater. 

• To numerically investigate the combined cooling effect of air impingement and 

an absorber having rectangular sectioned V-ribs as artificial roughness on 

thermal characteristics of solar air heater using a validated numerical model. 

• To numerically investigate the combined cooling effect of air impingement and 

an absorber having rectangular sectioned V-ribs as artificial roughness on 

hydraulic characteristics of solar air heater using a validated numerical model. 

1.5. Scope and Limitations 

1.5.1. Scope 

This study numerically models a solar air heater having the combined configuration of 

air impingement and an absorber having rectangular sectioned V-ribs as artificial 

roughness using a validated numerical model. The study addresses the low efficiency 

of the solar air heater by introducing novel cooling configurations. The effect of the 

combined configuration of air impingement and an absorber having rectangular 

sectioned V-ribs as artificial roughness on heat transfer and flow characteristics are 

discussed extensively, followed by the thermo-hydraulic performance of the proposed 

design. 

1.5.2. Limitations 

The study uses numerical modeling to perform the analysis; therefore, assumptions are 

made to model the problem. Due to limited computational sources, RANS simulations 

are performed using turbulence modeling, which has good accuracy and is most widely 

used in today's world. The study is performed considering the heat flux of 1000 W/m2 

on the top surface of the absorber.  
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1.6. Organization of thesis 

This thesis is divided into five chapters namely Introduction, Literature Review, 

Methodology, Results and Discussions, and Conclusions and Future 

Recommendations. Chapter 1 introduces the topic of this thesis. It provides 

information on how the use of fossil fuels is affecting the climate and emphasizes the 

use of renewable energy resources, especially solar energy. Then the chapter 

introduces the use of solar air heaters, its basic principle, scope, and goal of research. 

Chapter 2 provides a thorough analysis of literature and discusses different types of 

heat transfer augmentation techniques. Chapter 3 elaborates the methodology to 

complete this research. It provides information about computational domain, mesh 

generation, selection of a turbulence mode, grid independence test, boundary 

conditions and solution methods. Validation of the proposed numerical model is 

discussed in Chapter 4. In addition, heat transfer and flow characteristics of proposed 

model are discussed along with thermo-hydraulic performance. Chapter 5 sums up the 

objectives, methodology and results obtained and provides information on the possible 

future prospects of this study. 
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Summary 

In this chapter, the need for a transition from conventional energy resources to 

renewable energy resources is discussed. The conversion of solar energy to usable 

energy through different devices is elaborated. Moreover, the working principle of a 

solar air heater, its components and its classifications are presented in detail. The 

chapter also provides information on the scope and limitations of the study. 

Additionally, the research objectives are also presented in this chapter. 
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Chapter 2  

Literature Review 

Due to global climate change, the world’s current energy mix is going through an 

immense transition. Renewable energy in its various forms, especially solar energy, is 

playing a key role to bridge the gap of increased energy demand for sustainable 

industrial growth [1]. Solar energy through the introduction of SAHs can be utilized 

for space heating in buildings, crop drying and many industrial processes [2]. SAHs, 

in their fundamental configurations, are heat exchangers and their performance is 

characterized by the heat transfer interaction between the absorber surface and air. In 

a typical single-duct flat plate SAH, the heat transfer coefficient of air is considerably 

low. This causes the surface temperature of the heated surface to be considerably 

higher. Consequently, the heat losses to the ambient are significant and, therefore, 

efficiencies of SAHs are inherently low [3].  

2.1. Augmentation Techniques 

To augment the thermal performance, many researchers have conducted studies on 

SAHs which have mainly focused on either introducing artificial roughness on 

absorber plates like dimples, ribs, protrusions and wires in different shapes, 

orientations, and varying distances or making changes in the airflow passages with 

respect to the absorber. Basically, one the following techniques or a combination of 

these techniques are used by the researchers. 

• Use of Artificial roughness 

• Use of Air impingement 

• Using double pass, triple pass method 

Considering the scope of this study, literature study on the technique of using artificial 

roughness and air impingement to enhance thermal performance of solar air heaters is 

completed and provided in the following subsections.  

2.2. Artificial Roughness  

The technique of using artificial roughness such as ribs on the absorber surface in 

SAHs is an effective method of augmenting the low thermal performance. These 
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artificial roughness act as turbulators in the path of air and can help break the viscous 

boundary layer [4].  

Prasad and Saini [5] utilized protrusion wires having small diameters in a fully 

developed turbulent flow SAH system and observed that the wires effectively double 

the heat transfer rate. In addition, he found that this increase is accompanied by an 

increase in pressure drop. In turn, the friction factor of the solar air heater was 

increased four folds as compared to a flat plate solar air heater.   

Gupta et al. [6] examined the optimum design parameters of a SAH system with non-

transverse ribs. They evaluated that as compared to a smooth; a roughened SAH 

system is thermally more efficient. Moreover, the observations included that 

roughened SAHs performed thermo-hydraulically better at lower flowrate, but the 

smooth SAH are more thermo-hydraulically at higher Reynolds number.   

Lau et al. [7] conducted experiments on a square channel roughened modeled as the 

internal cooling channels of a gas turbine with two opposite sides having V-shaped 

ribs to find the optimum angles of attack. They carried out experiments using 45°, 60°, 

90° 120°, and 135° as angles of attack of the V-shaped rib configurations. The results 

showed that angle of attack of 60° gains highest heat transfer per increase in pressure 

drop. 

 

Fig.  2.1 Rib Roughend Absorber Surface [7] 

To augment the heat transfer coefficient, Karwa et al. [8] used chamfered rib roughness 

having various roughness height, pitch and chamfer angles on the heated surface. They 

conducted experiments in the Reynolds number range of 3000 to 20,000 by heating 

the roughened wall while keeping the other three walls  insulated. The study concluded 

that in comparison to the smooth duct, the roughened wall gains about two times 
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increase in the Stanton number while increase in pressure drop was observed to be 

three times as compared to a smooth wall. In addition, using a combined dimensionless 

number, they also developed correlations to predict Nu and ff for varying geometrical 

configurations. 

Another study [9] numerically estimated the performance of a SAH with tapered ribs 

using the CFD technique and predicted an optimum performance of 1.91. The 

researchers developed two zones (Aluminium as absorber zone and Air as fluid zone) 

to evaluate the performance of proposed SAH. They used Ansys ICEM CFD tool to 

generate a hybrid grid consisting of quadrilateral and triangular elements. Whereas the 

volume of the domain comprised of hexahedral and wedge elements. The study 

utilized RNG K-ɛ model with enhanced wall function and evaluated performance of 

the proposed SAH in Reynolds number range between 3800–18,000. The optimal 

parameters corresponding to the optimum performance are taper angle = 1.6°, P/e = 

10.7 at Re = 12,000. 

Another numerical study by Yadav et al. [10] used a similar approach and investigated 

the performance enhancement of a roughened SAH. The researchers designed the 

absorber plate of ribbed solar heater with combination of circular and semi-circular 

ribs. They utilized ANSYS FLUENT CFD code to numerically investigate the ribbed 

square channel in 2D. The results showed that circular and semi-circular ribs having a 

lower pitch of 10 mm exhibit relatively higher heat transfer rate in contrast to higher 

pitch values. While Chandra et al. [11] compared the heat transfer enhancement and 

friction factor of ribs having cross sections of circular, semicircular, square and 

triangular in a square solar air channel. The results indicated square ribs achieve more 

heat transfer in comparison to other cross sections.  

Several studies have focused on utilizing the advantages of secondary flow and lower 

negative pressure zone of V-shaped ribs or simply v-ribs as artificial roughness. 

Caliskan and Baskaya [12] discussed heat transfer measurements on a surface having 

rib roughness of V-shape and convergent-divergent configurations using infrared 

thermal images. The experiments consisted of blower, frequency controller, plenum, 

jet plate, Dantec 2-D LDA system, 3-D traverse system, an infrared thermal imaging 

system, and LabVIEW software system. Experimental results showed that V-shaped 

ribs produce more heat transfer as compared to convergent-divergent-shaped ribs.  
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A study performed by Momin et al. [13], effectively utilized V-shaped ribs to enhance 

the thermal performance of SAH. V-shaped rib roughness was provided on the 

underside of the absorber surface. The experiments considered the flow rate in the 

range of Re from 2500-18000, relative roughness height e/Dh from 0.02 to 0.034, 

angle of attack of flow from 30° to 90° while keeping the distance between consecutive 

ribs fixed to a value of 10. Experiments produced results with an overall increase of 

2.30 in Nu and 2.83 times in ff at an angle of attack of 60° in contrast to a conventional 

SAH.  

Hans et al. [14] used aluminum wires in the form of multiple v-ribs. The researchers 

used the lower surface of the absorber to attach multiple v-ribs. A rectangular duct 

made of wood was developed having an entry section of 0.525 m, test section of 1 m 

and exit section of  0.875 m. An auxiliary heater was used to provide the required heat 

flux of 1000 W/m2 onto the absorber surface. The results revealed that as compared to 

a flat plate SAH, they found significant improvements in Nu and ff of about 6 and 5 

times respectively.  

To understand the behavior of V-shaped rib roughness, Sharma and Bhargva [15] 

employed CFD analysis on a SAH. The study comprised multiple cases with e/D 

ranging from 0.02 to 0.04, P/e of 10 and α in the range of 30° to 90°. The study utilized 

RNG k-ɛ turbulent model. A tetrahedral mesh structure was generated and numerical 

simulations on the proposed SAH were carried out in the range of Re from 4000 to 

18000.  It was discovered that the heat transfer varies directly as e/D increases, but the 

proposed system gives the best effective efficiency of 75% at e/D of 0.034.  

2.3. Impingement Technique 

Moreover, the technique of making changes in the airflow passages with respect to the 

absorber through the introduction of jet impingement has also gained significant 

importance among many investigators lately. The applications of jet impingement can 

be found in solar thermal air receivers [16], internal cooling of turbine blades [17], and 

cooling of electronic devices [18].  

Choudhury and Garg [19] were the first to utilize the cooling effect of jet impingement 

in SAHs. The researchers were able to attain a higher outlet air temperature and 

performance efficiency by 15.5°C and 26.5% respectively.  
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Later on, Chauhan and Thakur [20],[21] utilized air impingement cooling effect in 

SAH by varying relative jet diameter, relative streamwise pitch and relative spanwise 

pitch. The study utilized an auxiliary heater to maintain a heat flux of 1000 W/m2 on 

the absorber surface. They observed that as the interference between the two impinging 

air jets was of high importance. In addition, he found out that as this interference prior 

to impingement between the jets decreases, the boundary layer formed around the 

absorber surface becomes thinner. This phenomenon in turn favors the convection heat 

transfer between air and the heated absorber. Moreover, the study accomplished that 

utilizing impinging air jets, as compared to conventional flat plate heaters, encourages 

heat transfer, fluid flow and thermohydraulic performance characteristics by 2.67, 3.5 

and 34.54 to 57.89% respectively.  

Another study [22], analyzed the performance of impinging jets on a 1.6 mm thick 

steel plate. The study considered the parameters that could affect the heat transfer 

characteristics. The angle of the impinging jet air nozzle varied from 0° to 90°. The 

results showcased a maximum thermal improvement of 2.19 at a mass flow rate of 

0.016 kg/s. Moreover, the results revealed that an angle of jet air nozzle of 30° 

produces the maximum heat transfer whereas the angle of 0° performs the lowest.  

Moreover, Maithani et al. [23] used inclined perforated pipes for providing air onto 

the heated surface. The study determined that impinging jet pipe arrangement 

compliments Nu and ff by a factor of 3.25 and 8.45 respectively.  

 

Fig.  2.2 SAH with Impingement Configuration [24] 
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After that, Yadav and  Saini [24] carried out a numerical investigation on an impinging 

jet SAH system by varying jet height ratio in the range 0‒0.433 and Reynolds number 

3500‒17,500 and found the thermal-hydraulic performance value to be 3.66 at jet 

diameter ratio = 0.065 and Re = 15,500. More recently, an analytical case study [25] 

used impingement configuration to attain a thermohydraulic performance of 68.12%. 

2.4. Air Impingement with Artificial Roughness – A Combined 

Technique 

The cooling effect of impinging jets and ribs impart flow separation and secondary 

flows to the airflow in SAH. Owing to these favorable factors, many scientists have 

also explored the idea of analyzing the combined effect of rib roughness as artificial 

roughness and air impingement using jets on thermal performance and fluid flow 

characteristics.  

 

Fig.  2.3 SAH having both Air Impingement Configuration and Artificial Roughness [26] 

Yan et al. [26] used a 5 mm thick jet plate to strike inline and staggered jet arrays of 

air onto a rib-roughened acrylic surface coated with a thermochromic liquid crystal 

(TLC). The image processing system depicted that inline and staggered jet 

arrangements at angles 60° and 90° show minute differences in heat transfer. Whereas 

ribs at an angle of 45° and the inline jet array illustrate better thermal results than the 

corresponding staggered jet arrangement. They attributed this effect to the 

advantageous development of vortices at the solid-fluid boundary.  

Xing et al. [27] used a similar TLC approach for comparing the impingement cooling 

effect on a flat target plate with that of a micro rib-roughened target plate. They 

observed that the heat transfer effect of crossflow air impingement on micro-rib 

roughened target surface is 9.6% more than that for a flat target plate at Re = 35,000, 

and jet-to-plate spacing = 30 mm. Additionally, the research results were 

complemented by a detailed CFD analysis.  
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Nu and ff characteristics owing to the combined effect of having transverse ribs and 

impingement jet plate were examined by Moshery et al. [28]. Experiments and 

numerical investigations using transverse ribs were carried out on a 1.4 m long solar 

simulator with varying solar heat flux and mass flow rate. Consequently, they were 

able to attain a thermal efficiency of 78% at maximum values of heat flux and mass 

flow rate.  

Kumar et al. [29] devised a solar simulator system having an impingement 

configuration coupled with arc protrusion rib roughness on the absorber surface. The 

proposed SAH configuration gave optimum thermohydraulic performance of 1.5 at an 

angle of arc protrusion of 60°. 

2.5. Research Gap 

Evidently, the literature suggests that different types of configurations especially V-

ribs, air impingement and combined technique of ribs with air impingement have been 

employed by researchers. However, a rectangular solar air channel comprising 

impinging air jets and rectangular sectioned V-ribs as artificial roughness has not been 

investigated to this date. Furthermore, a number of past studies [10,11],[27],[30–36] 

imply that the numerical technique has proven to be inexpensive, less time-consuming 

and an accurate way of computing the thermal and hydraulic characteristics in SAHs. 

Therefore, this study aims to numerically investigate the combined effect of air 

impingement and an absorber having rectangular sectioned V-ribs as artificial 

roughness on thermal and hydraulic characteristics in SAH using a validated numerical 

model.  
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Summary 

This chapter sheds light on several augmentation techniques for heat transfer and fluid 

flow characteristics such as artificial roughness, air impingement and artificial 

roughness with air impingement used by researchers in solar air heaters. Based on the 

reported results of these techniques presented in the literature review, the chapter 

draws the conclusion that combined cooling of a rectangular solar air channel 

comprising impinging air jets and rectangular sectioned V-ribs as artificial roughness 

has not been investigated to this date. Therefore, this study aims to numerically 

investigate the combined effect of air impingement and an absorber having rectangular 

sectioned V-ribs as artificial roughness on thermal and hydraulic characteristics in 

SAH using a validated numerical model.   
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Chapter 3  

Methodology 

This chapter gives an insight into the numerical modeling method and governing 

equations used to model the problem. Different approaches have been used in 

numerical modeling to solve the Navier Stokes problem. Reynolds averaged Navier 

Stokes (RANS) is computationally less expensive than Large Eddy Simulations (LES), 

while Direct Numerical Simulations (DNS) are the most expensive. DNS resolves the 

Navier Stokes directly. LES resolves large eddies and models the smaller eddies. 

While RANS model turbulence using turbulence models. RANS is computationally 

less expensive, widely being used, and yields good results while saving costs. RANS-

based simulations are performed for this study.  

In this chapter, the effect of utilizing rectangular sectioned V-ribs on the absorber 

surface in an impinging air jet SAH is evaluated using the finite volume method. 3D 

numerical analysis has been performed by varying roughness parameters e/Dh, P/Dh 

and α while keeping impingement parameters Dj/Dh, Xj/Dh, and Yj/Dh constant. The 

following subsections provide detailed information on numerical modeling from 

details of proposed design configurations to solution methods.  

3.1. Model Creation 

3.1.1. Geometry Creation 

The proposed geometry for the novel solar air heater is created using Solidworks and 

is presented in Fig. 3.1. The complete geometry mainly encompasses an absorber plate, 

an impingement plate and a back plate. The proposed duct with combined air 

impingement and V-ribs surface roughness consists of two ducts i.e., upper and lower 

duct. Both upper and lower rectangular ducts measure 2 x 0.3 x 0.025 m. The inlet 

section is 0.6 m long while the test and outlet sections are 1 m and 0.4 m long 

respectively. Lengths of the inlet and outlet sections have been calculated as per 

ASHRAE Standards [1].  
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Fig. 3.1 Completely enclosed geometry 

Fig. 3.2 provides information on the position of each component with respect to each 

other with an exploded view of the geometry.  

Rectangular sectioned V-ribs are provided on the lower surface (only test section) of 

the absorber using a pattern function in Solidworks. The absorber is made of aluminum 

and is 2 mm thick, having a length and width the same as that of the duct. Rib 

roughness height, rib roughness pitch and angle of attack are normalized by the 

hydraulic diameter of the duct.  

 

 

Fig. 3.2 Exploded view of the geometry 

Twenty-seven (27) absorber plates are prepared for the numerical investigation by 

varying relative rib roughness height (e/Dh), relative rib roughness pitch (P/ Dh) and 
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angle of attack (α) respectively. Fig. 3.3 shows a typical absorber plate having 

roughness parameters of e/Dh = 0.020, P/Dh = 0.528 and α = 60°. 

 

Fig. 3.3 Rectangular sectioned V-ribs on the test section of the absorber 

An impingement plate 5 mm thick, having length and width the same as that of the 

duct is placed in between the back plate and absorber plate. As the name suggests, the 

impingement plate has holes in its test section and is made of wood. 

 

Fig. 3.4 Air jet holes on the test section of the impingement plate 

 Initially, a hole of 5 mm is created at a 0.6 m distance from the inlet using extrude cut 

function on Solidworks. This hole is repeated in the streamwise (X-axis) and spanwise 



26 

 

direction using the pattern function. Impingement parameters used to model the 

impingement plate are namely relative jet diameter (Dj/Dh), relative streamwise pitch 

(Xj/Dh), and relative spanwise pitch (Yj/Dh). These impingement parameters are kept 

fixed for all the numerical simulations. Fig. 3.4 shows an impingement plate having 

parameters of Dj/Dh = 0.108, Xj/Dh = 0.867 and Yj/Dh = 0.867. Table 3.1 provides 

information on the range of geometrical and flow parameters used in this study. 

Table 3.1 Range of roughness, impingement, and flow parameters 

S. No Parameter Range Steps 

1. e/Dh 0.016–0.024 3 

2. P/Dh 0.264–0.792 3 

3. α 30°–75° 3 

4. Dj/Dh 0.108 fix 

5. Xj/Dh 0.867 fix 

6. Yj/Dh 0.867 fix 

7. Re 3000–18000 6 

3.1.2. Computational Domain and Mesh Generation 

The modeled geometry shown in Fig. 3.1 is then imported to Ansys SpaceClaim and 

is checked for any repairs such as stitches, gaps, and missing faces. Using the volume 

extract function available in Ansys SpaceClaim, the fluid domain is extracted from the 

whole geometry and is shown in Fig. 3.5. 

 

Fig. 3.5 Extracted fluid domain 
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Considering the heat transfer and fluid flow interactions due to rectangular sectioned 

V-ribs on the lower surface of the absorber, the computational domain has been split 

into two zones.  

 

Fig. 3.6 Detailed view of the meshed domain 

Air acts as the fluid zone as it enters the inlet section in the lower channel, passes 

through the air jets on the test section of the impingement plate, strikes the test section 

of the absorber having rectangular sectioned V-ribs in the upper channel, and leaves 

the duct from the outlet section. While the 2 mm thick absorber having rectangular 

sectioned V-ribs on its underside is regarded as the absorber zone. 

The computational domain comprising of fluid and absorber zone is discretized into a 

grid of unstructured mesh using ICEM CFD and is shown in Fig. 3.6. To capture the 

boundary layer separation phenomenon and keep the Y+ value around unity, fine prism 

layers at the solid-fluid boundary have been created. 

3.2. Grid Independence Study 

Initially, a geometrical configuration of rectangular sectioned V-ribs having e/Dh = 

0.020, P/Dh = 0.528 and α = 60° and impingement parameters of Dj/Dh = 0.108, Xj/Dh 

= 0.867 and Yj/Dh = 0.867 is selected to perform grid independence test for Re = 

12000. Table 3.2  presents the effect of five consecutive denser grids on the percentage 

change in Nu and ff. It is evident that mesh size finer than 18.96×106 cells result in an 

inconsiderable change in Nu and ff. Consequently, a grid size of 18.96×106 elements 

has been considered for the numerical analysis.  
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Table 3.2 Grid independency test 

S. No No of elements % Change in Nu % Change in ff 

1. 14.82×106 ‒ ‒ 

2. 16.43×106 3.7 4.1 

3. 17.89×106 1.7 2.1 

4. 18.96×106 0.72 0.98 

5. 19.87×106 0.39 0.67 

3.3. Turbulence Model 

In order to minimize numerical errors, it is imperative to choose a suitable turbulence 

model. The criterion for an appropriate turbulence model is that it gives a solution 

nearly similar to experimental results by compromising between numerical effort and 

solution accuracy. A study [2] compares the four different models for smooth SAH. It 

concludes that the RNG k-ɛ model gives results identically similar in nature to that for 

smooth SAH as compared to other models. Additionally, studies [3,4] also used the 

RNG k-ɛ model to numerically investigate roughened SAHs. Therefore, for the present 

study, RNG k-ɛ model with enhanced wall function is utilized.  

3.4. Governing Equations 

The governing equations for mass, momentum, and energy conservation can be written 

in the following form [5].  

Continuity Equation: 

( ) ( ) ( )
0

u v w

t x y z

      
+ + + =

   
 (1) 

Navier-Stokes equations  

2 2 2

2 2 2

ˆu u u u p u u u
u v w

t x y z t x y z
    

        
+ + + = − + + + 

        
 (2) 

2 2 2

2 2 2

ˆv v v v p v v v
u v w

t x y z t x y z
    

        
+ + + = − + + + 

        
 (3) 
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2 2 2

2 2 2

ˆw w w w p w w w
u v w

t x y z t x y z
    

        
+ + + = − + + + 

        
 (4) 

Transport equations for the Turbulence model can be written as  

( ) ( )j k eff k b m k

j j j

k
k ku a G G Y S

t x x x
   

    
+ = + + − + + 

     

 (5) 

2

1 3 2( ) ( ) ( )j eff k b

j j j

u a C G C G C R S
t x x x k k

     

  
   

    
+ = + + + − − + 

     

 (6) 

Gk represents the generation of TKE owing to mean velocity gradients whereas Gb is 

the generation of TKE because of buoyancy. Furthermore, C1ɛ, C2ɛ and C3ɛ are 

constants and correspond to a value of 1.42, 1.68 and 1.3 respectively. Moreover, Re 

of the fluid, Nu and ff are determined by using the following equations respectively 

from the literature [6].  

Re a a hV D


=  (7) 

Whereas aV  represents the velocity of the ambient air entering the lower channel.  

hhD
Nu

k
=  (8) 

( )
2

2

4

hd

a a

P D
ff

LV


=  (9) 

3.5. Boundary conditions and solution methods 

A 3-D computational domain consisting of two zones, air and absorber, has been 

considered for numerical analysis. Table 3.3 presents the thermophysical properties of 

air and aluminum absorber. 

Table 3.3 Thermophysical properties 

 
Density, ρ 

(kg/m3) 

Viscosity, µ 

(kg/m-s) 

Thermal 

conductivity, k 

(W/m-K) 

Specific Heat, Cp 

(J/kg-K) 

Air 1.225 1.7894 × 10-5 0.0242 1006.43 

Aluminum 2719 - 202.4 871 
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Airflow in the duct is presumed to be subsonic, turbulent and incompressible. 

Additionally, the steady airflow condition is also utilized for all the investigations. No 

slip condition is employed for the solid-fluid interface. Inlet and outlet faces are given 

inlet velocity and pressure outlet conditions respectively whereas, the base wall and 

side walls of the fluid domain are considered to be completely insulated. Ambient air 

velocity entering the duct is evaluated by using Eq. (7) and varying the Re from 3000 

to 18000 with each increment of 3000. A constant gauge pressure of zero pascals 

normal to the boundary is applied to the outlet face.  

Table 3.4 Boundary conditions 

Boundary Name Boundary Condition 

Inlet face Velocity inlet, (0.94-5.69) m/s, 300 K 

Outlet face Pressure outlet, zero-gauge pressure 

Bottom and side duct walls No slip 

Absorber top surface No slip, 1000 W/m2 

Table 3.4 depicts an overview of boundary conditions used. The SIMPLE algorithm 

is employed for pressure-velocity coupling. To observe convergence in results, a 

criterion with residuals of the order of 10-6 and 10-3 has been set for energy and all 

other equations respectively.  
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Summary 

This chapter discusses the methodology followed to complete the 3-D analysis of the 

proposed solar air collector design. Details on the design of geometry including but 

not limited to absorber and impingement plates are provided. Additionally, the chapter 

deliberates on how the computational domain consisting of air as a fluid zone and 

aluminum plate as a solid zone is considered and discretized into an unstructured fine 

mesh. Moreover, grid independence test results, boundary conditions and solution 

methods are also elaborated on in detail.  
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Chapter 4  

Results and Discussions  

4.1. Validation of the numerical model 

4.1.1. Validation with smooth rectangular air channel 

Validation of the results for the proposed model is carried out by comparing results 

from numerical analysis with correlations from the literature. Firstly, the Dittus Boelter 

equation [1] and Blasius equation [2] is used for estimating the Nu and ff respectively 

for smooth rectangular air channel for the given range of Re.  

0.8 0.40.023 (Re) (Pr)smoothNu =    (10) 

0.250.085 (Re)smoothff −=   (11) 

Analysis results for the smooth absorber without any ribs and impingement for similar 

boundary conditions are evaluated. An analogy between Nu and ff obtained from the 

numerical examinations with that predicted from the Eqs (10) and (11) has been drawn 

in Fig. 4.1. It can be observed that analysis for both Nu and ff exhibit good agreements 

with the predicted results from mathematical equations with average deviations of 

5.1% and 5.3% respectively. 

4.1.2. Validation with impinging air jets onto a smooth absorber 

The second validation is carried out by using correlations developed by Chauhan and 

Thakur [3] for air impingement onto a smooth absorber.  

0.1761 0.141 1.9854

3 0.8512
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Fig. 4.1 (a) Nu validation against Dittus Boelter equation (b) ff validation against Blasius 

equation 

This time results obtained from numerical analysis of smooth absorber with air 

impingement configuration (Dj/Dh, Xj/Dh and Yj/Dh fixed to 0.108, 0.867 and 0.867 

respectively) and without any ribs are extracted for similar boundary conditions in the 

form of Nu and ff. Fig. 4.2 (a) and Fig. 4.2 (b) outline that analysis results for smooth 

absorber with air impingement are consistent with Nu and ff data calculated from Eqs, 

(12) and (13) with average deviations of 5.64% and 4.53% respectively. 
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Fig. 4.2 (a) Nu validation against impingement correlation (b) ff validation against 

impingement correlation 

4.2. Effect on temperature distribution 

Analysis outcomes in terms of temperature distribution for smooth absorber at Re = 

12000 have been presented in Fig. 4.3 (a) whereas temperature distribution for the 

proposed combined configuration of rectangular sectioned V-ribs (e/Dh = 0.020, P/Dh 

= 0.528 and α = 60°) and air impingement (Dj/Dh, Xj/Dh and Yj/Dh fixed to 0.108, 0.867 

and 0.867 respectively) has been depicted in Fig. 4.3 (b) respectively under similar 

flow conditions. From Fig. 4.3, it can be clearly established that temperature 

distribution in the duct having rectangular sectioned V-ribs and air impingement 
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configuration is more developed as compared to a smooth duct having no roughness 

and impingement arrangement. To explain, in contrast to the smooth absorber surface 

temperature, the temperature of the artificially roughened plate with air impinging on 

its lower surface is lower. This phenomenon can be attributed to the combined cooling 

effect of rectangular sectioned V-ribs and air impingement in the latter arrangement. 

And subsequently, this cooling effect augments the heat transfer.  

 

Fig. 4.3 Temperature distribution at Re = 12000 on test section of (a) smooth absorber (b) 

absorber with rectangular sectioned V-ribs 

4.3. Effect on Nusselt number 

The variation of Nu as a function of Re for fixed values of impingement parameters at 

varying e/Dh, P/Dh and α respectively is shown in Fig. 4.4. It can be assimilated from 

the graphical data that in all the cases Nu behaves predictably and rises predominantly 

as Re is increased from 3000 to 18000. The phenomenon can be referred to as the 

separation of the boundary layer with the increasing flow rate which in turn inevitably 

gives rise to heat transfer. Fig. 4.5 illustrates this phenomenon in the form of contours 

of Turbulent kinetic energy (TKE) in the plane normal to the absorber surface and 

parallel to the flow direction. More secondary vortices are formed near the area where 

air jets strike the rectangular sectioned ribs having the configuration e/Dh = 0.020, P/Dh 

= 0.528, α = 60°  at higher Reynolds numbers and thus a substantial rise in Nu is 

observed.  
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The influence of varying e/Dh at constant values P/Dh = 0.264 and α = 60° on Nu for 

the given range of Re has been discussed in the form of graphical data in Fig. 4.4 (a). 

Impingement parameters are kept constant. It can be interpreted from the results that 

the repercussions of expanding e/Dh are in favor of heat transfer with Nu continuously 

improving as the value of e/Dh increases from 0.016 to 0.024 for the given range of Re 

from 3000 to 18000. This improvement in heat transfer is associated with the fact that 

rectangular sectioned V-ribs with longer roughness height induce more turbulence in 

the path of airflow causing air to extract more heat from the absorbing surface. Hence, 

e/Dh = 0.024 produces a maximum value of Nu at Re = 18000 among its lower values. 

Ravi and Saini [4] analyzed the effect of relative rib size on heat transfer characteristics 

and found that longer rib size strongly encourages secondary flow.  

Similarly, Fig. 4.4 (b) shows the effect of varying P/Dh for fixed e/Dh = 0.024 and α = 

60° on Nu for the considered range of Re. Again, impingement parameters are kept 

constant. Furthermore, enhancing P/Dh depreciates heat transfer with rectangular 

sectioned V-ribs having the smallest value of P/Dh = 0.264 showcasing the best heat 

transfer characteristics among its higher values of 0.528 and 0.792 at a flow rate 

ranging from 3000 to 18000. In simpler words, a lower relative roughness pitch means 

fewer gaps among ribs in the given length of the absorber which insinuates early flow 

separation and encourages the formation of secondary flow vortices in the incoming 

jet flow from the impingement plate.  

Change in Nu at different values of Re with varying angle of attack of flow (α) 

parameter for rectangular sectioned V-ribs has been presented in Fig. 4.4 (c) at fixed 

values of e/Dh and P/Dh  for 0.024 and 0.264 respectively. It can be noted that the 

effects of varying α on heat transfer are more significant than that of varying e/Dh and 

P/Dh. The results clearly reflect Nu augments as α enhances from 30° to 60° but 

diminishes remarkably as α reaches 75° and shows a maximum value of Nu at α = 60° 

and Re = 18000. This fluctuation in Nu with respect to α is characteristically similar 

to that reported by Momin et al. [5]. 
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Fig. 4.4 Change in Nu against Re as a function of (a) e/Dh (b) P/Dh and (c) α 
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Fig. 4.5 Contours of Turbulent kinetic energy at e/Dh = 0.020, P/Dh = 0.528, α = 60°  for Re 

(a) 3000 (b) 6000 (c) 12000 (d) 15000 (e) 18000 
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In addition, a comparison of results obtained from numerical analysis in terms of Nu 

with the parallel flow and previous studies for air impingement [3] and V-shaped rib 

roughness [5] under similar conditions of airflow (3000-18000) has been drawn. This 

comparison can be visualized in Fig. 4.6 to evaluate the effect of air impingement and 

rectangular sectioned V-ribs (present study) on heat transfer improvement. 

Impingement parameters of Dj/Dh = 0.108, Xj/Dh = 0.867 and Yj/Dh = 0.867 whereas 

roughness parameters of e/Dh = 0.024, P/Dh = 0.264 and α = 60° are used. It can be 

determined that the combined configuration of rectangular sectioned V-ribs with air 

impingement thermally outperforms its corresponding configurations of parallel flow, 

air impingement (without ribs) and V-shaped ribs (without impingement). 

Furthermore, the present study with roughness configuration of e/Dh = 0.024, P/Dh = 

0.264, α = 60° and impingement configuration of Dj/Dh, Xj/Dh and Yj/Dh fixed to 0.108, 

0.867 and 0.867 respectively exhibits maximum enhancement in Nu of factor 3.36, 

2.06 and 1.82 at Re = 18000 as compared to parallel flow, air impingement (without 

ribs) and V-shaped ribs (without impingement).  

 

Fig. 4.6 Comparison of Nu with literature at various values of Re 

  



41 

 

Fundamentally, it can be conceptualized that this enhancement in Nu is nothing but a 

mere result of two paramount interactions of air. These two interactions occur 

simultaneously and can be assimilated from the contours of TKE for Re = 9000 in the 

YZ direction for the configuration e/Dh = 0.020, P/Dh = 0.528, α = 60° in Fig. 4.7. Air 

impingement being the first interaction where air jets strike the absorber bottom 

surface and impart a secondary flow to the air near absorber surface. Second is the 

interaction of this flow with the ribs where this flow further disintegrates into two 

flows. One flow recycles the rib section in the form of secondary vortices whereas the 

other mixes with the mainstream flow. Similar repercussions of variation of Turbulent 

kinetic energy on Nu are reported by Gupta and Varshney [6].  

 

Fig. 4.7 Contours of Turbulent kinetic energy at Re = 9000  at e/Dh = 0.020, P/Dh = 0.528, 

α = 60° (a) Test section (b) enlarged view 

4.4. Effect on friction factor 

A detailed examination of results for pressure drop with respect to Re has been 

presented in Fig. 4.8 in the form of plots of ff against Re for varying e/Dh, P/Dh and α 

respectively. It may be noted that the velocity of airflow in the duct has an inverse 

relation with ff therefore an increase in the value of Re is accompanied by a gradual 
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decrease in friction factor and a minimum value of ff of 0.036 is achieved at e/Dh = 

0.024, P/Dh = 0.264, α = 75° and Re = 18000. Moreover, the influence of expanding 

e/Dh on ff for the range of Re by keeping P/Dh and α constant has been illustrated in 

Fig. 4.8 (a). The data shows that pressure drop across the duct increases as rib height 

(e/Dh) increases and is highest when e/Dh = 0.024. This can be related to the fact that 

greater interruptions in the flow of air constitute a greater pressure drop across the 

duct. The influence of increasing the gap (P/Dh) between the two ribs on Nu has been 

depicted for fixed e/Dh and α in Fig. 4.8 (b). The ff plot against Re describes that as 

P/Dh increases, ff diminishes and achieves the lowest value at P/Dh = 0.792. These 

findings are in agreement with the study conducted by Yadav and Bhagoria [7] on 

square-sectioned transverse ribs. The data in Fig. 4.8 (c) represents the effect of 

varying α parameters at fixed values of e/Dh and P/Dh  for 0.024 and 0.264 respectively. 

It can be seen from the graphical data that ff initially rises as α is increased from 30° 

to 60° but decreases to a new minimum value at 60° for the given Re. This fluctuation 

in ff with respect to α is similar in nature to the one reported by Momin et al. [5]. 

The combined effect of rectangular sectioned V-ribs and air impingement on flow 

characteristics has been analyzed with respect to parallel flow, air impingement [3] 

and V-shaped rib roughness [5] in Fig. 4.9. It is clear that the present study with the 

roughness configuration of e/Dh = 0.024, P/Dh = 0.264, α = 60° and impingement 

configuration of Dj/Dh, Xj/Dh and Yj/Dh fixed to 0.108, 0.867 and 0.867 respectively 

demonstrate maximum improvement in ff of factor 5.31, 3.49 and 2.55 at Re = 18000 

as compared to parallel flow, air impingement (without ribs) and V-shaped ribs 

(without impingement) respectively. 
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Fig. 4.8 Change in ff against Re as a function of (a) e/Dh (b) P/Dh and (c) α 
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Fig. 4.9 Comparison of ff with literature at various values of Re 

4.5. Effect on thermohydraulic performance(ηcombined) 

Despite an ample thermal improvement in using the combined arrangement of air 

impingement with rectangular sectioned V-ribs as shown in Fig. 4.6 a substantial rise 

in the pressure (pumping power) to overcome the turbulence in the SAH is also 

observed and is shown in Fig. 4.8. Subsequently, it is equally important to analyze the 

thermohydraulic performance(ηcombined) of the SAH and to find the optimal parameters 

at which a favorable compensation between heat transfer improvement and friction 

factor penalty can be accomplished. Momin et al. [5] evaluated the thermohydraulic 

performances using a mathematical relation similar to Eq (7).  

1

3

/

( / )

combined smooth
combined

combined smooth

Nu Nu

ff ff

 =  
(14) 

Fig. 4.10 represents the graphical data as a result of thermohydraulic analysis of the 

combined arrangement of air impingement with rectangular sectioned V-ribs. It can 

be deduced that ηcombined is greater than unity and it further strengthens as the value of 

Re increases from 3000 to 18000 for all the examinations. Moreover, Fig. 4.10 (a), 

Fig. 4.10 (b) and Fig. 4.10 (c) indicate that ηcombined achieves a maximum value of 1.92 

at e/Dh = 0.024, P/Dh = 0.264, α = 60° and Re = 18000 and that α among other 

parameters of roughness affects system performance the most.  
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Fig. 4.10 Change in ηcombined against Re as a function of (a) e/Dh (b) P/Dh and (c) α 
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Summary 

This chapter discusses the validation of the numerical model from past literature 

studies. Numerical investigations on a rectangular solar air heater having a combined 

configuration of rectangular sectioned V-ribs on the lower surface of the absorber and 

air impingement from the lower channel have been performed in this study. Results 

from the numerical analysis have been discussed in the graphical form of Nu and ff 

against the range of flow parameters from 3000 to 18000 for different roughness 

parameters e/Dh, P/Dh, and α. Comparisons of Nu and ff between the present work and 

conventional SAH have been drawn under similar flow conditions. Moreover, the 

thermohydraulic performance of the proposed configurations has been discussed to 

find optimal roughness parameters.  
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Chapter 5  

Conclusions and Future 

Recommendations  

5.1. Conclusions 

In this study, the repercussions of impinging air jets onto an absorber having 

rectangular sectioned V-ribs on its bottom surface in terms of Nu and ff and ηcombined 

are determined using a 3D numerical analysis. The variation of each roughness 

parameter i.e., e/Dh, P/Dh, and α against the range of Re from 3000 to 18000 have been 

numerically examined at fixed values of impingement parameters to estimate their 

corresponding efficacy on Nu and ff and ηcombined. The findings of this study can be 

summarized in the following points: 

• The novel geometry of SAH having rectangular sectioned V-ribs as artificial 

roughness integrated with impingement cooling configuration compliments 

heat transfer and temperature distribution.  

• Nu shows an increasing tendency against increasing Re, whereas ff depreciates 

as Re increases. Nu achieves a peak value at Re = 18000 while ff diminishes 

to its lowest value at Re = 18000. 

• e/Dh = 0.024, P/Dh = 0.264 and α = 60° exhibit the highest Nu of 170.91 at Re 

= 18000 while e/Dh = 0.016, P/Dh = 0.792 and α = 75° display minimum ff 

value of 0.0361 at Re = 18000.  

• As compared to the parallel flow, the combined effect of air impingement and 

rectangular sectioned V-ribs showcase maximum enhancements in Nu and ff 

of the order 3.36 and 5.31 respectively at Re = 18000 and e/Dh = 0.024, P/Dh 

= 0.264, α = 60°.  

• ηcombined greater than unity for all the considered configurations clearly 

indicates the performance efficacy of the combined arrangement of impinging 

air jets onto rectangular sectioned V-ribs. 

• Maximum ηcombined of the factor 1.92 is accomplished at e/Dh = 0.024, P/Dh 

= 0.264, α = 60° for Re = 18000. 
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• The proposed arrangement of rectangular sectioned V-ribs with assimilation of 

impingement cooling configuration is an effective way of augmenting the 

performance of SAHs. 

5.2. Future Recommendations 

The following recommendations are suggested that can be investigated to further 

augment the heat transfer and fluid flow characteristics in solar air heaters. 

• A study incorporating the design of V-shaped roughness with gap rib in an 

impinging jet solar air heater. 

• A study incorporating the design of discrete V-shaped rib roughness in an 

impinging jet solar air heater. 

• A study comparing the performances of all the V-shaped roughness 

configurations including the rectangular sectioned V-shaped rib roughness 

(used in this study) in an impinging jet solar air heater. 
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Appendix I: Research Article 

Title  

Numerical analysis of a solar air heater having rectangular sectioned V-ribs as artificial 

roughness integrated with impingement cooling configuration  

Abstract  

The application of solar air heaters (SAHs) is an effective method of utilizing abundant 

solar energy for heating purposes and reducing the consumption of fossil fuels. 

However, the performance of SAHs is characteristically low owing to a sublayer 

formation over the heated surface. To address this low performance, numerical 

examinations on a novel configuration of SAH have been performed in this study. The 

proposed design encompasses a combined arrangement of both impinging air jets and 

rectangular sectioned V-ribs on the absorber surface. A validated numerical model is 

used to investigate the effect of varying roughness height, pitch, and angle of attack 

from 0.016 to 0.024, 0.264 to 0.792, and 30° to 75° respectively while keeping 

impingement parameters fixed and varying Re from 3000 to 18000. The analysis 

results in terms of Nusselt number (Nu) and friction factor (ff) characteristics as a 

function of roughness parameters are evaluated. The results exhibit a considerable 

enhancement of 3.36 and 5.31 in Nu and ff respectively in contrast to conventional 

SAHs under similar boundary conditions. Moreover, the proposed model performs 

best at Re = 18000 with the highest thermohydraulic performance (ηcombined) of 1.92. 

The presented results conclude that the proposed arrangement of jet cooling with 

rectangular sectioned V-ribs is an efficacious way for improving the performance of 

SAHs. 
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