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Abstract: 

The need of artificial roughness on a surface is an efficient 

technique to increase the rate of heat transfer to fluid flow in 

the duct of a solar air heaters(SAHs).This paper presents and 

CFD investigation energy and exergy analysis of solar air 

heaters having isosceles right triangle rib. The exergy 

efficiency has been measured by using the correlations for 

heat transfer and friction factor developed by various 

investigators within the investigated range of operating and 

system parameters. The effects of grid distributions on the 

numerical predictions also discussed. A CFD-based 

investigation having transverse wedge considered at top 

surface wall, where heat flux taken 1000w/m2 whereas other 

surface taken wall, Re varies 3000 to 18000. 

Keywords: - Solar air heater, Artificial roughness, CFD, Heat 

transfer enhancement. 

 

1. INTRODUCTION 

Solar power is the most up-and-coming source of energy that 

can be employed in solar thermal energy application systems. 

Among different types, solar air heaters are extensively 

employed due to simplicity in design, maintenance as well as 

low cost of materials needed for constructions. Solar air heater 

is a simple device for heating air by employing solar energy. 

Various designs of solar air heater with different shapes have 

been recommended to enhance thermal performance of solar 

air heaters by using artificial roughness[1]. Several designs for 

the enhancement of heat transfer coefficient and hence the 

improvement of thermal performance of solar air heaters have 

been proposed and investigated by a number of investigators 

.It can be possible by creating artificial roughness on the 

absorber plate (Webb et al. [2], Han et al. [3], Sparrow and 

Tao [4], Prasad and Mullick [5] Han [6]). Such designs are 

honeycomb collector, corrugated absorber, v-shape absorber, 

extended surfaces absorber, double-exposure collector, two 

pass collector, packing of porous material in the air flow 

channel and the use of artificial roughness on the absorber 

plate. Saini and Saini [7] use expanded metal mesh roughness 

found 4 and 5 times enhancement in Nusselt number and 

friction factor respectively were reported over duct with 

transverse ribs. Bhagoria et al. [8] have conducted an 

experimental approach towards the study of transverse wedge 

artificial roughness. The authors found 2.4 and 5.3 times 

enhancement in Nusselt number and friction factor, 

respectively was over smooth duct. A number of experimental 

investigations on solar air heater involving different shape, 

size have been carried out in order to obtain an optimum 

arrangement of roughness element in geometry. Exergy 

analysis is a thermodynamic analysis performance based on 

the Second law of thermodynamics (SLT). Exergy analysis 

yields performance that give a accurate measure of how 

approximately actual performance approaches the ideal, and 

analyze more clearly than energy analysis the causes and 

positions of thermodynamic losses. The exergy analysis has 

been increasingly applied over the last several decades largely 

because of its advantages over energy analysis. The exergy 

analysis has proved to be a powerful technique in the design, 

optimization and performance evaluation of energy systems. 

Ozuturk and Demirel experimentally calculated the energy and 

exergy efficiencies of the thermal performance of a solar air 

heater having its flow channel packed with Raschig kings. 

They observed that the exergy efficiency varies from 0.01 to 

16% while energy efficiency is in the range of 2.05-33.78%. 

Kurtbas and Durmus experimentally evaluated the energy 

efficiency, friction factor and dimensionless exergy loss, of a 

solar air heater having five solar sub-collectors or same length 

and width arranged in series in a common case for various 

values of Reynolds number. 

 

2. COMPUTATIONAL SIMULATION 

CFD simulation of two-dimensional artificially roughened 

solar air heater duct along transverse ribs roughness with 

isosceles right triangle cross-section as a vortex generator in 

inlet section is carried out using the CFD software package 

ANSYS FLUENT (version 14.5). The general assumption, 

consider in the analysis are as follows: 

1. The flow is two dimensional, steady and turbulent. 

2. The flow is single phase across the duct. 

3. The walls in contact with fluid are assigned, no-slip 

boundary condition. 

4. The thermodynamic properties of air and the absorber 

plate (aluminum) are considered constant. 

5. The effect of radiation heat transfer and other heat 

losses are considered less. 

 

2.1. Computational solution Domain 

The model designed and simulated for the study of artificial 

roughness in solar air heater is in accordance with the 

ASHRAE Standard 93-2003[9]. According to these standards 

whole flow field is divided into three sections i.e. the entry 

section, the test section and the exit section. The first section is 

the entry section and is provided so that the flow is fully 

developed before entering into the test section. The artificial 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 9 (2018) pp. 244-249 

© Research India Publications.  http://www.ripublication.com 

245 

roughness to be investigated is used in the test section. The 

exit section is provided to make sure that the effect of flow 

exit is not affecting the test section. The geometric model 

developed for the current study is as shown in Fig. 1.  

 

 

 

 

Fig. 1:  Domain Geometry 

 

The modeling software used here is ANSYS Design Modeler 

v 13.1. Due to the nature of the study domain, a 2D problem is 

modeled in the study. The model was created as a surface 

geometry. The geometry consists of three sections, namely 

entry section, test section and exit section which are 225mm, 

125mm and 115mm long respectively. The duct height is 

20mm and an absorber plate of 0.5mm thickness is placed 

above the test section. The entry section is provided so that the 

flow becomes fully developed before it enters the test section. 

The exit section is provided to avoid the end effect from 

travelling upstream into the test section (as the flow is sub-

sonic). According to ASHRAE standards 93-2003, an entrance 

and exit length of 5√𝑊𝐻 and 2.5√𝑊𝐻 respectively are 

provided [9]. The created geometry for smooth and rough 

plate . 

 

3. GEOMETRY MESHING 

The meshing software used here is ANSYS ICEM™ 14.5. To 

obtain better results the entire fluid flow zone is sub-divided 

into many zones and a combination of structured (mapped) 

and unstructured mesh was created for the fluid domain. The 

fluid flow zone near the roughness element was further refined 

to reduce the cell size to 0.025mm in order to resolve the 

laminar sub-layer. The meshed geometry with quad element, 

generated for 5mm pitch and 0.5mm roughness height 

geometry having 221730 numbers of cells . 

4. COMPUTATIONAL SIMULATION 

The governing equations were solved using finite volume 

method on a commercial CFD code, ANSYS FLUENT 13.0.0. 

A second order upwind scheme is chosen for both momentum 

and energy equation. The SIMPLE algorithm (semi-implicit 

method for pressure linked equations) is used to couple 

pressure and velocity. The convergence criteria for different 

equations are taken as 10-3 for the residuals of the continuity 

equation, 10-6 for the residuals of the momentum equation 

and10-6 for the residuals of the energy equation. The heat 

transfer coefficient at the solid-fluid interface (i.e. on the 

surface of absorber plate) was also monitored to assure the 

convergence of the solution. A uniform air velocity is 

introduced at the inlet while a pressure outlet conditions is 

applied at the outlet. Adiabatic boundary condition has been 

implemented over the bottom duct while constant heat flux 

condition is applied to the upper duct wall of test section. 

 

5. DATA REDUCTION 

As a result of simulation a large quantity of data or 

information is generated. This data is then used to calculate 

non-dimensional parameters. These non–dimensional numbers 

implicitly represents the whole data.  The parameters 

calculated here are Nusselt number, friction factor and thermo-

hydraulic performance. 
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The average Nusselt number is defined as  

𝑁𝑢 =
ℎ.𝐷

𝑘
                                  (1)                                                                                

Where h is the average heat transfer coefficient. 

The friction factor is calculated using the computed pressure 

drop value, Δp across the length of the test section. The 

friction factor is defined as  

𝑓 =
∆𝑝.𝐷

2𝜌𝑙𝑣2                           (2)                                                                            

For the optimum performance we should consider both the 

thermal effect i.e. the enhancement in heat transfer rate and 

also the hydraulic effect i.e. the increase in pressure drop 

across the duct. To consider both these effects together the 

thermo-hydraulic performance is calculated. An alternate form 

of this equation using Stanton number was first proposed by 

Webb and Eckert [10]. It is defined as 

𝜂 𝑇𝐻𝑃 =  
𝑁𝑢𝑟

𝑁𝑢𝑠
⁄

(
𝑓𝑟

𝑓𝑠
⁄ )

1/3                             (3)                                                                          

Where Nu is the Nusselt number and f is the friction factor. 

The subscripts r and s signifies rough and smooth absorber 

plate. 

The friction factor and the Nusselt number for the smooth 

absorber plate where taken from the semi-empirical relations. 

The friction factor was calculated from Blasius equation [12]. 

𝑓𝑠 = 0.0791 𝑅𝑒−0.25                     (4)                                                                   

The Nusselt number for smooth absorber plate was calculated 

from Dittus-Boelter equation [11]. 

𝑁𝑢𝑠 = 0.023 𝑅𝑒0.8𝑃𝑟0.4 

The Exergetic efficiency is calculated using Eq as 

given by Altfield et al [13]. 

By considering the control volume, the general exergy balance 

for the solar air heater is 

 𝐸𝑋𝑖
+  𝐸𝑋𝑠

 +𝐸𝑋𝑤
 +  𝐸𝑋𝑂

= 𝐼𝑅                 (5) 

𝐸𝑋𝑖
 and 𝐸𝑋𝑂

 are the exergy associated with the mass flow of  

flowing air entering and leaving the control volume, 

respectively. 𝐸𝑋𝑠
, 𝐸𝑋𝑤

 and IR are the exergy  energy of solar 

radiation falling on glass cover, exergy energy of the input 

work required to pump the air through the solar air heater duct 

and the irreversibility of the air heating process. The 

irreversibility or exergy loss occurs due to the temperature 

difference between the absorber plate surface and sun, heat 

losses to the ambient and pressure drop in channel. 𝐸𝑋𝑖
 and 

𝐸𝑋𝑂
 are: 

 𝐸𝑋𝑖= (ℎ𝑖 − ℎ𝑎  ) − 𝑇𝑎(𝑆𝑖 − 𝑆𝑎)               (6) 

 𝐸𝑋𝑂
= (ℎ𝑜 − ℎ𝑎) − 𝑇𝑎(𝑆𝑂 − 𝑆𝑎)                  (7) 

 

The 𝐸𝑋𝑠
 is calculated as 

𝐸𝑋𝑠
= 𝐼𝐴𝜌 ψ = 𝐼𝐴𝑝 (1 −

4

3
(

𝑇𝑎

𝑇𝑠
) +

1

3
(

𝑇𝑎

𝑇𝑠
)

4

)                    (8) 

Where ψ is the exergy efficiency of radiation. 

Ignoring the pressure drop or the pump required work, 𝑊𝑝, the 

useful exergy gain, 𝐸𝑋𝑢
, is: 

𝐸𝑋𝑢
=𝐸𝑋𝑂

− 𝐸𝑋𝑖
= �̇�[(ℎ0 − ℎ𝑖) − 𝑇𝑎(𝑆0 − 𝑆𝑖)]          (9) 

However, considering the pressure drop or pump work and 

assuming air as an incompressible fluid or perfect gas, the 

useful exergy gain, 𝐸𝑋𝑢𝑝
 is: 

 𝐸𝑋 𝑢.𝑝= 𝐸𝑋 𝑂 − 𝐸𝑋 𝑖 − 𝐸𝑋𝑤    =   �̇�𝐶𝑝 [(𝑇𝑂 − 𝑇𝑖) − 𝑇𝑎 ln (
𝑇𝑜

𝑇𝑎
)] −

𝑇𝑎

𝑇𝑖
𝑊𝑝      (10) 

The term (
𝑇𝑎

𝑇𝑖
)𝑊𝑝is the exergy destruction due to pressure drop.  

The required pump work is: 

𝑊𝑝= �̇�∆𝑝/(𝜌 𝜂𝑝𝑚)                                                         (11) 

𝜂
𝑝𝑚

 is the pump-motor efficiency and is taken to be 0.85. 

The exergy efficiency, called second law efficiency, of the 

solar air heater is calculated by dividing the useful exergy gain 

to the exergy of solar radiation as 

 

𝜂𝐼𝐼 =      
𝐸𝑋𝑢.𝑝

𝐼𝐴𝜌 ψ
 =  

𝐸𝑋𝑢.𝑝

𝐼𝐴𝑝(1−
4

3
(

𝑇𝑎
𝑇𝑠

)+
1

3
(

𝑇𝑎
𝑇𝑠

)
4

)
                            (12)     

 

6. RESULTS AND DISCUSSION 

The effects of various fluid flow parameters and roughness 

geometry parameters on the heat transfer and friction 

characteristics for flow of air on a roughened absorber plate 

are presented below. The results have been compared with 

those obtained in case of smooth absorber plate operating 

under similar conditions to discuss the enhancement of heat 

transfer and friction factor due to the introduction of artificial 

roughness. Fig.2 shows contour plot for the wedge shape of 

ribs inserted in a solar air heater for velocity magnitude for 

e=0.5 P=5 Re=10000.Fig. 3 shows the Contour Plot for 

turbulence intensity for e=0.5 P=5 Re=5000. 
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Fig 2: Contour Plot for velocity magnitude for e=0.5 P=5 Re=10000 

 

CFD analysis predicts performance of wedge ribs at different 

p/e. Fig 4. Shows variation of Nusselt Number versus 

Reynolds Number for different values of e and P=15mm.It can 

be seen that there is a substantial enhancement caused by 

providing artificial roughness in the form of wedge rib 

roughness. The average Nusselt number is observed to 

increase with increase in Reynolds number due to increase in 

turbulent intensity caused by increase in turbulent kinetic 

energy and turbulent dissipation rate. The heat transfer 

phenomenon can be observed and described by the contour of 

stream function. The enhancement in Nusselt number 

compared to that of the smooth surface achieved varies from 

1.4 to 2.5 times. It can be seen that the enhancement in heat 

transfer of the roughened duct with respect to the smooth duct 

also increases with an increase in Reynolds number. It can 

also be seen that Nusselt number values decreases with the 

increases in relative roughness pitch(p/e) for fixed value of 

relative roughness height, e/D. This is due to the fact that with 

the increase in relative roughness pitch, number of 

reattachment points over the absorber plate reduces.  

 

 

Fig. 3: Contour Plot for turbulence intensity for e=0.5 P=5 Re=5000 

 

 

Fig. 4: Variation of Nusselt number with Reynolds Number and for different values of P/e and fixed value of e/D = 0.015. 
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Fig. 5: Variation of thermal Efficiency and exergetic efficiency with Reynolds number for isosceles right triangle 

roughened solar air heater having roughness parameters as P/e=10, α= 45°, and e/ D= 0.03 

 

Fig.5. shows the effect of Reynolds number on exergetic 

efficiency and thermal efficiency for isosceles right triangle 

rib. Parameters P/e, α and e/D is 10, 45° and 0.03 respectively. 

It can be observed from figure that thermal efficiency continue 

to increase with increase in Reynolds number due to increase 

in the heat transfer coefficient from with the Reynolds number 

up to  and then decrease with further increase in Reynolds 

number. 

 

7. CONCLUSIONS      

On the basis 2-Dimensional CFD model of an artificially 

roughened solar air heater have been isosceles right triangle 

sectioned rib roughness on the absorber plate carried out in 

this work to predict the heat transfer and flow friction 

characteristics. The following conclusion has been drawn: 

1. CFD has been applied in design of solar air heater. The 

quality of the solutions obtained from CFD simulations 

are largely within the acceptable range providing that 

CFD is an effective tool for predicting the behavior and 

performance of a solar air heater. 

2. Artificial roughness on the underside of the absorber 

plate of the solar air heater enhances the rate of heat 

transfer from the absorber plate to the flowing air. 

Artificially roughened solar air heaters have enhanced 

rate of heat transfer as compared to the smooth solar air 

heaters under the same geometric /operating conditions. 

3. Maximum thermo-hydraulic performance is obtained 

for relative roughness pitch of 5 and relative roughness 

height 0.045. 

4. The maximum enhancement of friction factor 3.45 

times in comparison over the smooth plate. The friction 

factor ratio is found to relative roughness height of 

0.045 at a Reynolds number of 3800 for the 

investigated range of parameters. 

5. It has been found that the maximum exergetic 

efficiency at e/D=0.045 for Re<18000 and ΔT/G>0.3 K 

m2/ w. 
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