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Abstract 
 

Solar air heating is a developing renewable energy technology used for heating air and controlling it’s 
moisture using solar energy. Present day solar air heaters have numerous applications in space 
heating, cooling and ventilation. The basic parameters which define the performance of these air 
heaters are the insolation, heat transfer area and the inlet air characteristics. The heat transfer area 
of the heaters can be improved using variable geometrical modifications like optimizing the duct 
geometry for a certain flow, adding artificial roughness, etc. This artificial roughness is in the form of 
repetitive ribs whose relative roughness height, width and placing can be controlled to obtain 
optimum performance of the air heater. In this present study, a three-dimensional CFD, numerical 
analysis for optimizing the heat transfer capability and flow of air in a solar air heater with artificial 
roughness, has been carried out. This study aims to optimize the performance of the solar air heater 
by adding artificial roughness of rectangular ribs on the absorber plate as well as the plate opposite 
to it. This could help to improve heat transfer rate by generating recirculation areas. The placing of 
these rectangular fins has also been taken into account. The air flow inside the heater is considered 
as turbulent, and the equations of continuity, energy and turbulence have been solved using SST k-
omega turbulence model. The effects of these modifications on the performance parameters of the 
solar air heater like Reynold’s number, outlet temperature, Nusselt number, etc. has been examined 
and studied. 

Index Terms— Artificial roughness, Nusselt number, Recirculating areas, Three-dimensional 

1.INTRODUCTION 
 

Solar Power is one of the fastest developing renewable technologies in today’s world. It involves 
extracting useful energy received from the sun’s insolation. The process involves either the 
conversion of solar energy directly into electricity using PV modules or converting the solar energy to 
heat and then using it indirectly for other purposes. The solar thermal collector is a device which is 
directly used to capture the sunlight and used for heating purposes for the conditioning of the 
incoming/ ventilating air. These collectors absorb infrared to ultraviolet wavelength from the 
insolation. Solar heaters and collectors are primarily used for the purpose of heating water, air or any 
other fluids capable of storing the acceptable amount of the sun’s energy. Solar air heaters are 
devices which are used to heat air using insolation for various applications including space heating 
for commercial and residential areas, agricultural heating and drying, ventilation application in 
buildings and for dehumidification purposes.  
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These solar air heaters are either transpired solar collectors or glazed solar air collectors. Glazed 
solar collectors are widely used because of their simplicity and performance. However, the thermal 
performance and efficiency of these collectors is still relatively low [1]. The main reason for this is 
relatively poor transfer characteristics to the air which is due to it’s physical and thermal properties. 
Many investigations have been carried out to improve this heat transfer between absorber and the air 
by choosing optimum geometry and addition of roughness. The geometry of a solar air heater is 
defined by various parameters like aspect ratio (ratio of width of the duct to its height), roughness 
pitch (distance between ribs divided by rib height), roughness height (ratio   of height of   the rib    to     
duct diameter), and angle of attack of incoming air.  
 
Bopche et al. [2] considering the artificial roughness principle conducted an experimental 
investigation of the thermo-hydraulic performance of a solar air heater by varying the geometrical 
parameters of hydraulic diameter of the duct and pitch height ratio. He established the fact that when 
compared to smooth duct, rough duct enhances the capability of heat transfer and the friction factor 
of the air heater roughly by about 2.8-3.7 times. Various modifications to the solar air heater 
geometry have been made including making the heat exchanger in the shape of a U- tube [3]. Using 
the U-shaped geometry, the authors have shown that such geometries can be used to obtain high 
temperatures of air exceeding 480K at the output of the solar air heater with good output efficiency. 
 

 
Fig.1. Geometry of one-side configuration 

 
  Various different attempts have been made to improve thermal performance of the air heater by 
using different roughness rib geometries and their placing. Kumar et al. [4] performed an 
experimental and a numerical simulation of roughness ribs of different shapes of V-shape, multi V-
shape and multi V-shape with air gaps and evaluated their thermal performances. He showed that 
the multi V- shape rib gave the maximum enhancement in heat transfer as compared to others. Two 
dimensional CFD simulations are often used for predicting the solar air heater performances, 
however Jin et al. [6] has considered 3D investigation of performance of solar air heater having multi 
V-shaped ribs using the k-epsilon turbulence model. He stated that the helical shaped vortex flows 
which are developed due to this roughness elements present are responsible for the heat transfer 
enhancement of the air heater.  

 
Many different shaped rib geometries have been considered for solar air heater applications. The 
effect of these rib geometries on the performance of the solar air heaters also depends on the input 
flow characteristics [7]. The shape of the transverse ribs used has also been varied [8,10]. Angled 
shapes such as chamfered rib, triangular rib, and circular shaped ribs have also been studied 
numerically using CFD analysis and their detailed evaluation have taken place. Gawande et al. [9] 
performed an experimental analysis and numerical CFD investigation using L-shaped ribs and 
obtained the optimum configuration for heat transfer.  
  
Apart from experimental and CFD simulation, Kim et al. [11] has used a different method of multi-
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objective optimization for solar air heaters having roughness on their absorbers. This method has 
used the 3D RANS model and surrogate models to maximize the heat transfer and minimize the 
pressure losses in the system. The optimization was successfully carried out using the aspect ratio 
and roughness pitch as design variables. 
 
    In the present study, a detailed 3D CFD simulation of the thermo-hydraulic performance of the 
solar air heater of a given aspect ratio and roughness pitch has been carried out. The roughness has 
been provided on the absorber plate as well as on the opposite plate which has zero insolation. The 
addition of roughness has been done in two different configurations and how they affect the 
performance of the air heater in terms of Nusselt number, friction factor and effectiveness has been 
evaluated. This study successfully validates and compares the two different roughness configurations 
in the form of rectangular transverse ribs to that of single absorber roughness ducts and smooth 
ducts. 

2.GEOMETRICAL PARAMETERS 
 
    The analysis for the heat transfer in the solar air heater is carried out in a three dimensional 
rectangular domain. The rectangular ribs are transverse in nature running through the z-axis. Two 
different configurations of ducts having artificial roughness on two faces are named as adjacent and 
parallel configuration. These have been compared to the single-roughened duct named as one-side 
configuration to study the relative characteristics of the heater with rectangular ribs on the absorber 
plate as well as the end plate. The three different configurations used are expressed in the figures. 
    Two different cases as shown have been compared to duct with roughness on only one side and 
smooth duct. 

 

Fig.2. Geometry of parallel configuration 

 

 
Fig.3. Geometry of adjacent configuration 
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TABLE 2: Geometrical Parameters 

Parameter Value 
  
p 34mm 

w 5.8mm 

e 3.4mm 

H 40mm 

Aspect Ratio 
 
Computational thickness 

7.5 

5mm 

  

 

3.MATHEMATICAL MODELLING 
 
   The present study considers 3D steady state flow of air inside the solar air heater. The flow 
involves thermal transport along with convective heat transfer taking place between the working fluid- 
air and the walls of the solar air heater. The air flow is incompressible in nature and the properties of 
the air remains constant without any change. The properties of air used for the solution domain are: 
 
k= 0.0262W/m

2
K 

Pr=0.713 
ρ=1.117 kg/m

3  

µ= 1.857 X 10
-5 

Ns/m
2 

 

   3D Navier Stokes equation and energy equation are solved simultaneously in order to resolve the 
flow characteristics. The model utilized to resolve turbulent conditions is the SST (Shear Stress 
Transport) K-Omega turbulence model. The conservation equations involved in the transport of 
incompressible flows are: 
 
Mass Equation: 

∇  . u=0                                                                       (1)     
                                   
Momentum Equation: 

ρ (u . ∇ ) u= -∇ p + µ∇2
 u                                           (2) 

 
Energy Equation: 
ρCp (u.∇ ) T= k∇2

T                                                     (3) 
 
    No viscous dissipation or viscous forces have been considered during the flow which neglects any 
effects of buoyancy and body forces. The walls and ribs are assumed to have constant thermal 
conductivity. Nusselt number is an important parameter which is used to characterize the process of 
overall heat transfer between the flowing air and the solar air heater. The Nusselt number can be 
expressed as, 
 

Nu=                                                                      (4)    

 
    Stanton number is another parameter used to express the heat transfer. It is given as 
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St=                                                                     (5) 
 
     The overall performance of the solar air heater also depends on the resistance provided to the 
flow due to the artificial roughness which has been introduced. The resistance is expressed in terms 
of friction factor given by  
 
f= (ΔP D)/ (2ρum

2
L)                                                    (6) 

 
      For the cases of smooth ducts, the Dittus-Boelter correlation has been used for determining the 
Nusselt number 
 
Nul= 0.023Re

0.8
Pr

0.4   
                                                  (7) 

 
      The friction factor for smooth duct cases is given by the Blasius equation 
 
fl= 0.0791Re

-0.25
                                                         (8) 

4.MESH AND BOUNDARY CONDITIONS 
 
    Mesh for the three dimensional geometry has been constructed using the software of ANSYS 
ICEM CFD. 3D Hexahedral mesh has been constructed to ensure higher accuracy to obtain more 
accurate results. The quality of the mesh elements ranged around 0.8-0.9 which is considered good. 
The number of nodes utilized in meshing the geometries ranged around 4, 00,000-5, 50,000. The 
result of the meshed cases was found to be independent of the number of mesh elements. The 
variation of the results with the number of mesh elements was found to be negligible. 
    The computational analysis for the given 3D geometries was carried out using the software of 
ANSYS FLUENT. The geometries were created in SOLIDWORKS which was then imported to ICEM 
CFD for generating hexahedral mesh and then imported to FLUENT.  
 
Velocity Inlet boundary condition is used at INLET with 
u=uin , v=0, w=0, Tin= 293K  
 
Pressure Outlet boundary condition is used at OUTLET. 
P=Patm 

 

The wall condition is used at Absorber Plate. 
u=0, v=0, q= 4000 W/m

2
 

 
The wall condition is used at Glazing. 
u=0, v=0, q=0 (Adiabatic) 
 

5.VALIDATION 
 

For the purpose of validation of the geometric model, the results of the present model have been 
compared to that obtained by Boukadoum et al. [12]. For validation purposes, the Stanton number 
ratio for 1-side rough duct to smooth duct has been compared to the experimental values. For 
simulation purposes, the SST k-omega model has been used. The Reynolds number of the air flow 
that has been considered for validation is 3000-15000. 
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    The numerical and experimental values have been compared in the validation graph shown. The 
Nusselt number for the smooth duct has been calculated using the Dittus-Boelter correlation as 
mentioned in mathematical modelling. The experimental values and the numerical values are close to 
each other and the maximum deviation is less than 4%  which ensures successful validation of the 
case.  
 

5.RESULTS AND DISCUSSION 
 
    The present study aims to study how adding roughness to both the plates of a solar air heater 
affects the performance and heat transfer capability of the solar air heater. The change in these 
characteristics has been analysed using the primary performance factors of Nusselt number. 
 

A.  Effect on Nusselt Number 

     The effect on Nusselt number and overall heat transfer coefficient of the solar air heater for 
different configurations at different Reynold’s Number is expressed in the graph. 
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Fig.5.Nusselt number v/s Re for different configurations 

 
     
       The Nusselt number for all different configurations is seen to increase with the increase in the 
Reynold’s number. When the velocity of the air entering the duct increases, the Reynold’s number of 
the flow increases thereby increasing the Nusselt number. The heat transfer increases due to the 
development of turbulence within the flow of air.  
       In case of smooth ducts during the flow, a laminar layer develops at the edges of the duct which 
opposes the transfer of heat between the air and the absorber plate. Increase in Reynold’s number 
creates turbulence regions within the flow which disrupts the formation of these viscous layers 
increasing the heat transfer. The introduction of artificial roughness in the form of rectangular 
transverse ribs helps to further create turbulent regions enhancing heat transfer. This increase in 
heat transfer can be seen as increasing heat transfer coefficient and Nusselt number of the flow.  
      The introduction of roughness on both the sides of the duct further enhances the heat transfer by 
breaking the viscous layer on both sides of the duct. This creates an overall turbulence in the entire 
flow region resulting in this enhancement as seen from the contours. As seen from the graph, the 
Nusselt number for the parallel and adjacent configuration are greater as compared to that of 1-side 
configuration. 
           The Nusselt number for the adjacent and parallel configuration is higher than the smooth duct 
and one-side configuration for all the cases. 
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Fig.6.Heat transfer coefficient v/s Re for different configurations 

 

 
(a) 

 

 
(b) 

Fig.7.Contours for one-side configurations at Re=7000 
(a)Pressure Variation (b)Velocity Variation 

 
    Using the roughness on both the surfaces of the duct improves the Nusselt number of the 
configuration by about 1.5 times as compared to the one-side configuration at the lowest Reynold’s 
number of 3000. This percentage increase recorded reduces with the increase in the Reynold’s 
number of the flow and becomes about 10.5% at the highest Reynold’s number of 15000. The 
Nusselt number for the adjacent configuration is slightly higher for most of the cases as compared to 
the parallel one. The overall heat transfer coefficient shows a similar variation to that of Nusselt 
number. 
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B. Effect on Friction Factor 
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Fig.8.Friction factor v/s Re for different configurations 

 
    The friction factor is an important parameter which determines the performance of a solar air 
heater crucially. It is a measure of obstruction provided by the duct of the air heater to the resulting 
air flow inside the duct. High friction factor is a result of the increasing pressure difference between 
the inlet and the outlet. At higher Reynold’s number, the friction factor decreases due to the decrease 
in the thickness of the laminar layer formed at the boundaries of the duct. For a given smooth duct, 
the value of friction factor is the least. Increased roughness results in increase in the friction factor for 
the flow. The main reason for this is the simultaneous separation and reattachment of the boundary 
layer. 
 

 
(a) 
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(b) 

Fig.9.Contours for adjacent configurations at Re=7000 
(a)pressure variation (b)velocity variation 

 
 

 
(a) 

 

 
(b) 

Fig.10.Contours for parallel configuration at Re=7000 
(a)pressure variation (b)velocity variation 

 
    For very low Reynold’s number, the friction factor of one-side configuration tends to dominate the 
rest. When the Reynold’s number increases, as seen from the graph, parallel configuration tends to 
dominate. This high friction factor in the parallel configuration is due to the high pressure drop 
between the inlet and outlet caused due to the symmetric obstacles placed near the inlet.  
 

C. Thermo-Hydraulic Performance 

   The overall process performance of the solar air heater depends on it’s rate of heat transfer as well 
as the pressure drop across the duct for the air flow. The increase in the friction factor of the duct 
causes an increase in the power required to pump the incoming air at the inlet which diminishes the 
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effect of the enhanced heat transfer. The thermo-hydraulic performance parameter which considers 
the thermal as well as hydraulic effects of the flow is expressed as  
 
Et= (Nu/Nul)/ (fr/frl)

1/3
                                      (9) 

 
The thermo-hydraulic performance parameter (THPP) for various Reynold’s number for the different 
configurations has been shown in the graph. THPP ranges between 1.1-1.59 for the given range of 
parameters investigated. THPP for adjacent configuration is the highest as compared to the other 
configurations. 

 
Fig.11.THPP v/s Re for different configurations 

 
    The difference between the performance of the double roughness ducts and the one side duct is 
much more at lower Reynold’s number and the difference decreases eventually at higher Reynold’s 
number. The THPP for parallel configuration is high initially but decreases due to it’s high friction 
factor as compared to the other two configurations.  

6. CONCLUSION 
    In the present study, a detailed numerical 3D CFD analysis of a solar air heater has been carried 
out. This analysis is used to study the heat transfer characteristics and the friction factor 
characteristics of the solar air heater. Artificial roughness in the form of transverse rectangular ribs 
has been added to the absorber plate as well the opposite plate inside the duct and it’s performance 
has been compared to smooth ducts and ducts with roughness only on the absorber plate. The main 
findings of this study are: 
 
    1) The overall heat transfer coefficient and the Nusselt number for the air flow was studied for the 
different cases. The maximum enhancement of Nusselt number was found for the case of adjacent 
configuration which was about 2.37 times of a smooth duct and 1.49 times of one-sided rough duct. 
The overall heat transfer coefficient follows a similar trend. 
    2) The friction factor for the different configurations was also studied. The friction factor was found 
to be highest for the parallel configuration having roughness on both the sides of the duct for 
maximum cases. The maximum value of friction factor was 4.1 times as compared to the smooth 
duct. 
    3) The overall efficiency of the configurations was compared using the Thermal Hydraulic 
Performance parameter(THPP). The efficiency of adjacent configuration was higher as compared to 
parallel double sided roughness and one-sided roughness cases. 
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