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ABSTRACT  

Drying of foods and grains are done for food preservation. It prevents growth of bacteria, yeasts and other 

microorganisms through removal of water content from it. The utilization of artificial roughness, such as ribs, on 

the underside of the absorber plate of a solar air heater (SAH) has been widely recognized as an effective 

method to enhance its thermal performance. Various experimental and computational studies have been 

conducted to enhance heat transfer from the absorber plate to the flowing air in SAH systems. This study 

presents a computational investigation into the impact of employing V-ribs as roughness elements on the heat 

transfer coefficient and friction factor of SAH. Additionally, an analysis is performed to assess the influence of 

flow direction relative to the absorber plate on heat transfer and friction factor. The study considers parameters 

such as Reynolds Number (Re) ranging from 2000 to 20000, relative roughness width (W/w) of 1, relative 

roughness pitch (P/e) of 10, relative roughness height (e/D) of 0.043, and an angle of attack (α) of 30°. The 

results indicate that the incorporation of V-ribs as artificial roughness in the SAH leads to increased Nusselt 

Number and friction factor compared to a smooth SAH, attributed to enhanced turbulence. The hot outlet air 

which is in the temperature range of 300 K to 355 K can be utilized for the drying of various foods, vegetables 

and grains.  

Keywords:Solar air heater, V-ribs, Flat Plate collector, Ansys Fluent, Computational Study, Food Grain 

Drying. 

 

1. INTRODUCTION 

 

Since 1973, energy has been a recurrent topic in the news, particularly due to steep increases in oil prices and 

shortages worldwide. It's evident that the era of fossil fuels, our non-renewable energy resources, is gradually 

drawing to a close. Natural gas and oil are expected to be depleted first, followed eventually by coal. However, 

there are numerous alternative energy sources that can replace fossil fuels. The decision regarding which energy 

source to utilize in each case must consider safety, economic factors, and environmental impacts. Due to its 
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favorable safety and environmental aspects, solar energy is widely regarded as a preferable alternative. 

Essentially, all other forms of energy originate from the sun. Oil, coal, wood, and natural gas were initially 

produced through photosynthesis, followed by subsequent chemical reactions involving decaying vegetation 

subjected to high pressure and temperature over time. 

Solar energy can be utilized both directly and indirectly in various thermal applications, such as heating water 

and air, drying air and water, distillation, and cooking. The heated fluid can serve multiple purposes, including 

power generation and refrigeration. This study focuses solely on the thermal energy conversion of solar energy. 

Various researchers have conducted experimental investigations on enhancing the thermal performance of solar 

air heaters using different roughness elements. For instance, Hans et al. [3] studied the impact of multiple V-rib 

roughness on heat transfer coefficient and friction factor in a solar air heater duct. Gupta et al. [4] examined the 

effects of transverse wire roughness on fluid and heat flow characteristics in solar air heater ducts. These studies 

collected experimental data and developed correlations for friction factor and Nusselt Number based on 

roughness geometry and flow parameters. 

Other researchers explored different roughness configurations, such as rib-grooved roughness [8], arc-shaped 

parallel wire roughness [11], dimple-shaped ribs [12], inverted-shaped ribs [13], and W-shaped ribs [15][16]. 

These studies investigated the effects of various operating parameters on heat transfer and friction factor, 

comparing results with smooth duct conditions. 

Additionally, numerical simulations have been employed to investigate the thermal and hydraulic performance 

of solar air heater ducts roughened with non-uniform cross-section square wave profile transverse ribs [17], 

further contributing to our understanding of optimizing solar energy utilization. 

2.         METHODOLOGY 

2.1 Description of problem 

In this study, a duct with dimensions of 1000mm length, 300mm width, and 25mm height is utilized. The 

hydraulic diameter of the duct is calculated as 46.15mm. One side of the duct is deliberately roughened using 

artificial ribs, while the other three sides remain smooth and insulated. The investigation focuses on the impact 

of V-shaped ribs on the performance of a Flat Plate Solar Air Heater (FPSAH) compared to a smooth duct 

configuration. Specifically, the study employs square wave profile with multiple V-shaped ribs, set at an angle 

of attack (α) of 30° from the inlet. The investigation aims to understand how these artificial V-Ribs affect the 

performance of the FPSAH in comparison to a smooth duct. The geometries of both the smooth duct and the 

duct with artificial V-Ribs are depicted in Figure 1 and Figure 2, respectively. In the initial phase of our study, 

we analyze the performance of a smooth duct with axial air inlet flow, utilizing the geometry as illustrated in 

Figure 1. 
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Figure 1: Geometryof Smooth duct. 

In the present study (roughened duct as V-ribs ), is taken. Here the direction of air flow for inlet and outlet is 

axial. The geometry size is same as that of smooth duct and shown in figure 2. 

 

Figure 2:Geometryof Smooth duct with multi V-ribs. 

 

The ribs size is 2mm in width and 2mm in height. Figure 3 gives the dimensions of the rib geometry. 

 

 

Figure 3:  Rib dimension (in mm) between two consecutive ribs 
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The range of roughness and operating parameters are given in table below. 

S.no. Roughness parameters Range 

1. Reynolds Number, Re 2000-20000 (10 values) 

2. Relative roughness height, e/D 0.043 

3. Relative roughness Width, W/w 1 

4. Relative roughness pitch, P/e 10 

5. Angle of attack, α 30  

Table 1: Range of roughness and operating parameters [3] 

 

Reynolds Number for the flow in the collectors is calculated using their hydraulic diameter i.e. 46.15 mm. 

 

2.2 Governing Equations 

The averaged conservative equations under the present situation can be written as follows: 

Conservation of mass equation  
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Some other equations for solving our problem are given below. 

Useful Heat Gain 

              

Convective heat transfer coefficient 

   
  

         
 

Nusselt Number 
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Friction Factor 

  
     

     
 

For validity test of friction factor and Nusselt Number to determine from experimental data for smooth duct 

have been compared with the value obtained from Modified Blasius Equation and Dittus Boelter Equation for 

Nusselt Number and friction factor, respectively. 

Modified Blasius Equation 

                

Dittus Boelter Equation 

                   

2.3 Solution Method 

In this section, framework to solution method has been discussed. Following are the assumptions taken in 

present study.  

 Study is based on 3 dimensional geometrical models.  

 Air is taken as incompressible.  

 Flow is steady and turbulent.  

2.3.1 Geometry Formation 

In this section, we outline the methodology employed for creating the geometries using Space Claim 

software.For the first study involving a smooth duct with axial air inlet flow, we begin by creating a rectangle 

with dimensions of 1000mm in length and 25mm in height. This rectangle is then extruded to a width of 

300mm, resulting in our basic smooth duct geometry, as depicted in Figure 1. For the second study, focusing on 

a roughened duct with V-ribs and axial air inlet flow, we follow a similar process. After creating the duct shape, 

we proceed to generate the ribs on the absorber plate using the line command to create V-rib shapes with 

dimensions of 2mm×2mm at a 30° angle. Subsequently, we use the pull command with the cutting option to 

extrude the ribs into the duct, resulting in 2mm×2mm cutouts on the absorber plate. Utilizing the patterning 

option, we replicate these ribs across the absorber plate to achieve the final geometry for the second study, as 

depicted in Figure 2 and Figure 3. 

2.3.2 Meshing of Geometry  

To obtain solutions for real flows, a numerical approach must be adopted whereby the equations are replaced by 

algebraic approximations which may be solved using a numerical method, by using the approach of 

‘Discretization of the Governing Equations’ involves fragmenting the spatial domain into small finite control 

volumes using a mesh. 

Here the meshing is done by taking the elemental size of 4.5mm and we get the nodes of 104453 and the 

meshing elements for this are 470000. 
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Figure 4:  Meshing of the geometry 

2.3.3 Turbulence Model 

The Standard k-ε Model is a simplest two equations model for the variables k and ε i.e., turbulent kinetic energy 

and its dissipation effects are generally preferred to find the value of the turbulent velocity and length scales. 

Now the Standard k-ε Model is a role model for different types of problems because it is simple and takes less 

computational time and also gives the accurate results. Two transport equations for the turbulence kinetic energy 

(k) and turbulence kinetic energy dissipation rate (ε) are used with this model. Two transport equations for the 

turbulence kinetic energy (k) and its dissipation rate (ε) are derived with the help of physical and mathematical 

interpretation. In the present study standard k- ε model was only preferred to solve the flow problems, which are 

totally turbulent in nature. In this model the effect of molecular viscosity is not taken in to consideration. 

 

2.3.4 Boundary conditions and fluid properties  

a) Inlet boundary conditions 

 Types of boundaries - Velocity-inlet (5 different location) 

 Reynolds number –2000-20000 (10 values) 

b) Outlet boundary conditions 

 Types of boundaries - Pressure-outlet 

 Pressure-specified - 0 Pa (Gauge) 

c) Wall boundary conditions 

 Heated wall - Heat flux (Q-1000 W/  ) 

 Insulated wall - 3 side are insulated 

d) Working fluid properties  

 Working fluid – Air 

 The density of working fluid - 1.225 kg/   

 Viscosity of working fluid -1.78 ×      kg/m-s 

 Element shape of meshing- Quad/triangular 

3.          RESULTS & DISCUSSIONS  

In this section, we delve into the analysis of air attributes by plotting static pressure, temperature, and velocity 

profile contours across all 10 Reynolds Numbers ranging from 2000 to 20000. Initially, validation work is 

conducted to ensure the accuracy of the computational results by comparing them with experimentally obtained 
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results from Hans VS, Saini RP, and Saini JS [3]. This validation process aims to assess grid independence and 

determine the most suitable model for the present investigation based on the degree of agreement between 

computational and experimental results in terms of inlet flow conditions, development of velocity profile, and 

changes in temperature and pressure drop. 

The quality of meshing chosen significantly influences the outcomes of any numerical turbulence model, 

whether it's coarse, fine, or the finest, for a given 3D geometry. Meshing involves dividing the computational 

domain into small regions, typically consisting of nodes, cells, and grids. The results of computational models 

are intricately tied to the size and structure of the grid. In our study, meshing is performed with an elemental 

size of 4.5mm, resulting in 104453 nodes and 470000 meshing elements. This meshing strategy aims to 

accurately capture the intricate details of the physical problem under investigation. 

3.2 Smooth Duct and duct with multi V-ribs 

It is very difficult to choose an optimum turbulence model due to variations of physical conditions in various 

processes where we have to handle different types of Parameters. An optimum model is a model which gives the 

results very close to the experimental results under given conditions. So, in this study Standard k–ε turbulence 

model is used to obtain the required parameters. 

 

 

Figure 5:  Variation of Nusselt No. with Reynolds No. for smooth duct. 

In figure 5 result of Nusselt Number with respect to different Reynolds Number for smooth duct and duct with 

roughness are presented. It can be clearly seen that, when we increase the value of Reynolds Number from 2000 

to 20000, the value of Nusselt number for smooth duct increases. It can also be observed that the present 

computational study results have very good matching with experimental results [3] and the result obtained by 

correlation. 
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Figure 6: Variation of Friction factor with Reynolds no. for smooth duct. 

 

In figure 6 variation of friction factor with Reynold Number for the smooth duct is shown and compared with 

the results of exaperimental work [3] and the friction factor data from correlation. It can be observed that the 

present computational results have got fairly good consistency with experimental and correlation data. 

 

 

Figure 7: Variation of Nusselt No. with Reynolds no. for V-ribs duct. 

 

Figure 7 presents the variation of Nusselt Number with Reynolds Number for smooth as well as roughened duct. 

Here it can be seen that due to increase in roughness the Nusselt Number consequently the heat transfer has 

increased as compared to that of smooth duct. It can also be noted that present computational and experimental 

results [3] have fairly good consistency. 
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Figure8: Variation of Friction factor with Reynolds No. 

 

Figure 8 shows the variation of friction factor with Reynolds Number for smooth as well as roughened duct. 

Here it can be seen that due to increase in roughness the Number consequently the pressure loss across the duct 

has increased as compared to that of smooth duct. It can also be noted that present computational and 

experimental results [3] have fairly good consistency. 

Reynolds Number increases from 2000 to 20000, there is a corresponding increase in Nusselt Number across all 

duct geometries. 

 

Figure 9: Variation of Outlet Air Temperature with Reynolds No. 

 

In figure 9the variation of air outlet temperature is presented with Reynolds Number varying from 2000 to 

20000. It can be seen clearly that by increase in Reynolds Number outlet air temperature decreases due to 

increase in mass flow rate. However for that same Reynolds Number outlet air temperature is higher for multi 
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V-rib roughened duct as compared to that of smooth duct. The maximumoutlet temperature obtained here is 355 

K for the V-rib roughened duct corresponding to Reynolds Number of 2000. However the inlet air temperature 

taken here is 300 K. This hot air can be suitably used for drying of various food materials, vegetables and grains. 

3.3 Pressure contours, temperature contours, velocity contours 

The figures 10 to figure 15 illustrate the distribution of static pressure contours, temperature contours, and 

velocity contours across the smooth as well as the duct with artificial roughness in the form of multi V-ribs. 

These contours are visualized to provide insight into the pressure, temperature, and velocity variations within 

the duct. 

3.3.1 Pressure contours 

 

Figure 10: Pressure contour at Re=10000 of SAH Smooth duct axial air flow. 

 

Figure 11: Pressure contour at Re=10000 of SAH duct with V-ribs axial air flow. 

 

In the static pressure contours, different color codes represent varying magnitudes of static pressure from the 

inlet to the outlet of the duct. It's evident from Figure 10 and figure 11 that high pressure is observed at the inlet, 

gradually decreasing towards the outlet. This observation indicates the pressure distribution along the length of 

the duct, with the inlet exhibiting higher pressure levels compared to the outlet. 

 

3.3.2 Temperature contours 

Figure 12 and figure 13 shows the variation of static temperature along the length of  smooth and roughened 

duct respectively. Both the figures are evident that there is a continuous increase in static temperature in both the 

cases. However more increase in temperature is obtained in roughened duct as compared to that of smooth duct. 
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 Figure 12: Temperature contour at Re=10000 of SAH Smooth duct axial air flow 

 

Figure 13: Temperature contour at Re=10000 of SAH duct with V-ribs axial air flow. 

3.3.3 Velocity contours 

Figure 14 and figure 15 shows the variation of velocity along the length of  smooth and roughened duct 

respectively. Figure 14 shows that for a smooth duct there is a formation of boundary layer in both top and 

bottom side of the duct. However figure 15 is evident that there is disruption of boundary layer due to the 

presence of V-ribs at the top surface and boundary layer is still present on the bottom surface for roughened 

duct. 

 

 

Figure 14: Velocity contour at Re=10000 of SAH Smooth duct axial air flow. 
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Figure 15:Velocity contour at Re=10000 of SAH duct with V-ribs axial air flow. 

 

4. CONCLUSION  

In the present study, we conducted a computational investigation into the impact of employing V-ribs as 

artificial roughness concerning the absorber plate of a Flat Plate Solar Air Heater (FPSAH) using ANSYS. The 

following conclusions can be inferred from our findings: 

 

 As the Reynolds Number increases, subsequently boosting the mass flow rate through the Solar Air 

Heater (SAH), there is a noticeable rise in the Nusselt Number due to heightened turbulence levels. 

 Increasing the Reynolds Number decreases the friction factor in both smooth and V-ribs roughened 

FPSAH. However, the pressure drop across the SAH increases with the rise in Reynolds Number. 

 Utilizing V-ribs as artificial roughness yields higher Nusselt Numbers and friction factors compared to 

those of a smooth FPSAH, given the same Reynolds Number. 

 Near the absorber plate, the temperature gradient is significant, while it approaches zero away from the 

plate at any cross-section along the FPSAH's length. 

 Velocity gradients are evident near the walls of all FPSAH types due to the formation of boundary 

layers. 

 Static pressure gradually decreases along the length of all FPSAH types due to frictional pressure 

losses. 

 The hot outlet air is in the temperature range of 30 
0
C to 80 

0
C can be utilized for the drying of various 

foods, vegetables and grains. 
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