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Chapter 1                                                   INTRODUCTION 

1.1       General  

            The greatest important resource and the best measure of a nation's success are 

considered to be per capita energy consumption. As the global population grows every 

day, so the demand for energy is also increasing.  The backbone of the economy is 

regarded as energy. The biggest portion of a nation's Gross Domestic Product (GDP) 

originates in the energy industry. 

On the basis of availability, the energy may be classified into two primary types: 

I. Conventional source 

II. Non-conventional source  

1.1.1    Conventional sources 

            Conventional sources of energy are also known as non-renewable energy and these 

are available in limited quantity.  Further, we can classify them as commercial and non-

commercial. Coal, petroleum, and electricity are coming under commercial and firewood, 

straw comes under non-commercial conventional sources.  

1.1.2     Non-conventional sources 

             Non-conventional sources of energy are also known as renewable energy and 

these are available in larger quantities. Examples can be solar energy, wind energy, 

geothermal energy, tidal energy, etc. 

 As we know that the conventional source of energy is limited, we have more 

consider the non-conventional source of energy to meet the demand of a large population 

and these types of conventional sources are also harmful to nature. So, scientists have to 

look for an alternate source of energy. If used appropriately, solar energy has a great deal 

of potential and the capacity to meet all energy demands.  

Solar energy is a clean, dependable, and sustainable source of energy. The Sun's 

temperature is 5777 K. It is a sizable sphere of very hot gaseous stuff that is 1.5x1011 m

from Earth and has a diameter of 1.39x1011 m. The Sun produces a total of around 

3.8x1020 MW of energy, which is equal to 63x106 W/m2 of its surface. The core 

temperature is thought to be in the range of 8x106 K to 40x106 K. Out of the entire amount 

of radiation the Sun emits, only roughly 17 × 1013 kW gets transferred to the Earth. 

However, a year's worth of energy needs on Earth can be met with just thirty minutes of 
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this tiny portion of solar energy. For medium and low-temperature applications, the usesof 

this energy are quite practical. The need for energy resources is growing every day, and 

solar energy can assist meet that demand. Almost all of India receives 4 to 7 kWh/m2 of 

solar radiation annually due to its location in the tropical zone, where temperatures are 

nearly always in the range of 25°C to 27°C. As a result, India has a good source for using 

solar energy. 

1.2  Solar Collector 

Incoming solar radiation is absorbed by this apparatus, which then transforms it 

into thermal energy at the absorbing surface and transfers it to a fluid passing through the 

collector. The flat plate collector and the concentrated collector are two different kinds of 

solar collectors. A solar collector known as concentrating solar collector directs sunlight 

onto a tiny area using reflective surfaces, where it is collected and transformed into heat 

or, in the application of solar photovoltaic equipment, converted to electricity. In contrast, 

a flat plate collector has an area of interception that is identical to that of absorption for 

solar radiations. 

1.2.1  Flat Plate Collector 

Flat plate collectors which are non-concentrating kinds of collectors are useful for 

temperature rise. Below 90°C are needed for applications like space heating and service 

water heating and other most practical purposes. They are constructed in rectangular 

panels that range in size from 1.7 to 2.9 m2 and are easy to assemble. Both direct and 

diffuse radiation can be absorbed by flat plate collectors. Fig. 1.1 depicts a flat plate 

collector. In which sunlight is coming to absorber plate. The absorber plate is covered with 

insulation box and two glass plates.    

Fig. 1.1 Schematic of smooth flat plate collector (Sayigh, A.A.M., 1979) 
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Flat plate collectors can be categorized as solar liquid heaters and solar air heaters 

depending on the kind of working fluid they utilize. 

1.2.2  Solar Liquid Heater 

Solar water heaters heat water using the sun's natural light. Fig. 1.2 presents a 

schematic diagram of solar air heater. It contains a flat surface known as the absorbing 

surface that absorbs solar energy efficiently. The most frequently used materials are 

typically metal plates, often made of copper, aluminum, and copper tubing in thermal 

interaction with the plate. 

 

Fig. 1.2 Schematic of solar liquid heater (Rai, G.D., 2010) 

1.2.3  Solar Air Heater  

Due to the low cost and widespread usage, solar air heaters are the most popular 

and straightforward solar energy collection equipment. The primary uses of solar air 

heaters are for room heating, curing industrial products, seasoning wood, and drying out 

building materials made of concrete or clay (Yadav and Bhagoria, 2013). A solar air 

heater has a straightforward construction and requires little upkeep. However, the 

efficiency is decreased because of the inadequate heat transmission between the absorber 

plate and air. This is why absorber surfaces are occasionally roughened (Sukhatme and 

Nayak, 2011). In order to achieve the best possible arrangement of the roughness element, 

numerous studies using roughness elements of various shapes, sizes, and orientations with 

regard to flow direction have been conducted. 

There are two kinds of solar air heaters: glazed and unglazed. To reduce heat 

losses, glazed solar air heaters have an insulated bottom and side surface in addition to 

transparent glass on the top sheet. Air flows above or below the absorber plate in glazed 

solar air heaters, removing heat from the absorber plate. It is employed for applications 
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like room heating and drying. While unglazed solar air heaters have a clear cover on the 

top sheet. In commercial buildings, it is applied for purposes such as preheating makeup 

air. 

                 

Fig. 1.3 Solar air heater (Rai, G.D., 2010) 

Air may have certain benefits when used in solar collectors. These points are 

discussed below:  

I. Because the air pressure at the entrance is atmospheric, the material used for the 

collector and duct in a solar air heater is light. 

II. Because air is lighter than water, the working load on the collector is generally 

lower. 

III. With the exception of some heat loss, a leakage in a solar air heater does not pose a 

severe threat. 

a) Solar air heater with smooth absorber surface  

There are no obstructions in the path of flowing air in solar air heaters with smooth 

absorber surfaces and laminar sub-layers forming in the heat transfer zone. As a result, the 

ability of the absorber plate to transmit heat to the air becomes minimal, which ultimately 

lowers thermal efficiency. The efficiency of solar air heater can be raised by some 

modifications- 

I. Including fins to expand the area for heat transfer. 

II. Raising the roughness of the plate's backside will increase turbulence and 

convective heat transfer coefficient. 
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b) Solar air heater with artificial roughened absorber surface 

The heat transfer between the absorber plate of the solar air heater and air can be 

enhanced by either increasing the heat transfer surface area using extended surfaces or 

using artificial roughness on the absorber surface. Numerous techniques, including 

sandblasting, machining, casting, and shaping, welding ribs can be used to create 

roughness on the absorber surface. The most practical and cost-efficient technique to 

increase the solar air heater's efficacy is to apply artificial roughness in various shapes and 

sizes. In order to achieve the best possible positioning of roughness element geometry, 

several experimental investigations employing roughness elements of various shapes, 

sizes, and orientations with regard to flow direction have been conducted. The existence of 

a laminar/viscous sub-layer in addition to a turbulent core in a turbulent flow is widely 

established. The laminar boundary layer of turbulent flow is disrupted by the artificial 

roughness on the absorber surface, which causes the increment of heat transfer between air 

and absorber plate. 

Joule (1861) was the first to use the notion of artificial roughness to improve heat 

transfer coefficients for steam condensation in tubes. Since then, numerous experimental 

investigations have been conducted on the use of artificial roughness in the cooling of gas 

turbines, electronic devices, nuclear reactors, etc. 

There are some of the figures shows several different rib geometries. Fig. 1.4 shows a 

wedge shape transfer rib roughness created on the absorber plate. It has three changing 

parameters like Rib height, rib pitch and wedge angle. Fig. 1.5 shows arc shaped rib 

roughness created on absorber plate. This roughness created with the wire up to the length 

of 1000 mm. Fig. 1.6 shows that W-shaped rib roughness which is created on the absorber 

plate. 

 

            Fig. 1.4 Wedge-shaped transverse rib roughness (Bhagoria et al., 2002) 
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Fig. 1.5 Arc-shaped rib roughness (Saini and Saini, 2008) 

    

Fig. 1.6 W-shaped rib roughness (Lanjewar et al., 2011) 

1.3  Organization of Thesis 

This is a description of each chapter of the thesis. The five chapters of the work are 

listed below. 

Chapter 1 described the framework of the study, which highlights the many kinds 

of solar collectors along with other relevant concepts, connected to the topic. The goal of 

the study is to analyze how well artificial solar air heaters operate when the Reynolds 

number, roughness height, and roughness pitch are changed. This chapter also discusses 

the significance of the roughened solar air heater and the scope of our research. 

Chapter 2 described a detailed literature review to find the goals of doing this 

research. It offers general literature on the idea of solar air heaters with smooth plates and 

solar air heaters with roughened absorber plates, having various types of geometry used by 

numerous investigators and their associated models. Finally, research was conducted to 

analyze the performance of solar air heaters with Obtuse L roughness on their absorber 

plates with the assistance of ANSYS Fluent 2022 R1. 

Chapter 3 covered the materials and techniques used to analyze fluid flow from 

solar air heaters with smooth and roughened absorber plates. Additionally, in this chapter 

a variety of operational parameters including Reynolds number, roughness height, and 

roughness pitch are chosen for investigation. The study's context has included discussions 
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of the grid-independent test, solution methodology, and validation of the findings using 

the Dittus-Boelter for smooth plate solar air heater. 

Chapter 4 described the results from the CFD analysis of the solar air heater with 

an Obtuse-L roughened absorber plate. The outcomes include the impact on Nusselt 

number and friction factor of several operational parameters including Reynolds number, 

relative roughness height, and relative roughness pitch. The thermo-hydraulic performance 

parameter is finally contrasted for the obtuse L roughness profile. 

Chapter 5 summarized the data which highlights the benefit of the obtuse L 

roughness profile in solar air heater. The upcoming research directions are also covered in 

this chapter. 

Closer  

In this chapter, the importance of solar energy has been discussed. Additionally, 

different type of solar collector is discussed in this chapter. Various techniques to enhance 

the performance of solar collector have also been presented using different roughness 

geometries. Comparison of enhanced performance relative to smooth collector is also 

described.  



 

Literature

Review 
of 

Literature
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Chapter 2                                     REVIEW OF literature  

2.1    General 

         We are well aware that the low amount of heat transfer coefficient contributes to the 

low efficiency of solar air heaters. To enhance the thermal efficiency of solar air heaters, 

numerous studies have been carried out recently. We can use one of three approaches to 

deal with the problem of fluid flow and heat transmission in solar air heater. These 

approaches are:  

1.   Theoretical  

2.   Experimental 

3.   Computational fluid dynamics (CFD)  

2.2    Theoretical Approach-  

         Instead of being a true model, the mathematical model might be utilized to create a 

theoretical prediction. Differential equation sets are available for theoretical techniques. In 

order to monitor issues using a theoretical approach, several assumptions must be 

established. 

         Lewis (1975) showed the new approach that analyses the parameters that controlled 

the momentum transfer and heat transfer performance in a uniform channel flow. It is a 

novel efficiency parameter that is used to define the thermo-hydraulic performance of 

rough to smooth surfaces. The goal of this paper was to propose a method and design chart 

for analyzing and optimizing the thermo-hydraulic performance of rough surfaces in 

channels that use the equivalent hydraulic diameter concept. 

         Prasad and Saini (1988) researched the concert of wholly developed turbulent flow 

in the circular transverse wire rib roughness on to the absorber plate of solar air heater and 

expression for prediction of average Stanton number and average friction factor have 

developed. The Nusselt number had a mean deviation of 10.7 percent whereas the friction 

factor had a mean-variance of 6.3 percent. It has also been investigated how friction and 

heat transfer are impacted by roughness element height and pitch. It was discovered that as 

relative roughness height goes increases, the rate of heat transfer enhancement decreases, 

and the friction factor rises. On the other hand, as relative roughness pitch proceeds to 

increment, the rate of friction and heat transfer reduces.    
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         Cortis and Piacetini (1990) constructed a steady state mathematical model for a 

roughened collector solar air heater, a steady state mathematical model was constructed. 

Friction and heat transfer into the rectangular ducts with periodic disturbances were used 

to assess the impact of such disturbances on bare collector efficiency and pressure drop. It 

shows that produced outcomes over the study Improvement of efficiency of a bare solar 

collector, incorporating wire-type periodic disturbances on absorber plate allows for 

efficiency improvements of 9 to 55 percent. Pitch reduction improves efficiency by a 

small amount. The addition of barriers, on the other hand, increases the amount of air 

power required. For low air-flow values (Re < 35000), the perturbation can improve the 

efficiency of the bare collector. The disturbances must be minor, and the pitch must 

increase as the airflow increases. If the Reynolds number is high within the limit, the 

existence of a disturbance must result in a minimum radiation intensity (H > 600W/m2) for 

the performance to be improved. 

         Gupta et al. (1997) researched the effect of roughness on the thermal and hydraulic 

performance of roughened plate solar air heaters and compared with it to smooth solar air 

heaters. It has been determined what the best design and operation conditions are. Based 

on thermo-hydraulic considerations, it has been discovered that depending on the 

insolation, systems operating in a specific scale of Reynolds numbers have improved 

thermo-hydraulic performance. It discovered that for Reynolds values more than 10,000, 

the effective efficiency proceeds to increase as the insolation increases. The thermo-

hydraulic efficiency declines with increased insolation at lower Reynolds numbers (Re < 

10,000). It also found that with the increasing relative roughness height, the numerical 

value of the maximum effective efficiency is to found to decrease. Additionally, found 

that smooth solar air heaters perform better thermo-hydraulically, whereas roughened 

solar air heaters are thermo-hydraulically advantageous for lower Reynolds numbers, 

although the thermal efficiency of a roughened solar air heater may be higher than the 

smooth heater beyond a certain Reynolds number limiting value. The limiting Reynolds 

number has been determined to be between 13,000 and 19,000. The real value is 

determined by relative roughness height and amount of insolation. 

         Mittal et al. (2007) showed a comparison of the effective efficiency of solar air 

heaters with various roughness element geometry on absorber plates. Within the analyzed 

system parameters, the effective efficiency was determined by employing the friction 
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factor and heat transfer correlations developed by the various investigators. It was 

discovered that roughened ducts with various sorts of roughness elements improved the 

effective efficiency of solar air heaters significantly. The higher the Reynolds number, the 

better the effective efficiency of the solar air heater with inclined ribs as the roughness 

element. 

         Layek et al. (2007) proposed a mathematical model for simulating the entropy 

generation of chamfered rib-groove roughened absorber panel in a solar air heater. 

Roughness parameters like relative roughness pitch, relative roughness height, relative 

groove position, chamfer angle, and Reynolds number have a combined effect on heat 

transfer as well as fluid friction. It was discovered that as relative roughness height rises, 

entropy generation reduces. The minimum increase in entropy generation is shown by the 

configuration of relative roughness pitch of 6, relative groove position of 4, and 18o 

chamfer angle. 

         Gupta and Kaushik (2009) conducted the parametric analysis of metal mesh type 

artificial roughness in an absorber plate of a solar air heater and compared it with smooth 

duct Performance assessments were done using the terms Energy Augmentation Ratio, 

Effective Energy Augmentation Ratio, and Exergy Augmentation Ratio for the different 

values of Reynolds number and the roughness parameters of metal mesh roughness 

geometry in absorber plate of solar air heater duct. In order of EEAR, EAR, and EXAR, 

the augmentation ratios fall at a quicker rate with Re. It's also discovered that the 

augmentation ratio rises as duct depth and solar radiation intensity rise. For a bigger flow 

cross-section area of solar air heater duct, low Re range, and higher solar radiation 

intensity, the EXAR is greater than unity. For the low range of Re, EXAR increases with 

roughness height. 

         Singh et al. (2012) developed a mathematical model for forecasting the energetic 

efficiency of the solar air heater with a discrete V-down rib roughened absorber panel. The 

impact of Reynolds number and rib-roughness parameter on energetic efficiency was 

investigated. For Reynolds number ranges typically smaller than 18000, the exergy-based 

criterion suggests using a discrete V-down rib roughened solar air heater. A smooth flat-

plate solar air heater may be acceptable for Reynolds numbers more than 18,000. 

Exergetic efficiency may be negative with increasing Reynolds numbers. 
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         Karwa and Shrivastava (2013) carried out a mathematical model which is used to 

find the thermal performance of a V-down discrete rib roughness solar air heater. In the 

winter season of Western Rajasthan. The collector, which delivers heated air for space 

heating applications, is positioned at a 45o slope facing south and runs in a closed loop 

mode with incoming air at a fixed temperature of 295 K from confined space. The ambient 

temperature was from 278 to 288 K. The thermal efficiency of roughened duct air heater is 

6 to 26% higher than a smooth duct air heater, according to the findings.   

2.3    Practical Approach 

         Actual measurement is frequently the most dependable source of data on a physical 

process. Full-scale equipment can be used in an experimental manner to forecast how 

identical duplicates of the equipment would work under real-world situations. 

Comprehensive tests are costly, difficult, and frequently impossible. As an alternative, 

small-scale models can be used. However, the generated data must be extrapolated to the 

full-scale model. Small-scale models do not usually accurately represent all aspects of 

full-size equipment. As a result, the test results are less meaningful. The advantages of a 

practical approach are actual measurements of results and the ability to account for 

manufacturing errors in the results. Time-consuming and expensive setups are 

disadvantages; nonetheless, when a real prototype is available, a minimum of 3 to 5 

prototypes must be evaluated. It is important to remember that many conditions are 

challenging to measure and that measuring tools are not free of faults (Patankar 1980).  

         The testing methodologies for the thermal performance of solar collectors were 

detailed in a variety of standards. The ASHRAE Standard 93-77 is the most well-known. 

It generally uses to assess the efficiency of flat plate and concentrator solar collectors. For 

the purpose of the test measuring the following parameters is required: 

a) Global solar irradiation at the collector plate  

b) Diffuse solar irradiance at the collector aperture 

c) Airspeed above the collector aperture 

d) Ambient air temperature  

e) Fluid temperature at collector inlet  

f) Fluid temperature at collector outlet 

g) Fluid flow rate  
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         Because solar radiation is absorbed by the absorber plate, which is the primary heat 

transmission surface in a solar air heater, the solar air heater is modeled as a rectangular 

channel with one rough wall and three smooth walls. The next sub-sections go through the 

general arguments for several sorts of roughness geometries that have been explored 

experimentally by various investigators.  

         Varshney and Saini (1998) conducted experimental studies to determine the fluid 

flow properties of solar air heaters with a duct filled with wire mesh screen matrices. The 

investigations included a broad variety of wire mesh screen matrix geometrical 

characteristics like wire diameter, pitch, and a number of layers. For air moving through a 

bed of wire mesh screen matrix fill up in solar air heater duct in a cross-flow 

configuration, generalized correlations for friction factor and heat transfer coefficient have 

been derived. 

         Verma and Prasad (2000) carried out an outdoor experimental investigation for 

thermohydraulic optimization of the roughness and flow parameters for Transverse wire 

rib roughness of solar air heater. Reynolds number ranges from 5000 to 20000, relative 

roughness pitch ranges from 10 to 40 along with relative roughness height ranges from 

0.01 to 0.03 are taken into consideration as input parameters. The author detailed how the 

roughness of the transverse wire affected the heat and fluid flow properties of three 

rectangular surface air heater ducts, two of which had roughened collectors and one that 

had a plane surface. According to research, the ideal roughness Reynolds number is 24, 

and the ideal thermal-hydraulic performance is 71 percent at this value. For the parameters 

examined, it was discovered that the heat transfer enhancement factor varied from 1.25 to 

2.08.  

         Karwa et al. (2001) provide the findings of an experimental study of the 

performance of a solar air heater with a chamfered repeating rib-roughness on the absorber 

plate airflow side. With a 15° rib chamfer angle, the roughened portions had comparative 

roughness pitches of 4.58 and 7.09, respectively. For airflow duct depths of 16, 21.5, and 

21.8 mm with Reynolds numbers ranging from 3750 to 16350 whereas relative roughness 

heights for the three roughened plates used are 0.0441, 0.0256, and 0.0441, respectively. 

Due to the increment in Nusselt number, the study demonstrates a significant increase in 

thermal efficiency varies from 10 % to 40% over solar air heaters using smooth absorber 
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panels varies from 50 % to 120 %. Due to the rise in the friction factor, the increased 

thermal efficiency is followed by a significant increase in the pumping power needed 

from 80 % to 290 %. The solar air heater with roughness components with a high relative 

roughness height performs better at low flow rates, corresponding to the applications 

needing air at a high temperature. The relative gain in energy collection with increasing 

relative roughness height, however, is greater at high flow rates than the increase in 

pumping power. The net advantage is therefore greater at lower roughness heights. At 

greater flow rates, the smooth duct air heater offers better effective efficiency. 

         Karwa et al. (2001) investigated experimentally the outcome of the geometrical 

parameter of the V-shaped ribs on heat transfer and fluid flow characteristics of the 

rectangular duct of a solar air heater with an absorber plate with V-shaped ribs on its 

bottom. The experiment covered a Reynolds number range of 2500 to 18000, a relative 

roughness height range of 0.02 to 0.034, and a flow angle of attack range of 30o to 90o 

with a fixed relative pitch of 10. The outcomes were compared to those of a smooth duct 

under comparable flow conditions in order to gauge the improvement in friction factor. 

The following are some of the inferences that can be like with an increase in Reynolds 

number, the Nusselt number rises while the friction factor falls. This is owing to a distinct 

change in fluid flow characteristics caused by roughness, which generates flow 

separations, reattachments, and secondary flow generation. For an angle of attack of 60 

degrees, the highest increase in Nusselt number and friction factor as a result of artificial 

roughness was determined to be 2.30 and 2.83 times that of the smooth duct. It was 

discovered that the maximum values for both the Nusselt number and friction factor 

correlate to the same angle of attack. The thermo-hydraulic performance improves as the 

relative roughness height and angle of attack of flow increase, with a maximum of 60o. 

         Bhagoria et al. (2002) studied airflow in a rectangular duct with one roughened wall 

exposed to uniform heat flux and the other three smooth walls insulated. The flow in the 

duct of the solar air heater corresponds to these characteristics. The Reynolds number 

ranged from 3000 to 18000, with relative roughness heights ranging from 0.015 to 0.033 

and rib wedge angles of 8, 10, 12, and 15o in the experiment. The influence of various 

parameters on a heat transfer coefficient and a friction factor is compared to the outcome 

of a smooth duct with similar flow conditions. The main conclusions are as follows: For 

the set of parameters examined, the existence of ribs increases the Nusselt number by 2.4 



14 
 

                                                                                                                        Review of Literature… 

 
 

times and the friction factor by 5.3 times when compared to the smooth duct. When the 

relative roughness pitch is around 7.57, as the relative roughness pitch increases, the heat 

transfer is at its highest, yet the friction factor is decreasing. While the Nusselt number 

drops on either side of the wedge angle, the greatest increase in heat transfer occurs at a 

wedge angle of around 10°. The friction factor rises as the wedge angle does as well. 

         Mittle and Varshney (2006) were concerned with conducting thermo-hydraulic 

analyses on a solar air heater with a packed bed that has a conduit filled with blackened 

wire screen matrices with various geometrical properties (wire diameter and pitch). By 

deducting the primary energy required to produce the power required to pump air through 

the packed bed from the actual thermal energy gain, the thermo-hydraulic performance of 

solar air heaters are measured in terms of effective efficiency. A mathematical model is 

created to calculate effective efficiency based on the energy transfer mechanism in the 

bed. The numerous discoveries include the fact that wire mesh-packed solar air heaters are 

more effective than traditional smooth air heaters. It also discovered that the effective 

efficiency values closely match the thermal efficiency values for larger values of the 

temperature rise parameter, however, there is a noticeable discrepancy for lower values of 

the temperature rise parameter. 

         Sahu and Bhagoria (2005) carried out an experimental investigation to assess the 

heat transfer coefficient using 90o broken transverse ribs on the absorber plate of the solar 

air heater. The roughened wall was heated while the remaining three walls were insulated. 

The roughened wall features roughness with a pitch of 10–30 mm, a rib height of 1.5 mm, 

and an aspect ratio of 8 for the duct. The airflow rate is related to the Reynolds number, 

which ranges from 3000 to 12,000. To estimate the thermal efficiency of solar air heaters, 

the heat transfer results were compared to the smooth ducts with similar flow and thermal 

boundary conditions. The following results have been taken from this investigation: the 

Nusselt number grows across the Reynolds number range, reaches a maximum for 

roughness pitch of 20 mm, and then declines as roughness pitch increases. At low 

Reynolds numbers, the Nusselt number grows fast, then becomes constant or slightly 

increases in contrast to low Reynolds numbers. This also met our goal of using a solar 

collector with a low Reynolds number. The highest increase in heat transfer coefficient 

occurs at a pitch of roughly 20 mm, whereas the Nusselt number drops on either side of 
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this pitch. It was also discovered that a smooth duct performs better than an artificially 

roughened duct at low Reynolds numbers (below 5000). 

         Jaurker et al. (2006) investigated experimentally the friction characteristics and 

heat transfer of the rib-grooved artificial roughness on one heated wall of a large aspect 

ratio duct and it was discovered that the Nusselt number can be increased beyond that of 

the ribbed duct while taking the friction factor enhancement low. The Reynolds number 

varied from 3000 to 21,000, the relative roughness height was 0.0181 to 0.0363, the 

relative roughness pitch was 4.5 to 10, and the groove position to pitch ratio was 0.3 to 

0.7. The following are the main conclusions that have been taken in the range of 

parameters studied, the presence of rib grooved artificial roughness increases the Nusselt 

number up to 2.7 times and the friction factor up to 3.6 times when compared to a smooth 

duct. For a relative roughness pitch of roughly 6.0, the maximum heat transmission 

occurs, and it decreases on both sides of the relative roughness pitch, with a similar trend 

for friction factor. The rib-grooved arrangement is proven to have the best thermo-

hydraulic performance and can thus be used for heat transfer enhancement. 

         Layek et al. (2007) quantitatively investigated the creation of entropy in a solar air 

heater duct with repeated transverse chamfered rib–grooved roughness on one of the large 

walls. Fluid friction and heat transfer are affected by roughness characteristics such as 

relative roughness pitch, relative roughness height, relative groove location, chamfer 

angle, and flow Reynolds number. The effect of the roughness parameter on the creation 

of entropy is investigated. It was discovered that as relative roughness height increases, 

the entropy generation reduces. The entropy generation is lowest when the relative 

roughness pitch is 6, the relative groove position is 0.4, and the chamfer angle is 18o. 

         Varun et al. (2008) used a combination of transverse and inclined ribs on the 

absorber plate of a solar air heater, an experimental inquiry was carried out to evaluate the 

heat transmission and friction characteristics. The Reynolds number ranged from 2000 to 

14000, the relative roughness pitch was 3–8, and the relative roughness height was 0.030 

in an experimental study. In this study, the effect of these factors on the friction factor and 

friction factor is explored, and Nusselt number and friction factor correlations are created 

within practical ranges. It is found that the geometry with the highest thermal efficiency is 

the one with a relative roughness pitch of 8. The thermal performance of a roughened solar 
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air heater has been determined analytically. It is observed that the proposed approach can 

be used to accurately anticipate the performance of solar air heaters.  

         Saini and Saini (2008) conducted an experimental study to improve the heat transfer 

coefficient of solar air heater with roughened air duct and an artificial roughness element 

in the form of an arc shape parallel wire with Reynolds numbers ranging from 2000 to 

17000. It has been determined that giving arc-shape parallel wire geometry as artificial 

roughness with solar air duct results in an increase in heat transfer coefficient. The largest 

Nusselt number enhancement was 3.80 times, which corresponds to a relative arc angle of 

0.3333 at a relative roughness height of 0.0422. The increase in friction factor 

corresponding to these parameters, on the other hand, has only been recorded 1.75 times. 

         Saini and Verma (2008) investigated experimental research of roughness and 

operating parameters on heat transfer and friction factor in a roughened duct with dimple-

shape roughness geometry. The Reynolds number ranged from 2000 to 12,000, the 

relative roughness height from 0.018 to 0.037, and the relative pitch from 8 to 12. The 

optimum value of the Nusselt number was discovered to correspond to a relative 

roughness height of 0.0379 and a relative pitch of 10. The friction factor's minimal value 

corresponds to a relative roughness height of 0.0289 and a relative pitch of 10. As a result, 

the geometry's roughness characteristics can be chosen based on the net heat gain and 

corresponding power required to move air through the duct.  

         Aharwal et al. (2009) present an experimental study of heat transfer and friction 

properties of solar air heater duct with integral repeating discrete heat transfer. The 

absorber plate has square ribs. The impact of geometrical features, particularly gap width 

and gap position, has been studied. The width-to-height ratio of the roughened duct is 

5.83. The kinship the relative gap position and relative gap width have varied from 0.16 to 

0.5 and 0.5–2.0, respectively. Experiments were conducted for Reynolds numbers ranging 

from 3000 to 18,000, with relative roughness pitch ranging from 4 to 10, relative 

roughness height ranging from 0.018 to 0.037, and angle of attack ranging from 30o to 90o. 

This research leads to the following conclusion: For the range of parameters studied, the 

rib-roughened surface gives an increase in the friction factor and Nusselt number of 

roughly 2.83 and 3.60 times, respectively, when compared to the smooth surface. For the 

relative roughness pitch of 8.0, angle of attack of 60o, and relative roughness height of 
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0.037, the highest heat transfer enhancement occurs at the relative gap position of 0.25 

with the relative gap width of 1.0. For discrete transverse ribs with a relative roughness 

pitch of 8.0, the friction factor reaches its maximum value. 

         Karmare and Tikekar (2009) provide the findings of an experimental study of 

roughened solar air heater with metal rib grits thermo hydraulic performance. This 

research leads to the following conclusion: At low Reynolds numbers, the rate of growth 

of usable energy gain is substantially larger, but it is slightly lower at higher Reynolds 

numbers. However, the rate of increase in power consumption is modest in the lower 

Reynolds number range and grows at a reasonably fast rate as the Reynolds number rises. 

For a given roughness configuration, there is an optimum operating condition where the 

effective efficiency is highest for a given Reynolds number. The maximum value of 

effective efficiency shifts to a higher Reynolds number as the value of insolation rises. As 

a result, the flow should be adjusted to a Reynolds number in order to ensure the highest 

effective efficiency for that value of insolation. As the wedge angle increases, the friction 

factor rises. 

         Kumar et al. (2009) carried out an experimental investigation to study the friction 

characteristics and friction characteristics in solar air heaters Using discrete W-shape 

roughness on one wall of a solar air heater with an aspect ratio of 8:1. The roughened wall 

was heated while the remaining three walls were insulated. The Reynolds number ranged 

from 3000 to 15,000, the relative roughness height was 0.0168 to 0.0338, the relative 

roughness pitch was 10, and the angle of attack was 30o to 75o. It was discovered that the 

rate of increase of Nusselt number with an increase in Reynolds number is lower than the 

rate of increase of friction factor. For an angle of attack of 60 degrees, the highest increase 

in Nusselt number and friction factor as a result of artificial roughness was determined to 

be 2.16 and 2.75 times that of the smooth duct. It was discovered that the maximum values 

of both the Nusselt number and the friction factor correlate to the same angle of attack. It 

appeared that flow separation and secondary flow caused by discrete W-shaped ribs, as 

well as the movement of the associated vortices, combine to produce an optimal angle of 

attack. 

         Bopche and Tandale (2009) carried out an experiment to examine the friction factor 

and friction factor of Artificial roughness in the form of specifically constructed inverted 
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U-shaped turbulators on the absorber surface of a solar air heater. The roughened wall is 

heated uniformly, while the other three walls are insulated.  The Reynolds number ranged 

from 3800 to 18000 in the experiment. The following results have been drawn Roughness 

pitch has a significant impact on the flow pattern and, as a result, the duct's performance 

increases. Even at a low Reynolds number like less than 5000, when ribs are inefficient, 

the turbulator geometry demonstrates a significant heat transfer increase. The highest 

increase in Nusselt number and friction factor for Reynolds number 3800 is on the order 

of 2.388 and 2.50, respectively. The maximum Nusselt number and friction factor 

enhancements over smooth duct at a pitch of roughly 10 mm and turbulator tip height of 

1.5 mm are on the order of 2.82 and 3.72, respectively. Turbulences generated only in the 

viscous sub-layer region of the boundary layer result in improved thermo-hydraulic 

performance, i.e., maximum heat transfer enhancement with minimal friction penalty. 

         Kumar et al. (2009) provides the findings of an experimental study of heat transfer 

and friction in airflow in a rectangular duct with several V-shaped ribs and gap roughness 

on one broad wall. Relative gap distance values of 0.24 to 0.80, relative gap width values 

of 0.5 to 1.5, relative roughness height values of 0.022 to 0.043, related roughness pitch 

values of 6 to 12, relative roughness width ratio values of 1 to 10, angle of attack range of 

30 to 75 were all investigated. The following are the main conclusions the presence of a 

multi-V-shaped rib with gap artificial roughness increases the Nusselt number up to 6.74 

times and the friction factor up to 6.37 times when compared to a smooth duct. For multi-

V-shaped with gap rib, the Nusselt number and friction factor are higher than for 

continuous multi-V-shaped rib. For multi-V-shaped with gap rib and relative roughness 

width of 10, the friction factor reaches its maximum value. 

         Hans et al. (2010) performed an experimental investigation into the effect of 

multiple v-rib roughnesses on heat transfer coefficient and friction factor in a solar air 

heater duct that has been intentionally roughened. The Reynolds number was varied from 

2000 to 20000, relative roughness height values were varied from 0.019 to 0.043, relative 

roughness pitch was varied from 6 to 12, angle of attack was varied from 30o to 75o, and 

relative roughness breadth was varied from 1 to 10. For the number of parameters 

investigated, the greatest increase in friction factor and Nusselt number due to the 

existence of such an artificial roughness was found to be 6 and 5 times, respectively, in 

contrast to the smooth duct. Maximum heat transfer enhancement is obtained at a relative 
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roughness width of 6, whereas the maximum friction factor is found at a relative 

roughness width of 10. It was also discovered that the Nusselt number and friction factor 

reach their maximum values at an angle of attack of 60o. The maximum increase in 

Nusselt number and friction factor was recorded when relative roughness pitch was set to 

8, and Nusselt number and friction factor increased monotonically as relative roughness 

height increased. 

         Lanjewar et al. (2011) investigated experimentally the thermo-hydraulic 

performance of a solar air heater with W-shaped ribs on the absorber plate, with the 

roughened wall being heated and the remaining three walls being insulated. The flow has 

been tested with W-shaped ribs pointing both downstream (W-down) and upstream (W-

up). The airflow rate is proportional to the Reynolds number, which ranges from 2300 to 

14000. W-down ribs have a maximum thermo-hydraulic ratio of 1.95, whereas W-up ribs 

have a maximum of 1.73. The w-down rib arrangement provides superior heat 

transmission performance than W-up rib arrangement based on thermo-hydraulic 

performance. 

         Singh et al. (2012) proposed a mathematical model for forecasting the exergetic 

efficiency of a discrete V-down rib roughened absorber plate solar air heater. Reynolds 

number and rib-roughness factors effects on exergetic efficiency are investigated. For 

Reynolds number range commonly employed in solar air heaters, i.e. for Reynolds 

numbers less than 18,000, the exergy-based criterion supports using the discrete V-down 

rib roughened solar air heater. The flat plate solar air heater is appropriate for Reynolds 

numbers greater than 18,000. The exergetic efficiency may be negative at higher Reynolds 

numbers when the exergy of pump work required surpasses the exergy of heat energy 

received by the solar air heater.  

         Sethi et al. (2012) investigated experimentally the influence of artificial roughness 

on heat transfer and friction characteristics in a solar air heater duct with dimple-shaped 

components organized in angular fashion (arc) as roughness elements on the absorber 

plate for a variety of system and operational parameters. The aspect ratio of the duct is 11, 

the relative roughness pitch is 10 to 20, the relative roughness height is 0.021 to 0.036, the 

arc angle is 45o to 75o and the Reynolds number is 3600 to 18000. It has been determined 

that the Nusselt number rises while the friction factor falls as the Reynolds number rises. 
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When compared to smooth surfaces, the friction factor and Nusselt number are larger. The 

greatest Nusselt number was discovered to correspond to 0.036 relative roughness height, 

10 relative roughness pitch, and 60o arc angle. 

         Ravi and Saini (2016) investigated experimental research on the effect of roughness 

on the Thermo hydraulic performance of double pass duct with discrete multi-V-shaped. 

The Reynolds number (Re) values used in the investigation ranged from 2000 to 20000. 

According to the findings, the heat transfer rate through the solar air heater double pass 

channel has been found to be greatly boosted. However, when compared to a single pass 

flow, the increase in pressure loss is equally large. The Nusselt number and friction factor 

are found to be major determinants of roughness characteristics. The Maximum Nusselt 

number ratio and friction factor ratio were found to be 3.4 and 2.5, respectively. 

         Gabhane and Patil (2017) conducted an experiment on thermal and hydraulic 

performance of a Double pass flow Solar Air Heater roughened with numerous C-shape 

ribs. For varied rib geometries with diverse pitch distance, angle of attack, Reynolds 

number and three rib angles were used. The following conclusion was reached like double 

flow over a single flow setup, the Solar Air Heater performs better. The use of multiple C-

shape arrangements on both sides of the absorber allows for higher heat transfer than 

scattered C-shape roughness. The experiment uses three roughness angles and five pitch 

distances. In other words, fifteen roughness models were investigated. For a relative 

roughness pitch of 24, a roughness angle of 90oC, and a Reynolds number of 15000, 

maximum Nusselt number were 415. The Nusselt number, friction factor, Stanton number, 

and thermo hydraulic performance parameter all have statistical correlations that offer 

maximum average variances of less than 12% with reasonable precision. 

         Komolafe et al. (2019) presented experimental research and thermal analysis of 

rectangular roughness on the absorber plate of the solar air heater. The solar air heater that 

was utilized in the experiment was made locally. During the daytime hours of 9:00–18:00 

h operation, the highest solar radiation intensity, ambient, and solar air heater temperatures 

were 827.87 W/m2, 33.77oC, and 112 °C respectively. The solar air heater's simulated 

maximum and minimum temperatures were 127oC and 21 oC, respectively with the 

experimental results of 112oC and 20oC.  
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2.4    Computational Fluid Dynamics (CFD) Approach 

         Computational fluid dynamics (CFD) is the science of prognosticating fluid flow, 

heat and mass transfer, chemical reactions, and related phenomena. To prognosticate these 

phenomena, CFD solves the NAVIER-STROKE equation for the conservation of mass, 

momentum, and energy. 

         CFD is used in all stages of the engineering process: 

a) Conceptual studies of new design  

b) Detailed product development 

c) Optimization troubleshooting 

d) Redesign  

   CFD analysis complements testing and experimentation by reducing the total effort 

and cost required for experimentation and data acquisition.   

   Chaube et al. (2006) performed a computational study of heat transfer due to 

roughness in the form of ribs, heated wall of the rectangular duct for turbulent flow. Using 

commercially available CFD software, FLUENT 6.1, a 2D analysis of heat transfer and 

fluid flow through a rectangular duct of an artificially roughened solar air heater was 

performed. CFD analysis was performed on an artificially roughened solar air heater with 

ten different rib shapes, including rectangular, square, chamfered and triangular and so on. 

The SST K-ω turbulence model for shear stress transport was chosen by comparing the 

predictions of other turbulence models with experimental data. The range of Reynolds 

numbers is 3000 to 20000, which is essential in solar air heaters. The following findings 

are derived based on the current analysis like when compared to 3D models; the 2D 

analytical model produces results that are closer to those obtained experimentally. In 

comparison to 2D models, 3D models take significantly more memory and computing 

effort. As a result, it is sufficient to use a simplified 2D model that requires less memory 

and processing time. Chamfered ribs provide the best heat transfer, although rectangular 

ribs of size 3*5 mm provide the optimum performance index. The reattachment sites are 

where local heat transfer peaks. In the inter-rib regions, the turbulence intensity is highest 

at the crest of the local heat transfer coefficient. 
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         Kumar and Saini (2009) investigated the performance of solar air heater ducts with 

artificial roughness in form of thin circular wire in arc-shaped geometry using 

Computational Fluid Dynamics. Three-dimensional models were used to analyze the heat 

transmission and flow of the chosen roughness element. On the absorber plate, ribs were 

added, while the opposite side of the duct was left smooth. The commercial CFD code 

FLUENT 6.3.26 was used for simulation. The range of Reynolds numbers is 6000 to 

18000 and solar radiation of 1000 W/m2 has been taken. For the analysis, various 

turbulence models were used, and the results were compared. The results of the k- ε model 

based on renormalization-group (RNG) have been found to be in good agreement, and this 

model is now utilized to predict heat transfer and friction factors in the duct. For an overall 

enhancement ratio of 1.7 was observed corresponding to a relative arc angle of 0.333 and 

a relative roughness height of 0.0426. 

         Karmare and Tikekar (2010) investigated the heat transmission and fluid flow in a 

rectangular duct with metal grit ribs used as roughness components on one broad wall of a 

solar air heater using Computational Fluid Dynamics (CFD). Commercial CFD code 

FLUENT 6.2.16 was used as a solver. Standard k- ε turbulence model was used to 

simulate. The same Reynolds number was tested on circular, triangular, and square rib 

grits with angles of attack of 54o, 56o, 58o, 60o, and 62o. Consistent heat flux is applied to 

the broad wall. The Reynolds number range of 3600 to 17000 is maintained. The author 

found that the rate of heat transmission from the absorber plate to the flowing air is 

improved by artificial roughness on the underside of the absorber plate of the solar air 

heater. Among the many shapes and orientations investigated, the absorber plate with a 

square cross-section rib with a 58o angle of attack produces the best results. The heat 

transmission efficiency of the 58o rib inclination plate is found to be around 30% higher 

than that of the smooth plate. As a result, this sort of surface roughness plate is 

recommended for usage in solar air heaters. 

         Yadav and Bhagoria (2013) carried out a computational fluid dynamics analysis to 

pick the optimal turbulence model for the design of a solar air heater. Fluid flow through a 

traditional solar air heater is simulated using the current CFD code ANSYS FLUENT 

v12.1. It is assumed that the flow is two-dimensional. The effects of five different 

turbulence models on the quality of the obtained results are investigated: Standard k– ε 

turbulence model, Realizable k– ε turbulence model, Renormalization-Group (RNG) k– ε 
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turbulence model, Standard k– ω turbulence model, and Shear Stress Transport (SST) k– 

ω turbulence model. The Renormalization-Group k– ε model appears to produce the best 

results for two-dimensional flows through a standard solar air heater, according to the 

calculations. 

         Yadav and Bhagoria (2014) investigated heat transfer of fully developed turbulent 

flow in a rectangular duct with repeated transverse square sectioned rib roughness on the 

absorber plate. To model turbulent airflow through an intentionally roughened solar air 

heater, the commercial finite-volume CFD code ANSYS FLUENT version 12.1 is 

employed. The Navier-Stokes equations and the energy equation are solved using the 

RNG k- ε turbulence model with a low Reynolds number. Twelve different square 

sectioned rib configurations (relative roughness pitch: 7.14 to 35.71 and relative roughness 

height: 0.021 to 0.042) were examined. The duct's flow Reynolds number ranged from 

3800 to 18,000, making it ideal for solar air heaters. The following are some of the study's 

key findings. For a relative roughness pitch of 7.14 and a relative roughness height of 

0.042, the highest enhancement of the average Nusselt number was determined to be 2.86 

times that of the smooth duct. At a Reynolds number of 15000, the average Nusselt 

number increases to its maximum. The value of the thermo-hydraulic performance 

parameter varies between 1.22 and 1.88. 

        Premanik et al. (2017) investigated the Computational Fluid Dynamics simulation of 

heat transmission and friction characteristics in a rectangular duct of a solar air heater with 

isosceles right triangle rib shape on the absorber plate. The roughness has been positioned 

so that the hypotenuse is facing the flow direction. Reynolds number, roughness height, 

and roughness pitch were chosen as the study's design parameters. Renormalization group 

(RNG) k- ε is the turbulence model used in CFD solutions. At roughness pitches of 5mm, 

10mm, 15mm, and 20mm, roughness heights of 0.5mm, 1.0mm, and 1.5mm are chosen. 

For a relative roughness pitch of 5 and a relative roughness height of 0.03, the best 

thermo-hydraulic performance is obtained. In comparison to a smooth plate, the maximum 

increase in friction factor was 3.45 times. 

         Mahanand and Senapati (2020) investigated heat transfers and flow fields in solar 

air heater ducts with transverse inverted-T-shaped ribs. Considering a fixed value of 

relative roughness height of 0.042, the relative roughness pitch and Reynolds number are 
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varied from 7.14 to 17.86 and 3800 to 18,000, respectively. The study uses a two-

dimensional computational domain in which an aluminum absorber plate is subjected to a 

constant and uniform heat flux of 1000 W/m2. The RNG k- ε model with increased wall 

treatment is the most widely acknowledged turbulence model. At Reynolds, number 

15,000, the greatest Nusselt number enhancement ratio with relative roughness pitch of 

7.14, and maximum Nusselt number are roughly 2.747 times of the smooth duct. At 

Reynolds number 15,000, Thermal Enhancement Factor was 1.86 for a relative roughness 

pitch of 7.14 and a relative roughness height of 0.042. 

         Kumar et al. (2021) conducted numerical research in order to improve the thermal 

performance of the Solar Air Heater using an artificial rough absorber plate. The forward 

and backward trapezoidal rough ribs, as well as a polygonal transfer rib, were chosen for 

simulation study using ANSYS Fluent version 13.0. To anticipate the augmentation, the 

Renormalization k- ε model was chosen. The analysis looked at the performance of the 

proposed rib's Nusselt number and friction factor at Reynolds numbers ranging from 3800 

to 18000. The results show that a polygonal rib shape with a relative roughness pitch of 

3.33 produces a higher Nusselt number and a steady decrease in the Reynolds number 

18000 friction factor. In the backward trapezoidal rib, the thermal-hydraulic performance 

parameter reached a maximum of 1.89 in a relative roughness pitch of 10 & relative 

roughness height of 0.06 at a Reynolds number of 15000. 

         Haldar et al. (2022) investigated computational fluid dynamics simulation of solar 

air heater with generated wave roughness using ANSYS FLUENT software. Twelve type 

of wavy surfaces with rib heights of 0.7 mm, 1 mm, and 1.4 mm and pitch of 10mm, 

15mm, 20mm, and 25 mm were investigated for roughness elements. The related 

differential equations were solved using a finite volume approach on a 2D computational 

domain. The RNG k- ε turbulence model with increased wall function is being used to 

solve the transport equations for turbulent flow and energy dissipation rate, for a 1000 

W/m2 uniform heat flow. The THPP maxima for all geometries (pitch and rib height) are 

usually around the Re value of 12000 for all geometries. The highest THPP value is found 

for geometry with a relative roughness pitch of 21.43, a relative roughness height of 0.021, 

and a Re of 12000. The greatest THPP value is found to be 1.96. 
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Kalpana et al. (2022) performed a theoretical and practical study to evaluate the 

efficiency of heat transmission and pressure drop in a double-pass solar air heater with 

arc-shaped roughness. Investigations are conducted for Reynolds numbers between 3000 

and 12,000, relative roughness pitches between 8 and 12, relative roughness heights 

between 0.043 and 0.0433, and an angle of attack 0.3333. Different performance metrics, 

including Nusselt number, friction factor, and thermal performance parameter have been 

examined. For Reynolds number of 11,283 and relative roughness pitch of 8 and relative 

roughness height of 0.0433, the increment in the Nusselt number for the rough double-

pass solar air heater is achieved as 1.7 times that of the smooth double-pass solar air 

heater. For this thermal performance factor produced as 1.4. 

After reading the literature study, it appears that L-profile and Inverted-T profiles 

produce excellent results, however there is a concern with heat accumulation that can be 

solved by giving an angle to the L shape. This modification may result less heat 

accumulation, reduce the pressure drop and better heat transfer. For that thermohydraulic 

performance parameter (THPP) can increase. 

2.5      Objectives of Present Work.  

In light of the foregoing, the investigation uses ANSYS to analyze the features of 

fluid flow along with heat transfer with the following specific goals like performance 

analysis of solar air heater with intentionally roughened surface based on CFD. Also 

examine the effectiveness of a solar air heater that has been intentionally roughened by 

adjusting the Reynolds number, flow direction, and roughness pitch and recommending 

ideal parameters for designers. 

Closer 

In this chapter, work done by the previous investigator has been thoroughly 

discussed. On the basis of literature survey, literature gap was observed which forms the 

basis of present study. And at last objective of present work has been mentioned.   



 

Materials                              

Methods

Materials                              
and                           

Methods 

Materials                              
and                           
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Chapter 3                                    MATERIALS AND METHODS             

3.1      General 

           The convective heat transfer coefficient and friction factor must be examined in 

order to analyze the impact of artificially created obtuse- L roughness on the collector 

plate of the Solar air heater. From this, we can find out the hydraulic effectiveness of the 

solar air heater. Generally, our motive is to increase heat transfer between collector plate 

to fluid medium and reduces the pressure drop and this helps to get optimum hydraulic 

effectiveness of the solar air heater.  

           This study attempted to examine the aforementioned parameters on various 

geometries using computational fluid dynamics (CFD). To more thoroughly analyze of 

temperature and flow conditions, the finite volume method is used. The CFD simulations 

were performed using ANSYS FLUENT software, which is available for purchase. 

Numerous physical laws and transport equations are used to solve the physics of the 

condition because CFD is the most accepted tool for the analysis of many different 

problems. These solutions are then further validated using previously published work and 

accepted empirical relations to ensure the model's accuracy. The outcomes are discovered 

to be in strong accord with the earlier papers reported. The following sections provide 

further details on the analysis's methodology. 

3.2      Computational fluid dynamics (CFD) Methodology 

           The naiver-Stokes equation is the basis of all computational fluid dynamics (CFD) 

problems. The enormous potential of CFD made it very helpful in analyzing and 

researching. It also has a larger impact by reducing costs and time with respect to 

experimental investigations, which need more resources, time, money, and effort to test 

under the same settings. CFD has made significant progress in the study of solar air 

heaters during the past few decades. The phases are detailed in the CFD technique flow 

chart, which is seen in Fig. 3.1. The computational domain has three zones: 

I. Inlet section 

II. Test section  

III.  Outlet section   
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Fig. 3.1 Solar air heater with smooth absorber plate 

           The dimensions of geometry have been selected in accordance with ASHRAE 

Standard 93, 2003, which specifies the test procedures for steady-state or quasi-steady-

state thermal performance testing. The fundamental justification for running the test in 

steady-state settings is to avoid transitory impacts that might exaggerate the measured 

performance of a collection. The Fig. 3.2 presents the 3-D design of solar air heater. The 

following set of steady-state requirements is taken directly from the Standard's strict 

definitions: 

a) Solar irradiance: According to ASHRAE 93-2003, a surface's globally averaged 

sun irradiance must be at least 790 W/m2 to be normal to the direct beam radiation. 

On the collection plane, a solar irradiance fluctuation of no more than ±32 W/m2 is 

permitted.                

b) Ambient Temperature: For all data periods, the variation of ambient 

temperature must be less than 30°C. 

c) Flow Rate:  For all data points, the flow rate of the heat transfer fluid is constant. 

For a liquid fluid, a mass flow rate with an aperture area of 0.02 kg/s-m is advised. 

The flow rate must be kept constant within 0.000315 liters per second at the 

optimum flow rate. 

d) Inlet Temperature: According to ASHRAE 93-2003, the input temperature during 

the test must be constant within +1°C or +1.8°F and it should be controlled within 

±0.05°C or ±0.09°F. 
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Fig. 3.2 3-D design of solar air heater with roughened absorber plate 

3.2.1   Designing of model   

           The geometry of the selected obtuse- L roughness is shown in Fig. 3.3. The lower 

side of the absorber plate features an obtuse-L roughness as present in Fig. 3.4. There are 

three different types of roughness. The first kind is obtuse-L roughness shown in Fig. 3.5. 

The second type is opposite obtuse-L roughness as shown in Fig. 3.6, while the third type 

combines the first two in Fig. 3.7 so a total of 3 designs are there. Pitch samples were 

taken in four different sizes (10mm, 15mm, 20mm and 25mm) with 6 Reynolds numbers 

ranging from 3800 to 18000 so a total of 72 design parameters are taken into 

consideration. 

Fig. 3.3 Obtuse -L roughness profile  
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Fig. 3.4 Solar air heater having Obtuse-L roughness 

           (a)                             (b)                                  (c)                                  (d) 

Fig. 3.5   1st design parameters (a) 10mm pitch (b) 15mm pitch (c) 20mm pitch   

(d) 25mm pitch  

           (a)                             (b)                                  (c)                                  (d) 

Fig. 3.6   2st design parameters (a) 10mm pitch (b) 15mm pitch (c) 20mm pitch   

(d) 25mm pitch  

               (a)                             (b)                                  (c)                                  (d) 

Fig. 3.7   3rd design parameters (a) 10mm pitch (b) 15mm pitch (c) 20mm pitch   

(d) 25mm pitch  

Table 3.1 consist of all the details regarding type of design, direction of flow and 

geometrical parameters (Roughness pitch, Reynolds number and Roughness angle) which 

are used as input to the software.  
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Table 3.1 Flow and geometrical parameters  

S.No. Type of 
Design 

Desigh if 
roughness 

Roughness 
Pitch 

Reynolds 
number 

Roughness 
angle 

1. Design-1 Obtuse-L   
10 mm, 15 mm, 
20 mm, 25 mm 

 
3800, 5000, 
8000, 12000, 
15000, 18000 

 
165o 

2. Design-2 Opposite obtuse-L 

3. Design-3 Combination of 
both designs 

Air is the chosen fluid for examination, and aluminum is used as the collector plate 

of the solar air heater.  The thermo-physical characteristics of the chosen materials as 

entered the ANSYS FLUENT solver are compiled in Table 3.2 for the entire simulation 

set. 

Table 3.2 Thermo- physical properties of the materials   

 K 
 (Thermal 

conductivity) 
(W/m-K) 

Cp or C  
(Specific heat) 

(J/Kg-K) 

ρ 
(Density) 
(Kg/m3) 

µ 
 (Dynamic 
viscosity) 
(Kg/m-s) 

Aluminum 202.4 871 2719 - 

Air 0.0262 1007 1.117 1.857×10-5 

3.2.2   Grid Generation 

           The geometry was meshed, and a grid was generated using ANSYS ICEM. A two-

dimensional quad mesh was generated as shown in Fig. 3.8. The smoothness was retained 

at a high level. Default value has been taken for growth rate and normal angle as 1.010 

and 18° respectively.  With a growth rate of 1.010, the default curvature normal angle was 

maintained at 18°. The transition ratio has been taken as 0.272. The skewness 

factor, aspect ratio, warp angle, Jacobian and orthogonal quality of the mesh parameters, 

which were maintained within desirable limits, are explained and presented on Table 3.3 

in the following subsections. 

Fig. 3.8 Meshing of Obtuse-L roughness solar air heater 
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a) Skewness factor: It is the angular measurement of the cell. 0 has been taken as the 

perfect skewness value. 

b) Aspect ratio: It is the ratio of minimum element edge length to maximum element 

edge length. The aspect ratio range is taken between 0 to 5. Value 0 is always taken as a 

recommendation and 5 is taken as the worst.  

c) Orthogonal quality: It is another crucial cell characteristic on which convergence 

depends. In this, 1 stand for the highest-quality cell, and 0 for the lowest-quality cell. 

d) Warp angle: Warp angle generally tells us whether all the elements are present on 

the same plane or not. 0o warp angle taken an ideal and less than 10o is acceptable. 

e) Jacobian: Jacobian generally tells us by how much percentage our element is 

matching with an ideal mash. The ideal value of Jacobian is 1 and it is accepted as less 

than 0.6. 

Table 3.3 Meshing parameters                                                                                                                              

S. No.  Parameters Values Range Preferred value 

1. No. of elements 348797 - - 

2. Element size 0.2 mm - - 

3. Element Quality 0.99995 0 to 1  1 

4. Aspect Ratio 2.8552 0 to 5 0 

5. Jacobian 1 0 to 1 1 

6. Warping factor 0 0 to 1 0 

7. Skewness 0.78333 0 to 1 1 

8. Orthogonal Quality 1 0 to 1 1 

3.2.3  Grid Independence Test 

Grid independence testing must also be done in addition to mesh quality checks in 

order to get more accurate findings as we reduce the cell size. The difference between the 

values must be taken into account during the grid independence test. When variations 

between the values become less than 1% then we have to stop more refined mesh. It is the 

most important test for getting the optimum size of the mesh.  

                                % Variation = ቂ 
୔୰ୣ୴୧୭୳ୱ ୴ୟ୪୳ୣ ି ୖୣୡୣ୬୲ ୴ୟ୪୳ୣ

୔୰ୣ୴୧୭୳ୱ ୴ୟ୪୳ୣ
 ቃ × 100                      
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The grid Independence Test for artificial roughness with design-1 and pitch is 

10 mm at 18000 is presented in Table 3.4. It demonstrates unequivocally that there is little 

variance in the Nusselt number and friction factor values after 348797 elements. Thus, 

348797 items were chosen for the study. The components in each configuration in the 

current analysis range from 400000 to 500000, depending on the pitch and roughness 

direction. There are 12 sets of geometries on which this parameter has been taken.  

Table 3.4 Grid Independence Test 

3.2.4  Fluent Setup 

During CFD simulations, ANSYS FLUENT is utilized to solve the equations. It 

contains too many numbers of governing equations. The mesh file is imported by the 

ANSYS FLUENT when meshing is completed in ANSYS ICEM (Integrated Computer-

aided Engineering and Manufacturing).   The problem setup, solution, and results are the 

three sections of the ANSYS FLUENT.  The general, model, material, cell zone condition, 

boundary conditions, dynamic mesh, and reference values are all included in the problem 

setup. While solution consists of calculation activities, calculation module, solution 

initialization, solution controls, and solution methods. Finally, the graphics and 

animations, charts, and reports modules are listed under the results tab. There are some 

important setup tabs we have while going through ANSYS FLUENT. 

a) General tab: It contains a mash check, from where we can check the mash 

parameter. Here we also have two types of solvers. These are Pressure based and density 

based.  Pressure-based is used where the speed of the fluid is less than 1.3 Mach number 

and density based is used when the speed of the fluid is more than 1.3 Mach number. It 

S. 

No. 

Number of 

Elements 

Nusselt 

Number (CFD) 

% 

Variation in 

Nu 

Friction 

Factor (CFD) 

% Variation 

in f 

1. 18560 63.04819 - 0.012107 - 

2. 62714 70.94818 12.53008215 0.010836 -10.49805897 

3. 94365 72.54717 2.253743507 0.010116 -6.644518272 

4. 160497 73.60214 1.454184912 0.009987 -1.275207592 

5. 225970 74.41611 1.105905345 0.009857 -1.3016922 

6. 348797 74.91802 0.674464172 0.009877 0.202901491 
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also has two types of velocity formulation. These are absolute and Relative. Absolute is 

used where the fluid is flowing and Relative is used where both domain and fluid are 

flowing. It also has 2 types of times. These are Steady and Transient steady state is taken 

where flow and flow characteristic does not change with respect to time whereas Transient 

is taken where flow and flow characteristic changes with respect to time.  

b) Models tab: In the model tab we have to on the energy equation. An energy 

equation is used where there is heat transfer. There are various turbulence models 

available for simulating physiological problems, however, the optimal model for a 

particular issue must be chosen. The model must support the observed physical 

phenomena and the most appropriate model must be chosen, one that produces findings 

that are more similar to the experimental data. The physics of the phenomenon is better 

justified when there is a closer agreement with the experimental data. The same turbulence 

model that was used in Yadav and Bhagoria's (2014) study to validate it, k-ɛ RNG 

Enhanced wall treatment, is employed in this study as well since it adequately justifies the 

physical fact that Yadav and Bhagoria (2014) took into account when choosing their 

turbulence model. Figs 3.9 and 3.10 display the model selection in ANSYS FLUENT. 

Fig. 3.9 Interface the models tab in ANSYS FLUENT 
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Fig. 3.10 Interface of selecting the perfect model 

The Navier-Stokes equation, the Two-Dimensional continuity equation, and energy 

conservation are the three equations that govern models of airflow and heat transmission. 

Here are these equations: 

        Continuity Equation: 

డ

 డ௫೔
(𝜌𝑢௜) =  0          (3.1) 

Momentum Equation: 

                   
డ

డ௫೔
൫𝜌𝑢௜𝑢௝൯ =  −

డ௣

డ௫೔
+  

డ

డ௫ೕ
 ൤𝜇 (

డ௨೔

డ௫ೕ
+  

డ௨ೕ

డ௫೔
)൨ +  

డ

డ௫ೕ
 ൫−𝜕𝑢௜𝑢௝൯    (3.2)       

        Energy equation: 

                   
డ

డ௫೔
(𝜌𝑢௜𝑇) =  

డ

డ௫ೕ
 ቆ(𝜏 + 𝜏௧)

డ்

డ௫ೕ
ቇ                         (3.3) 

Where,  𝜏 is as molecular thermal diffusivity and 𝜏௧ is turbulent thermal diffusivity. 
These are also representing as: 
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𝜏 =  
ఓ

௉ೝ
       and   𝜏௧ =  

ఓ೟

௉௥೟
 

Transport equations of k-ɛ model are: 

 
డ

డ௧
(𝜕𝑘) +

డ

డ௫ೕ
൫𝜌𝑘𝑢௝൯ =  

డ

డ௫ೕ
൤൫𝑎௞𝜇௘௙௙൯

డ௞

డ௫ೕ
൨ + 𝐺௞ + 𝐺௕ − 𝜌𝜀 − 𝑌ெ + 𝑆௞                    (3.4)    

 
డ

డ௧
(𝜌𝜀) +

డ

డ௫ೕ
൫𝜌𝜖𝑢௝൯ =    

           
డ

డ௫ೕ
൤൫𝛼ఌ𝜇௘௙௙൯

డఌ

డ௫ೕ
൨ + 𝐶ଵఌ

ఌ

௞
൫𝐺௞ + 𝐶ଷீೖ

𝐺௕൯ −  𝐶ଶఌ
ఌమ

௞
− 𝑅ఌ + 𝑆ఌ         (3.5) 

c) Boundary Condition: With the assist of the Reynolds number, the mean inlet 

velocity is calculated. "Velocity Inlet" condition has been used at the inlet and "Pressure 

Outlet" at the exit. It means at exit there is an atmospheric condition (1.013 x 105 Pa). The 

absorber plate has a "Uniform Heat Flux" with an applied heat flux of 1000 W/m2. The 

inlet and outlet temperatures were taken to be 300 K. remaining walls has been taken as no 

slip boundary condition.        

3.2.5    Solution method  

 “Residuals” are taken into consideration as a convergence criterion. For the 

continuity equation, the residual is in the scale of 10-3, and for the energy equation, the 

residual is in scale of 10-6 in “Monitors”, as shown in the Fig 3.11. The Fig. 3.12 shows 

the Run Calculation tab in which number of iteration has been taken as 30000. 

Fig. 3.11 Residual selection 
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Fig. 3.12 Run calculation 

After getting the values we just have to perform some mathematical calculation for 
getting to know the best design for our solar air heater. These calculations are shown as 
follow: 

1. Reynolds number (Re): 

                                              𝑅௘ =
ఘ௩஽೓

ఓ
                       (3.6) 

2. Average heat transfer coefficient (havg): 

                                             ℎ௔௩௚ =
ṁ௖೛( ೚்ೠ೟ି்೔೙)

஺೎( ೘்೛ି்೘೑)
          (3.7) 

                                              𝑇௠௙ =
்೔೙ା ೚்ೠ೟

ଶ
                       (3.8) 

3. Nusselt Number (Nu): 

                                            (𝑁𝑢௔௩௚)௥ =
(௛ೌೡ೒஽೓)

௞
                     (3.9) 

4. Friction factor (fr):  

𝑓௥ =
∆௉.஽೓

ଶఘ௟௩మ
                                 (3.10) 

5. Thermo-hydraulic performance parameter (THPP):  

                                               𝑇𝐻𝑃𝑃 =

ಿೠೝ
ಿೠೞ

(
೑ೝ
೑ೞ

)భ య⁄
                    (3.11)  
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The "SIMPLE (semi-implicit method for pressure linked equation)" algorithm, 

developed by Patankar (1980), is employed for computing in the current work. For every 

transport equation, double precision solution is employed together with a second 

order upwind discretization approach. 

The aforementioned method has been used to get the best design for the solar air 

heater. After preparing the model, meshing has been done. Some mathematical 

calculations have also done to get the desired values. These values help us for comparing 

the results in different parameters. 



 

Results
Discussion
Resultsand                     
Discussion

and                     
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Chapter 4                                            RESULT AND discussion  

4.1    General 

         Computational Fluid Dynamics (CFD) simulation was conducted in the flow domain 

of a solar air heater with an Obtuse - L roughness on the absorber plate. For changes in the 

Thermo hydraulic performance parameter, friction factor, and Nusselt number, the effects 

of pitch, roughness peaks, and Reynolds number are investigated. The change within 

Nusselt number, friction factor, and thermal-hydraulic performance parameter (THPP) are 

investigated in relation to the effects of pitch and Reynolds number. 

         The results of the Nusselt number, friction factor, and thermo-hydraulic performance 

parameter (THPP) were plotted against the Reynolds number and pitch. It has a significant 

effect on performance.  

         The result of the Blasius equation and the Dittus-Boelter equation for the smooth 

plate have been compared and validated in order to establish the validity of the suggested 

model. In order to ensure that the current model is valid, it has been also compared with 

the results of Yadav and Bhagoria (2014) taking into consideration their geometry. The 

subsections below provide more information on the validation and comparison. 

4.2    Validation of Smooth absorber plate   

         Simulated outcomes for smooth absorber plate are compared with the Yadav and 

Bhagoria (2014). For the aim of validating the friction factor and Nusselt number, 

respectively, the Blasius equation and the Dittus-Boelter equation are employed as 

conventional empirical correlations for the similar boundary and flow conditions. 

4.2.1 Validation of Nusselt Number (Nu)   

         The results of Yadav and Bhagoria (2014) and Dittus-Boelter equation are 

compared with the Nusselt number values derived from computational fluid flow 

simulation. Dittus-Boelter equation is given for the Reynolds number ≥ 2300 and 0.7 ≤ Pr 

≤ 160:  

                                                Nus = 0.023 Re0.8 Prn                                                         (4.1) 

Where, 

            n = 0.4 for heating (the plate temperature will be higher than fluid temperature)                                              

            n = 0.3 for cooling (the plate temperature will be lower than fluid temperature) 
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          Fig. 4.1 shows a plot with the Nusselt number and Reynolds number for smooth 

absorber plate. It shows the comparison the CFD results with the standard results of 

Dittus-Boelter equation and Yadav and Bhagoria (2014). The maximum deviation 

between CFD results and standard Dittus-Boelter equation is about ±9.07%.  

 

        Fig. 4.1 Nusselt number against Reynolds Number (Smooth Absorber Plate) 

         The results of Yadav and Bhagoria (2014) for the square-shaped rib with a height 

of 1.4 mm and rib pitch roughness of 10 mm are also used to validate the Nusselt number 

shown in Fig 4.2. The maximum deviation between CFD and Yadav and Bhagoria 

(2014) results is about ±4.92%. 

 

             Fig. 4.2 Nusselt number against Reynolds Number (Rough Absorber Plate) 
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4.2.2 Validation of friction factor 

         The results of Yadav and Bhagoria (2014) and Blasius equation are compared with 

the friction factor values derived from computational fluid flow simulation. Equation 4.2 

shows the Blasius equation:  

                      fs = 0.0791 Re-0.25                           for 2000 ≤ Re ≤ 100000                      (4.2) 

         Fig. 4.3 shows a plot with the friction factor and Reynolds number for a smooth 

absorber plate. It shows the comparison the CFD results with the standard results of the 

Blasius equation and Yadav and Bhagoria (2014). The maximum deviation between 

CFD results and standard Blasius equation is about ±2.95%.  

 

Fig. 4.3 Friction Factor against Reynolds number (Smooth Absorber Plate) 

     Fig. 4.4 Friction Factor against Reynolds number (Rough Absorber Plate) 
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The results of Yadav and Bhagoria (2014) for the square-shaped rib with a height 

of 1.4 mm and rib pitch roughness of 10 mm are also used to validate the Nusselt number 

shown in Fig 4.4. The maximum deviation between CFD and Yadav and Bhagoria 

(2014) results is about ±3.93%. 

4.3    Variation in Nusselt number at different angles   

         Figure 4.5 shows the plot between the Nusselt number and Reynolds numbers at 

different angles. For this purpose, I have considered design-2, where the flow of air is the 

opposite direction of roughness inclination. Rib Pitch in taken as 10mm. For getting the 

best Obtuse-L angle, I have taken 7 different angles as 90o, 105o, 120o, 135o, 150o, 165o 

and 180o in the interval of 15o. Angle 165o has the highest temperature at an outlet in the 

same configuration. After calculating the results, it can be seen that 165o angle have the 

highest Nusselt number value. This is happening because 165o helps to increase the 

Turbulence and reduces the heat accumulation between the ribs which causes reduce the 

laminar-sub layer and higher heat transfer between the absorber plate and air. And we get 

a maximum higher value of Nusselt number.    

Fig. 4.5 Nusselt Number against Reynolds Number at Different angles 
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4.4    Variations in temperature throughout the absorber plate 

         The result obtained from the simulation presented in color filled graphical form. The 

Fig. 4.6 show the temperature variation on the smooth surface and Fig. 4.7 shows 

temperature variation in the roughed surface, Fig. 4.8 shows velocity magnitude in design-

3, Fig. 4.9 show the turbulent kinetic energy and Fig. 4.10 shows the turbulence intensity 

in design-3 at maximum velocity on a Reynolds number 18000. 

         The graphical representation shows clearly that roughened collection plates have a 

higher temperature gradient and outlet temperature than smooth collector plates. When 

looking in the direction normal to the collecting plate, the temperature gradient can be 

noticed. The cause of this can be understood by considering that the turbulence decreases 

near the collector as a result of the formation of a laminar sub-layer. 

         If we consider a fluid moving via a duct with a smooth absorber plate, the fluid next 

to the collector plate is observed to be at a higher temperature because the absorber plate is 

receiving a constant heat flux, but the convective heat transfer for smooth plates is 

constrained by the low turbulence and low-velocity turbulence in the close region of the 

plate. While the roughened absorber plate successfully breaks the laminar sub-layer. 

Additionally, because to the obstruction of the airflow caused by the roughened plate, 

there is comparably more turbulence and mixing of the air nearby which is increasing the 

rate of heat transfer. Yadav and Bhagoria (2014) also noted the related phenomena in 

their investigation of square-shaped ribs. Heat transfer has increased overall because of the 

increasing value of the heat transfer coefficient in the case of a roughened collector plate. 

 

Fig. 4.6 Temperature distribution in smooth collector plate 
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Fig. 4.7 Temperature distribution in design -3 

 

 

Fig. 4.8 Velocity magnitude in design -3 
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Fig. 4.9 Turbulence kinetic energy in Design -3 

 

 

Fig. 4.10 Turbulence intensity in Design -3 
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4.5    Effect of Nusselt number 

         Fig 4.11, 4.12, and 4.13 show the plot between the Nusselt number and the Reynolds 

number. It can be seen from the plots that after the increases in the Reynolds number there 

is continuous increase in the Nusselt number for each value of rib pitch. 

 

    Fig. 4.11 Nusselt Number against Reynolds Number at Design -1 

            

    Fig. 4.12 Nusselt Number against Reynolds Number at Design -2 
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                     Fig. 4.13 Nusselt Number against Reynolds Number at Design -3  

         Also, the same results are also plotted between Nusselt numbers and Pitch keeping 

the fixed value of Reynolds number in Fig. 4.14, 4.15, and 4.16. 

 

Fig. 4.14 Variation of Nusselt number against pitch at design-1 
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Fig. 4.15 Variation of Nusselt number against pitch at design-2 

 

Fig. 4.16 Variation of Nusselt number against pitch at design-3 
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number levels. The figures show that, at first, the enhancement ratio increases more 

quickly as the Reynolds number increases, but that, after reaching a specific value of 

Reynolds number, the enhancement ratio almost decreases for design-1. 

         When the Nusselt Number enhancement factor in the case of design-2 rises from 

lower to higher Reynolds numbers and reaches its maximum at mid-values of Reynolds 

numbers, a decline may then be observed once more. Design- 3 also exhibits the same 

tendency. 

         This above-mentioned effect can be observed that Nusselt number enhancement rises 

from lower to higher values of Reynolds number at a certain limit and then it 

decreases. While the enhancement ratio values peak for greater values at Reynolds number 

values around 12,000. Initially, due to the lower Reynolds number and lower velocity, the 

transfer of heat is not much effective and the friction factor is also higher. As the Reynolds 

number increases, it increases the local disturbance near to the collector plate and which is 

able to transfer more heat and got a higher Nusselt number enhancement factor. When the 

Reynolds number is raised even further, it increases the turbulence which improves the 

heat transmission, but the pressure drop also rises more quickly, which reduces the value 

of the Nusselt number enhancement factor. In the current study, the Reynolds number of 

12000 corresponds to the maximum value of Nusselt number enhancement factor. 

 

Fig. 4.17 Nusselt number enhancement factor against Reynolds Number at design- 1 
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       Fig. 4.18 Nusselt number enhancement factor against Reynolds Number at 

design- 2  

 

Fig. 4.19 Nusselt number enhancement factor against Reynolds Number at design- 3 
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4.6    Effect on Friction factor 

         Figures 4.20, 4.21, and 4.22 depict the friction factor vs. Reynolds number for 

various Reynolds number. As the Reynolds number rises, it is shown that the friction 

factor decreases for all pitch values. According to Gawande et al. (2016), this 

phenomenon is characterized by the suppression of the laminar sublayer due to increasing 

mass flow rates. As flow rates increase, the thickness of the laminar sub-layer decreases 

due to increased turbulence. 

         In Figs. 4.23, 4.24, and 4.25, graphs for friction factor against pitch over the various 

values of Reynolds number have been created to show the influence of pitch on friction 

factor. A higher friction factor is observed consistently to be associated with lower pitch 

values. Because lower-pitch geometries have more uneven surfaces than higher-pitch 

geometries, the friction factor reduces as the pitch increases. Therefore, the flow becomes 

more disrupted with lower pitch geometries, increasing pumping power loss. 

 

Fig. 4.20 Friction factor against Reynolds Number at design-1 
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Fig. 4.21 Friction factor against Reynolds Number at design-2 

 

                       Fig. 4.22 Friction factor against Reynolds Number at design-3 
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Fig. 4.23 Variation of Friction factor against pitch at design-1 

 

 

Fig. 4.24 Variation of Friction factor against pitch at design-2 
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Fig. 4.25 Variation of Friction factor against pitch at design-3 

 

 

Fig. 4.26 Enhancement ratio of Friction factor against Reynolds Number at design- 1 
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Fig. 4.27 enhancement ratio of Friction factor against Reynolds Number at design- 2  

 

Fig. 4.28 Enhancement ratio of Friction factor against Reynolds Number at design- 3 
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that values of friction factor are more than unity indicates that there is more friction 

present during fluid flow than there would be on a smooth surface. This phenomenon is 

obvious in roughness geometries because roughness geometries provide more friction 

losses than smooth surfaces. The statistics also demonstrate that the enhancement ratio of 

the friction factor rises as the Reynolds number rises. This shows that frictional losses rise 

at higher Reynolds numbers in comparison to a smooth surface. 

4.7    Effect on the Thermo-Hydraulic Performance Parameter 

         The thermal performance of a solar air heater is considerably improved by artificial 

roughness. The heat transfer coefficient rises when turbulence close to the absorber 

surface increases. The Nusselt number rises as a result of the convective heat transfer 

coefficient increasing due to greater turbulence. However, the pumping loss also increases 

as turbulence levels increases. Thus, improved thermal performance is at the expense of 

improved hydraulic performance. As a result, the performance parameter is determined 

taking into account both thermal and hydraulic components of the solar air heater in order 

to determine the optimal thermo-hydraulic performance. Thermo-hydraulic performance 

parameter (THPP) vs. Reynolds number for all 3 designs of absorber plate roughness is 

shown in Fig. 4.29, 4.30, and, 4.31. 

Fig. 4.29 THPP against Reynolds Number at design- 1 
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Fig. 4.30 THPP against Reynolds Number at design- 2  

 

Fig. 4.31 THPP against Reynolds Number at design- 3 
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higher Thermo-hydraulic performance parameter (THPP). When the Reynolds number is 

raised even further, it increases the turbulence which improves the heat transmission, but 

the pressure drop also rises more quickly, which reduces the value of the Thermo-

hydraulic performance parameter (THPP). In the current study, the Reynolds number of 

12000 corresponds to the maximum value of the Thermo-hydraulic performance parameter 

(THPP). 

 

Fig. 4.32 Maximum THPP against Reynolds Number in all design combinations   
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highest value of the Thermo- hydraulic performance parameter (THPP). The results show 
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Chapter 5                          SUMMARY AND CONCLUSIONS 

5.1    General 

         In the current work, a two-dimensional numerical study of a solar air heater with 

artificially created obtuse- L roughness was carried out. CFD outcomes for thermal as well 

as hydraulic behavior for various artificial roughness configurations were compared with 

the conventional smooth flat plate solar air heater. 

         The key findings from the investigations are summarized in the following 

paragraphs: 

 

1. To get information on solar air heaters, a CFD model that includes an artificial 

obtuse- L roughness was created, verified, and used. 

2. Nusselt number and friction factor findings are validated with standard equations 

and results of Yadav and Bhagoria (2014) for a smooth absorber plate. 

3. For assuring the reliability of the current model, validation has been conducted as 

per Yadav and Bhagoria's (2014) results for the geometry they employed. 

4. Results from empirical relations for Nusselt number and friction factor were 

found to differ from CFD results by an order of 9.07% and 2.95%, respectively. 

5. Results of Yadav and Bhagoria (2014) for Nusselt number and friction factor 

were found to differ from CFD results by an order of 4.92% and 3.93%, 

respectively for a rectangular roughness which has rib height and pitch are an 

order of 1.4 mm and 10 mm. 

6. For getting the best Obtuse-L angle, I have taken 7 different angles as 90o, 105o, 

120o, 135o, 150o, 165o, and 180o in the interval of 15o. After calculating the 

results, it can be seen that the 165o angle has the highest Nusselt number value of 

around 93.20 at the 12000 Reynolds number. So, the further calculation has been 

done on 165o. 

7. I have taken 3 designs based on the design of obtuse-L. Design-1 has obtuse-L 

roughness, design-2 has opposite obtuse-L roughness, and design- 3 has a 

combination of both of them. A total of 4 pitch 10 mm, 15 mm, 20 mm, and 25 

mm have been taken into consideration. 
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8. With an increase in Reynolds number, the Nusselt number enhancement ratio 

increases more quickly, and subsequently, after reaching a certain value of 

Reynolds Number, the enhancement ratio almost stops rising. 

9. The Friction Factor Enhancement Ratio rises rapidly as Reynolds Number rises; 

hence, once Reynolds Number reaches a specific value, the enhancement ratio 

almost stops increasing. 

10. As the Reynolds number rises, the friction factor decreases for all pitch values. 

11. The Thermo-hydraulic performance parameter (THPP) patterns increase to 

the maximum value and then decrease with the continuous increment of the 

Reynolds number. 

12. The maximum Thermo-hydraulic Performance parameter (THPP) for all 

geometries is typically reached around the Reynolds number value of 12000. The 

maximum THPP value is found to be 2.239 in design-3 of pitch 10 mm. 

5.2    Future scope 

         According to the results of this paper, there is plenty of scope for further research on 

artificially roughened solar air heaters with various roughness geometries, including: 

1. Several aerofoil profiles. 

2. Combination of L-shaped and V-shaped rib profiles.   

3. Obtuse- L roughness profile on double pass solar air heater.   
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ABSTRACT 

In the present work, Computational Fluid Dynamics (CFD) analysis of solar air heater 

having Obtuse L roughness has been performed. ANSYS FLUENT software is used as a 

simulation tool for CFD analysis. Twelve different configurations of Roughened surface 

having roughness angle of 165o and have pitch of 10, 15, 20 and 25 have been considered. 

A two-dimensional computational domain is modelled and the involved differential 

equations are solved using a finite volume method. The RNG k-ɛ turbulence model with 

enhanced wall function is used to solve the transport equations for turbulent flow and 

energy dissipation rate. Effect of roughness parameter on Nusselt number, friction factor, 

and thermo-hydraulic performance parameter are studied for uniform heat flux of 1000 

W/m². The optimal values of geometric parameters are obtained on the basis of the 

thermo-hydraulic performance parameter in the range of the Reynolds number from 3800 

to 18000. Optimum thermo-hydraulic performance parameter is found to be 2.23 

corresponding to the Design- 3 having pitch of 10 mm at Reynolds number of 12000. 
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सğ , Ĥवेशवष[ 
 

: Ĥथम ,२०२०-२०२१ ͫडĒी : èनातकोƣर 

मेजर : उçण अͧभयांǒğकȧ ͪवभाग : यािÛğक अͧभयाǒंğकȧ 

शोधशीष[क : ओबɪयूज एल खुरदरापन का उपयोग कर सोलर एयर हȣटर का 
सीएफडी ͧसमलेुशन 

पçृठɉ कȧ संÉया : ५९ सलाहकार :  डॉ. लोकेश वाçणȶय 

 

                         सारांश 

वत[मान काय[ मɅ, अͬधक L खुरदरापन वाले सोलर एयर हȣटर का कàÜयूटेशनल Ýलूड 

डायनेͧ मÈस (सीएफडी) ͪवæलेषण ͩकया गया है। ANSYS FLUENT सॉāटवेयर का उपयोग 

सीएफडी ͪवæलेषण के ͧलए ͧसमलेुशन टूल के Ǿप मɅ ͩकया जाता है। १६५o के खुरदरेपन 

वाल ेकोण और १०, १५, २० और २५ ͧममी कȧ ͪपच वालȣ खुरदरȣ सतह के बारह अलग-

अलग ͪवÛयासɉ पर ͪवचार ͩकया गया है। एक ɮͪव-आयामी कàÜयूटेशनल डोमेन का 

मॉडल तैयार ͩकया जाता है और इसमɅ शाͧमल अंतर समीकरणɉ को एक पǐरͧमत माğा 

पɮधǓत का उपयोग करके हल ͩकया जाता है। बढ़ȣ हुई दȣवार फ़ंÈशन के साथ आरएनजी 

के-ɛ अशांǓत मॉडल का उपयोग अशातं Ĥवाह और ऊजा[ अपåयय दर के ͧलए पǐरवहन 

समीकरणɉ को हल करने के ͧलए ͩकया जाता है। नसेãट सÉंया, घष[ण कारक, और थमȾ-

हाइĜोͧलक Ĥदश[न परैामीटर पर खुरदरापन परैामीटर के Ĥभाव का अÚययन १००० W/m² 

के समान ताप Ĥवाह के ͧलए ͩकया जाता है। ३८०० से १८००० तक रेनॉãɬस सÉंया कȧ 

सीमा मɅ थमȾ-हाइĜोͧलक Ĥदश[न पैरामीटर के आधार पर Ïयाͧमतीय मापदंडɉ का इçटतम 

मान ĤाÜत ͩकया जाता है। इçटतम थमȾ-हाइĜोͧलक Ĥदश[न परैामीटर ͫडजाइन - ३ के 

अनुǾप २.२३ पाया गया है िजसमɅ १० ͧममी कȧ ͪपच है और रेनॉãɬस सÉंया १२००० है। 
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