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Abstract: This paper presents the performance analysis of the effect of geometrical parameters 
having multiple v-shaped rib roughness on the airflow side of the absorber plates.  Mathematical 
approach and solution procedure for the analysis of such a solar air heater has been developed 
theoretically and MATLAB code generated for the solution of the mathematical equations. The 
effect of parameters such as flow Reynolds number and Relative roughness height on the thermo-
hydraulic performance have been examined and compared with the conventional flat plate solar air 
heater. A substantial improvement in thermal efficiency of roughened solar air heater as compared to 
smooth one due to appreciable enhancement in heat transfer coefficient. The enhancement in heat 
transfer coefficient is also accompanied by a considerable enhancement in pumping power 
requirement due to the increase in friction factor.  
 
Keywords: Artificial roughness, Friction factor, Nusselt number, Reynolds number, Relative 
roughness height, Solar air heater. 
-------------------------------------------------------------------------------------------------------------------------- 
1 Introduction: Flat plate solar air heater duct have been developed for applications, such as space 
heating, crop drying, seasoning of timber, cooking as well as curing of industrial products etc. In 
general, the thermal efficiency of smooth solar air heater is low because low value of heat transfer 
coefficient between the absorber plate and air flowing in the duct leading to a high temperature of the 
absorber plate and greater heat losses. Hence, the researchers have directed their studies towards 
various performance improvement strategies. Employment of artificial roughness in the form of ribs 
of various shapes in different arrangements on the air flow side of the absorber plate has been shown 
to be one of the most effective methods for enhancement of thermal performance [1-3]. Schematic 
diagram of conventional solar air heater is shown in Figure 1. Karwa et al. [2] carried out 
experiments to study thermo hydraulic performance of solar air heaters with chamfered rib roughness 
on the underside of the absorber plate and presented a mathematical model for performance 
prediction of such air heaters. Gupta et al. [3] determined thermo-hydraulically optimum operating 
condition in terms of the Reynolds number as function of the solar insolation and relative roughness 
height of the circular cross-section rib roughness wire arranged at  inclination to the flow. Webb 
and Eckert [4] developed the heat transfer and friction factor correlations for turbulent air flow in 
tubes having repeated rib roughness. Layek et al. [5] carried out second law analysis of a solar air 
heater having chamfered rib groove roughness on absorber plate to determine the set of geometrical 
parameters of the roughness for minimum entropy generation. Han [6] carried out an experimental 
study for the fully developed turbulent airflow in square ducts with two opposite rib roughened 
walls. Mittal et al. [7] compared thermo-hydraulic performance of various roughness types 
(protrusion wire, angled or v-shaped wire, wedge-shaped ribs, and expanded metal mesh) suggested 
for solar air heater ducts to determine their suitability at different flow Reynolds numbers using fixed 
values of overall loss coefficient and solar insolation. Karwa and Chauhan [8] studied the 
performance of solar air heaters having v-down discrete rectangular cross-section repeated rib 
roughness on the air flow side of the absorber plate. The investigation has been carried out using a 
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mathematical model to the effects of various ambient. Williams et al. [9] have reported strong effect 
of chamfering of the heads of the rectangular section ribs provided on the outer surface of the inner 
tube for the flow through a circular annulus. They observed that the Stanton number for a  
chamfered surface was higher than that of  and  chamfered surfaces by about 8 and 11%, 
respectively. Prasad and Mullick [10] utilized artificial roughness in the form of small height 
protruding wire to increase the heat transfer coefficients for drying purpose. Momin et al. [11] 
investigated the effect of v-shaped rib roughness on the absorber plate and they found that maximum 
thermohydraulic performance occurred for angle of attack of . Karwa and Chitoshiya [12] 
experimentally investigated the results on thermo-hydraulic performance of solar air heater with 

v-down discrete rib roughness on the airflow side of the absorber plate using mathematical 
model. Prasad et al. [13, 14] optimized the thermohydraulic performance of three sides artificially 
roughened solar air heater with transverse wire rib roughness on the absorber plate and developed the 
correlations for Stanton number and friction factor. Typical values of system and operating 
parameters are used in the present investigation, have been shown in Table 1.  
 
The main objectives of the present investigation are - 
 
1. To study the effect of relative roughness height (e/ ), for fixed values of Relative roughness 
width (W/w), Relative roughness pitch (P/e), angle of attack  and insolation (I) at varying flow 
Reynolds number values on Nusselt number friction factor and thermohydraulic performance of solar 
air heater roughened with multiple v-shaped wire ribs and compare with the values obtained using 
smooth duct.  
 
2. To find the best performing combination of investigated geometry on thermohydraulic efficiency 
of a roughened solar air heater at certain Reynolds number and specific values of operating and 
geometrical conditions.  

 
 

Figure (1): Schematic diagram of conventional solar air heater. 
 
2. Thermohydraulic performance: 
 
Performance of solar air heater is based on thermal as well as hydraulic characteristic is termed as 
thermohydraulic performance also called effective efficiency . It is necessary to take into 
account the electrical energy required for pumping, while calculating the performance of solar air 
heater. The useful thermal energy gains and equivalent thermal energy that will be required to 
provide corresponding mechanical energy for overcoming friction power losses, it is given by Cortes, 
A and Piacentini, R [15] and expressed as -  
 



 

© Applied Science Innovations Pvt. Ltd., India                         Carbon – Sci. Tech. 10/1(2018)39-50 

41 

 

                                                                                                                            (1) 

Where is the conversion factor that accounts for net conversion efficiency 
from thermal energy of the resource to mechanical energy. In order to investigate the effect of 
roughness parameters on effective efficiency a procedure for determining the terms used in effective 
efficiency Eq. (1), i.e. the rate of thermal energy gain and mechanical power, is discussed below. 
 
The rate of useful thermal energy gain is calculated from the equation -  

                                                                                            (2)  

Where                                                                                                                  (3) 

In order to evaluate thermal performance of solar air heater, Equation (2) can be expressed in a more 
usable form by introducing the term ‘collector heat-removal factor’  Hottel-Whillier-Bliss 
equation reported by Duffie and Beckman [16]. 

                                                                                                 (4)  

In a particular case, when the solar air heaters draw air at ambient temperature (i.e. ), the 
useful heat gain of a solar air heater is given by [17]. 

                                                                                                  (5) 

Where  the collector heat-removal factor is referred to outlet air temperature and is given by 

                                                                                                        (6) 

The rate of useful energy gain in a solar air heater may also be calculated from the following 
equations: 

                                                                                           (7) 

The mechanical power consumed is given by the expression: 

                                                                                                                                     (8)  

where (                                                                                                                    (9) 

where equivalent diameter of the duct is given by 

                                                                                                                                   (10) 

The thermal efficiency of solar air heater can be expressed by the following equation: 

                                                                                             (11) 

In order to find the value of heat transfer coefficient for smooth solar air heater duct, 
 Dittus –Boelter equation was used [18]:  
 

                                                                                                      (12) 

The friction factor ( ) for smooth solar air heater is given by Blasius equation [18]: 
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                                                                                                                       (13) 

The heat transfer coefficient (h) between the absorber plate and the air flowing over it, is calculated 
from, 

                                                                                                                                         (14) 

Heat transfer coefficient for multiple v- shaped wire rib roughened solar air heater duct can be 
calculated using the equation, given below [19] -  

 
                                                                                                                        (15) 

 
The friction factor ( ) for roughened solar air heater is given by [19]; 

 
                                                                                                            (16) 

 
The overall heat loss coefficient ( ) of a solar air heater is the sum of the top loss coefficient ( ), 
bottom loss coefficient ( ), and side loss coefficient ( ) and is given by 

                                                                                                                        (17) 

The top loss coefficient ( ) is evaluated by using the equation as proposed by [20]. 

                                                         (18)  

where 
 

                                                                                              (19) 

                                                                  (20) 

and 

                                                                                                                           (21) 

The bottom heat loss coefficient ( ) is calculated using the relation given below: 

                                                                                                                                              (22) 

The side heat loss coefficient ( ) is calculated using the relation given by: 

                                                                                                                                   (23) 

Reynolds number (Re) is calculated by: 

                                                                                                                                        (24) 
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Where mass velocity of air (G) is calculating using the relation given below: 

                                                                                                                                          (25) 

and mass flow rate of air  is calculated by: 

                                                                                                                                        (26) 

Nikuradse [21] developed the velocity distribution and temperature profile for sand grain roughened 
pipe flow and contributed to the study of the laws governing turbulent flow of fluids in roughened 
tubes, channels and along rough plane surfaces. 

 (i) For smooth surface 

                                                                                         (27) 
                                                                     (28) 

                                                                      (29) 
 
(ii) For roughened surface  
 
The velocity distribution in the turbulent flow region is dependent upon the roughness height along 
with the flow Reynolds number . A parameter is called roughness Reynolds number is expressed 
as:  

                                                                                                                          (30) 

R( ) known as momentum transfer function and can be written as: 

                                                                                                     (31) 

Dipprey and Sabersky [22] reported on the application of a heat transfer in terms of heat transfer 
function G( ) over roughened circular pipes and is expressed as:  

                                                                                                   (32) 

3. System and operating parameters for artificially roughened solar air heater duct: 
 
The solar air heater duct is simply a thin metallic sheet that consists of multiple v-shaped wires as the 
roughness elements fixed on its flow sides of the absorber plate as shown in Figure (2). In order to 
evaluate the thermohydraulic performance of roughened solar air heater ducts, values of system and 
operating parameters were selected as given in Table (1). 
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Figure (2): Multiple V-shape roughness. 
 

4. Result and discussions: A mathematical approach for solar air heater ducts and their system and 
operating parameters, various design has been plots (Figure 3 –10). The performance evaluation has 
been carried out to explore the effect of various relative roughness height (e/D), for fixed values of 
relative roughness width (W/w), relative roughness pitch (P/e), angle of attack (α) and solar 
insolation (I) at varying flow Reynolds number on thermohydraulic efficiency for multiple v-shaped 
roughened and smooth absorber plate solar air heaters. 
 
Figure (3) show that the rate of useful energy gains and the power requirement of the fan as a 
function of Reynolds number. It is found that the rate of increase of useful energy gain is relatively 
higher at low range of Reynolds number  whereas it is a bit lower at higher 
range of Reynolds number. But the rate of increase of power consumption is low for lower range of 
Reynolds number  and increases relatively at high rate as Reynolds number 
increases. The power consumption does not exceed the rate of useful energy gain, i.e. the net energy 
gain rate is positive and it is also clear that at higher Reynolds number, the rate of useful energy 
collected becomes almost constant but the power consumption rises steeply. 
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Figure (3): Energy balance for solar collectors having roughened absorber plates. 



 

© Applied Science Innovations Pvt. Ltd., India                         Carbon – Sci. Tech. 10/1(2018)39-50 

45 

 

4.1 Effect of Reynolds number on Nusselt number: Figure (4) show that the effect of increase in 
Reynolds number on the Nusselt number for fixed values of angle of attack , relative 
roughness width , relative roughness pitch Insolation and 
different values of relative roughness height . Nusselt 
number increases with an increase of Reynolds number, for all values of relative roughness height. 
At higher values of relative roughness height, the Nusselt number is higher and lower values of 
relative roughness height it is lower.  
 
4.2 Effect of Reynolds number on fiction factor: Figure (5) show that the effect of increase in 
Reynolds number on the friction factor for fixed values of angle of attack , relative 
roughness width , relative roughness pitch Insolation and 
different values of relative roughness height . Friction 
factor decreases with an increase of Reynolds number, for all values of relative roughness height. At 
higher values of relative roughness height, the friction factor is higher and lower values of relative 
roughness height it is lower.   
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  Figure (4): Effect of Reynolds number on Nusselt              Figure (5): Effect of Reynolds number on  
                    Friction number                                                                    factor.      
 
4.3 Effect of relative roughness height on Nusselt number: Figure (6) show the plots of Nusselt 
number as a function of relative roughness height, (e/D) for given values of other roughness 
geometry parameters. For all the Reynolds number values, monotonic increase in Nusselt number as 
relative roughness height, increases. It is due to fact the relative roughness height increases, 
roughness geometry protrudes more into flow causing more turbulence, thereby, resulting in increase 
in Nusselt number.  
 
4.4 Effect of relative roughness height on friction factor: Figure (7) show that the plot of friction 
factor as a function of relative roughness height, (e/D) for given values of other roughness geometry 
parameters. For all the Reynolds number, monotonic increase in friction factor has been observed as 
relative roughness height, (e/D) increases. It is due to the fact that as relative roughness height value 
increases, roughness geometry protrudes more into flow causing more turbulence, thereby, resulting 
in increase in friction factor. It has been observed that the rate of increase of Nusselt number is lower 
than that of the friction factor. This appears due to fact the greater values of , the re-
attachment of free shear layer might not occur and the rate of heat transfer enhancement will not be 
proportional to that of friction factor as stated by Prasad and Saini [1], Gupta [23] and Saini and 
Saini [24]. 
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   Figure (6): Effect of Relative roughness height on        Figure (7): Effect of Relative roughness on  
                     friction Nusselt number.      factor 
 

 
Table (1): Typical values of system and operating parameters employed for computation of effective 

efficiency of solar air heaters.  
 

System parameters 
 Length of absorber plate (L), m 1.5 
Width of absorber plate (H), m 1.0 
Duct height (H), m 0.025 

Air gap between absorber plate and glass cover , m 0.04 

Thickness of glass cover , m 0.004 

Thermal conductivity of glass ( , W/mK 0.75 

Thickness of insulation , m 0.05 

Thermal conductivity of insulation , W/mK 0.037 

Number of glass cover (N), dimensionless 1 
Effective transmittance absorptance product , dimensionless 0.84 
Emissivity of absorber plate , dimensionless 0.9 

Emissivity of glass cover  dimensionless 0.88 

Thickness of collector edge , m 0.2 
Relative roughness height (e/ ), dimensionless 0.0205 - 0.0410 
Relative roughness pitch (P/e), dimensionless 10 
Relative angle of attack , dimensionless 0.3333 - 1.000 
Operating parameters 

Ambient temperature , K 300 

Wind velocity , m/s 1.2 

Temperature rise parameters ,  0.0025 - 0.010 

Intensity of solar radiation or insolation (I), W/  500 - 1000 
 
4.5 Effect of relative roughness height on Thermohydraulic performance: The variation in 
effective efficiency with Reynolds number at different values of relative roughness 
height for fixed value of relative roughness 
width , relative roughness pitch , angle of attack and insolation 
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 at varying Reynolds number. As Reynolds number increases, the effective 
efficiency increases, attains a maximum at certain value of Reynolds number, and then decreases 
with further increase in Reynolds number. At higher value of relative roughness height the effective 
efficiency is higher and at lower value of relative roughness height it is lower. Thus there exists an 
optimum value of effective efficiency for a given roughness configuration. This effect shows that the 
Reynolds number is a strong parameter that affects the pumping power and thermal energy gain, 
thereby affecting the thermohydraulic efficiency. In order to investigate the behaviour of relative 
roughness height on effective efficiency of solar collector, the parameters are taken to be fixed 
values of relative roughness pitch (P/e), relative roughness width (W/w), insolation (I) and angle of 
attack  as shown in Figure 8. It is found that the best thermohydraulic performance is at relative 
roughness height (e/D) = 0.041 and Reynolds number (Re) = 13,500. This fact is possible at higher 
height of roughness create more turbulence to the flow of air inside the duct, resulting in higher rate 
of heat transfer as compared to smaller height of roughness. 
 
4.6 Efficiency is a function of Reynolds number: The thermal as well as the effective efficiencies 
of the collector as a function of Reynolds number are shown in Figure 9 which shows that the 
thermal efficiency increases with Reynolds number, whereas the effective efficiency attains a 
maximum value at a particular Reynolds number and there after decreases. This shows that an 
optimum operating condition does exist for the given roughness configuration at which the effective 
efficiency is maximum for a particular Reynolds number. 
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Figure (8): Effect of relative roughness height on        Figure (9): Thermal and effective efficiencies  
                  effective efficiency.                                                       as a function of Reynolds number 
 

5. Conclusions:  The main findings of the thermo-hydraulic performance study of solar air heaters 
having multiple v-shaped wire rib roughness on the air flow side of the absorber plates are: 

1. The rate of increase of useful energy gain is comparatively higher for roughened solar air heater 
at lower range of Reynolds number (Re < 15,000), whereas this rate of increase is lower at higher 
range of Reynolds number. The heat gain of roughened absorber plate is more as compared to 
smooth one for all values of Reynolds number. 

2. The thermal efficiency increases with increase of relative roughness height. 
3. It was observed that the rate of increase of Nusselt number with an increase in Reynolds number 

is lower than the rate of increase of friction factor; this appears due to the fact that at relatively 
higher values of relative roughness height, re-attachment of free shear layer might not occur and 
the rate of heat transfer enhancement will not be proportional to that of friction factor. 

4. Nusselt number increases whereas friction factor decreases with an increase of Reynolds number. 
The values of Nusselt number and friction factor are substantially higher as compared to those 
smooth absorber plates.  
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5. A maximum improvement of heat transfers and friction factor due to presence of such artificial 
roughness has been found to be 6 and 5 times respectively, as compared to smooth duct for the 
range of selected parameters.  
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Nomenclature:  
 

     Surface area of absorber plate,                             
     Specific heat of air at constant pressure, J/kg K                                  

D,       Equivalent or hydraulic diameter    
                 = 4WH/2(W+H), m    
G       Mass velocity of air  
e        Roughness height, m                     
h        Convective heat transfer coefficient, W/ K 

     Wind convective heat transfer coefficient W/ K 
I         Intensity of solar radiation W/   
K        Thermal conductivity of air, W/mK        

      Thermal conductivity of glass cover, W/mK,    

      Thermal conductivity of insulation, W/mK   

L       Length of absorber plate, m      
      Spacing between absorber plate and glass cover, m       
       Mass flow rate of air, Kg/s          

N       Number of glass cover       
P        Roughness pitch, m               

      Pumping power, W              
  Pressure drop across the duct, Pascal    

       Inlet temperature of air, K    
      Outlet temperature of air, K    
      Ambient temperature, K  
      Mean plate temperature, K     
      Bulk mean temperature of air, K    
      Temperature of glass cover, K 
      Thickness of collector edge, m 
      Thickness of glass cover, m 

∆T ( - )  Air temperature rise across the duct,  
   Temperature rise parameters  

         Useful heat gain, W 
         Bottom loss coefficient, W/ K 
        Overall heat loss coefficient, W/ K   
         Top loss coefficient, W/ K 
        Side loss coefficient, W/ K 
       Wind velocity, m/s 

V        Velocity of air in the duct, m/s 
W                    Width of duct, m  
w        Width of single-v, m 
 
Dimensionless parameters 



 

© Applied Science Innovations Pvt. Ltd., India                         Carbon – Sci. Tech. 10/1(2018)39-50 

50 

 

W/H      Duct aspect ratio 
e/D       Relative roughness height 

        Collector efficiency factor 
       Collector heat removal factor 

         Friction factor for rough duct 
Re        Reynolds number 
P/e       Relative roughness pitch air heater, 

     Nusselt number for rough duct 
        Roughness Reynolds number 
 
Greek symbols 

      Dynamic viscosity of air, Ns/m2 

     Stefan’-Boltzmann’s constant W/m2 K4 
        Density of air, kg/m3 
       Angle of attack, degree 
      Emissivity of glass cover  

      Emissivity of absorber plate 
      Thickness of insulation, m  

    Effective efficiency 
      Fan or Blower efficiency 
    Efficiency of Electric Motor 
     Electrical power transmission efficiency 

      Carnot efficiency 
     Thermal efficiency  
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