
 

 

© 2023 IJSRET 
786 

International Journal of Scientific Research & Engineering Trends                                                                                                         
Volume 9, Issue 3, May-Jun-2023, ISSN (Online): 2395-566X 

 

 

Thermal Based Analysis of Continuous W-shaped rib in 

Solar Air Heater 
 M.Tech. Scholar Nitisha Sharma, M.Tech. Scholar Nilesh Singh, Prof. D.S. Rawat 

 Department of Mechanical Engineering, 
JEC, Jabalpur,MP,India 

Abstract-Augmentation of convective heat transfer of a rectangular duct with the help of baffles/ribs has been a common 

practice in the past few years. This concept is widely applied in enhancing the thermo-hydrodynamic efficiency of various 

industrial applications such as thermal power plants, heat exchangers, air conditioning components, refrigerators, chemical 

processing plants, automobile radiators and solar air heaters. Solar air heater is a device used to augment the temperature of 

air with the help of heat extracted from solar energy. These are cheap, have simple design, require less maintenance and are 

eco-friendly. As a result, they have major applications in seasoning of timber, drying of agricultural products, space heating, 

curing of clay/concrete building components and curing of industrial products.  In this study CFD analysis for enhancement of 

heat transfer rate in solar air heater using w-shaped roughness has been done. 
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I. INTRODUCTION 

 
Fossil fuel sources are confined and so the present 

scenario of energy consumption and growth are not 

sustainable in the longer term [1]. The energy demand for 

different applications can be attained by pick up of the 

solar energy efficiently. Solar energy is the most 

promising source of energy and the simplest and efficient 
way of using solar energy is to convert it into thermal 

energy for heating applications such as space heating, 

drying of agricultural products and various industrial 

applications by using solar air heater. The solar air heater 

is not efficient due to low convective heat transfer 

coefficient between absorber plate and flowing air.  

 

The low rate of heat transfer coefficient is due to presence 

of a viscous sub-layer. Artificial roughness on the 

underside of the absorber plate breaks up the laminar sub-

layer and increases heat transfer. Increased heat transfer 
makes the system more effective. Various investigators 

have investigated the effect of heat transfer and friction 

factor in various geometries of artificial rough- ness in a 

solar air heater duct.Solar air heaters are simple in design 

and construction. They are widely used as collection 

devices having applications such as space heating and 

crop drying. Efficiency of flat plate solar air heater is low 

because of low convective heat transfer coefficient 

between absorber plate and flowing air that increases 

absorber plate temperature, leading to higher heat losses 

to environment.  

 
Low value of heat transfer coefficient is due to presence 

of laminar sub- layer that can be broken by providing 

artificial roughness on heat transferring surface [1]. 

Efforts for enhancing heat transfer have been directed 

toward artificially destroying or disturbing this laminar 

sub-layer. Artificial roughness in form of ribs and in 

various configurations has been used to create turbulence 

near wall or to break laminar sub-layer. Artificial 

roughness results in high frictional losses leading to more 

power requirement for fluid flow. Hence turbulence has to 

be created in region very close to heat-transferring surface 
for breaking viscous sub-layer. Core fluid flow should not 

be unduly disturbed to limit increase in pumping 

requirement. This is done by keeping height of roughness 

elements small in comparison to duct dimensions [2]. 

 

Solar energy is one of the most useful renewable energy 

resources without any adverse effects on the environment. 

Solar energy is widely used for generating electricity, 

heating and various industrial applications. Solar air 

heaters (SAHs) are simple in design and generally used as 

solar thermal collectors [1]. SAHs are inexpensive and the 

most widely used collection devices because of their 
inherent simplicity. SAHs form the foremost component 

of a solar energy utilization system [2]. Figure 1 shows 

various components of a solar air heater. These air heaters 

absorb the irradiance and exchange it into thermal energy 

at the absorbing surface and then transfer this energy to a 

fluid flowing through the collector. An absorber plate is 

usually a thin metal sheet coated with an absorbing 

substance such as black or selective coating to absorb 

solar radiations. The glazing provides a rigid, protective 

structure for the entire collector assembly. Insulation 

beneath the absorber and fluid flow passages inhibits 
downward heat loss. SAHs are found in several solar 

energy applications, especially for space heating, timber 

seasoning and agriculture drying [3]. 

 

Conventional SAH has poor thermal performance due to 

low convective heat transfer rate fromthe heated plate to 

the air. The use of rib roughness on the heated plate is one 
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of the heattransferaugmentation methods employed in 
SAH systems. The idea of artificial roughness was 

initiallyapplied to compact heat exchangers and cooling 

of gas turbine blades and electronic equipment 

[4].Motivated by the improvements in thermal 

performance through the application of rib roughnessin 

various configurations for gas turbine blade cooling, 

many researchers tried different roughnessgeometries to 

study their effect on the heat transfer of solar collectors 

and reported improvement inthermal performance [4–14]. 

Several experimental studies in SAH performance had 

been conducted tooptimize the roughness elements of 

shape, size, orientation relative to flow direction [5]. 
 This study presents CFD analysis on the thermal 

hydraulic characteristics of a three-dimensional SAH 

channel with square-sectioned discrete multi-V-pattern rib 

roughness. Average Nusseltnumber, friction factor and 

thermal hydraulic performance parameter were reported 

as functions ofReynolds numbers. 

 

II. RESEARCH METHODOLOGY 
 

1. Problem Formulation 

The present work is concerned with carrying out three-

dimensional simulations on an artificially roughened solar 

air heater, through which air of air flows. The air heater 
internal surface was roughened with the help of W-shape 

continuous ribs.Literature survey reveals that inclined and 

W-ribs give significant enhancement in heat transfer as 

compared to smooth plate. Secondary flow generated in 

above two cases has been cited as the main reason. In case 

of V-ribs four secondary vortices are generated. If the 

number of vortices is increased then theoretically it 

should increase heat transfer. But effect on friction needs 

to be investigated experimentally to evaluate its 

feasibility. Hence the present investigation has been taken 

up with objective of experimentation on W-shaped ribs as 

artificial roughness attached to underside of one broad 
wall of duct, to collect data on heat transfer and fluid flow 

characteristics. Data is presented in form of Nusselt 

number and friction factor plots as a function of 

geometrical parameters of artificial roughness and 

thermo-hydraulic performance plots to bring out clearly 

effect of these parameters and enhancement in heat 

transfer achieved as result of providing artificial 

roughness. 

 

2. Computational domain 

A rectangular section was considered.The domain on 
which numerical simulations were performed was three-

dimensional. Their rectangular duct was of length 1500 

mm, width 200 mm and thickness 25 mm.Fig. 2.1 shows 

the geometry of the computational domain.The rib 

roughness can be defined by the continuous rib with angle 

of attack is 90o. Simulation using CFD has been done by 

varying Re number from 2300-to 18000.Constant heat 

flux of value approximately 1000 W/m2 was supplied 

only on the upper wall of the absorber plate. Simulations 
were performed assuming the flow to be steady. 

 
Fig. 1 Schematic of computational domain 

 
Fig. 2 Computational domain for CFD. 

 

Table.1 Operating and Geometrical parameters used for 

CFD analysis 

Operating and Geometrical 

parameters 

Value / Range 

Length of duct 1500 mm 

Width of duct 200 mm 

Thickness of duct 25 mm 

Constant heat flux 1000 W/m2 

Range of Reynolds number 2300-18000 

Height of rib 0.8 mm 

Attack angle 60o 

3. Governing differential equations  

Continuity equation  

          (2.1) 

Momentum Equation  
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 (2.2) 

Energy equation  

       
 (2.3) 
 

4.Boundary Condition 

On all the walls (including the roughened one) of the 
rectangular duct, no-slip boundary conditions were 

assigned. Constant heat flux of 1000 W/m2 was decided 

to be the boundary condition at the upper wall of the 

absorber plate. At the inlet, uniform velocity with an inlet 

temperature of 300 K and at the exit, invariable pressure 

(atmospheric pressure) boundary conditions were 

assigned. All the other edges were assigned as walls with 

insulated boundary conditions, as shown in Fig. 2.3.The 

upper and other two side walls were assumed to be 

adiabatic. 

 
 

Fig. 2 Boundary condition for CFD analysis 

 

5. Set up and flow specification 

The generated mesh was then exported to FLUENT where 

the different flow and physical properties were specified. 

The appropriate turbulent model was selected and the 

energy option was switched on. The working fluid was air 

and aluminum, because of its higher absorptivity, was the 

absorber plate. Their thermo-physical properties are 

mentioned in Table 2 

 

Table 2. Thermo-physical properties of aluminum as the 

absorber plate and air as the working fluid 

 

 

Simulations were carried out under the following 
assumptions 

 The absorber and duct wall were assumed to be 

isotropic and homogenous. 

 Steady, turbulent and fully developed two-
dimensional-flow. 

 The absorber plate and the duct wall thermal 

conductivity were temperature-independent. 
  Negligible heat losses and no radiation heat transfer. 

 At the junction of wall and fluid, no-slip boundary 

conditions were assumed. 

 The absorber plate and working fluid (air) properties 
were invariable at an average bulk temperature of 

300 K. 
Table 3 Estimation of velocity at different Reynolds 

number 

Reynolds number Velocity, m/s 

2300 0.7558 

4000 1.3144 

8000 2.6287 

10000 3.2859 

15000 4.9289 

18000 5.9147 

 

6. Reduction of Data 

Following equations have been used for the evaluation of 

relevant parameters: 

𝑞 = 𝑚𝑋𝐶𝑝𝑋(𝑡𝑜 − 𝑡𝑖)         (2.4) 

ℎ = 𝑞/[𝐴𝑐𝑋(𝑡𝑝 − 𝑡𝑓)         (2.5) 

𝑁𝑢 = (ℎ𝑋𝐷ℎ)/𝑘          (2.6) 

Where Dh is hydraulic diameter 

𝐷ℎ =  
2𝑎𝑏

𝑎+𝑏
           (2.7) 

a is the height of the duct and b is the width of the duct 

𝑓 = 𝐷ℎ𝑋∆𝑃/ (2 𝑋𝐿𝑋𝑉2𝑋𝜌)        (2.8) 

7. Best turbulent model selection 

In order to determine which turbulent model would most 

accurately yield numerical results, the following 

methodology was adopted. CFD calculations were 

performed on a smooth duct (without ribs) and the friction 
factor and Nusselt number variation with “Re” results 

were extracted from the simulation. Heat flux was applied 

only on the top wall of the test duct, whereas the other 

side remained insulated. The turbulent model, namely 

RNG-k-epsilon, was chosen and their corresponding 

results in terms of Nusselt number alteration with 

Reynolds number were compared. 

 

III. RESULTS AND DISCUSSION 

 
1. Grid Independence Test 

The grid independence test is a process used to find the 

optimal grid condition that has the smallest number of 
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grids without generating a difference in the numerical 
results based on the evaluation of various grid conditions. 

The grid generations were generated by 

usingANSYSDesignModeler and ANSYS Meshing. In 

thiswork, the fluid computational domain was only 

created becausethe adiabatic wall was assumed at domain 

boundary. Hence, thedomain of the duct was ignored. 

Thequadrilateral grids were generated inside the 

calculation domainswith the help of the domain 

decomposition technique 

(BumrungthaichaichanandWattananusorn, 2019; 

Namkanisorn et al.,2022) to reduce the truncation errors 

(Bumrungthaichaichan,2016).  
 

Further, the wall-refined grid generation as reported 

byRuangtrakoon and Bumrungthaichaichan (2018) was 

adopted tocontrol the near-wall grid sizes. The y+ values 

of these near-wallgrids were in the range of unity. The 

dimensionless wall distance, c turbulent flow CFD 

simulation. It can be defined as y+ =ρypuτ/μ, where ρ is a 

fluid density, μ is a fluid viscosity, yp is anormal distance 

from the wall to the near-wall computing node,anduτ is 

the friction velocity. See also 

Bumrungthaichaichan(2022) for more information on y+. 
Here, the grid generationsdesigns are shown in Fig. 3. 

 

 
(a) Coarse mesh 

 

(b) Medium mesh 

 
(c) Fine mesh 

Fig. 3 Grid independence test. 

 

A comprehensive grid independence study was performed 

to ensure the grid independence of the results. There were 

two objectives of the grid independence test. First, the 
converged solution was obtained based on the boundary 

conditions and the physics involved, and not because of 

the mesh used. Second, the number of cells employed in 

the computational domain was optimized. The value of 

interest was the Nusselt number, and the optimum number 

of cells for the domain was >14 million. 

 

2. Model Validation 

Figs.3.2show comparison of simulation values andthose 

predicted by correlations for Nusselt number of smooth 

duct proposed by modified DittusBoeltercorrelationfor 
Nusselt number.Absolute percentage deviation between 

predicted and experimentalresults has been found to be 

within 5% for Nusselt number. Excellent agreement 

between simulation andpredicted values establishes 

accuracy of measurement on CFD domain. 

 
Fig. 4 Nusselt number validation. 

 

Figs. 3.3 show comparison of simulation values andthose 

predicted by correlations for frictionfactor of smooth duct 

proposed by modified Blasius correlation 

forfrictionfactor.Absolute percentage deviation between 

predicted and experimentalresults has been found to be 

less than 5% for friction factor. Excellent agreement 
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between simulation andpredicted values establishes 
accuracy of measurement on CFD domain. 

 

 
Fig.  4Nusselt number validation 

3. Temperature Profile 

 
(a) Re= 2300 

 
(b) Re= 4000 

 

 
 

(c) Re= 8000 

 

 
 

(d) Re= 10000 

 
(e) Re=15000 
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(f) Re=18000 

Fig.4 Temperature plot at different Reynolds number 

 

Temperature vector contour plots at a different Reynolds 

number when pitch to height ratio is 10 are depicted in 

Fig. 3.4.The intensity of temperature can be seen in 
different colour (blue to red) at different location. There is 

an extreme regularity in the contours of instantaneous 

velocity due to the effect of ribs. Eddy formation is 

clearly shown in the contours plot, in the vicinity of ribs. 

The fluid flow experiences sudden expansion leading to a 

separation region at the rib downstream. This separation 

is followed by reattachment of the fluid ahead the next 

rib. The periodic circulation of reattachment of flow leads 

to the formation of a small secondary vortex near the 

absorber plate and fluid junction.The secondary vortices 

are much more strongly created in case of thin ribs. 

Furthermore, it is observed that the velocity of the fluid is 
accelerated lengthwise as it passes through the test 

channel. Hence greater amount of disturbances are 

observed in the laminar sub layer thereby leading to a 

reduction in conductive transfer of heat and a significant 

augmentation in convective transfer of heat. 

 

7. Effect of Pitch to Rib- Height Ratio on Nusselt 

Number 

Effect of relative roughness height on Nusselt number is 

shown in Fig3.5. The horizontal x-axis represents pitch-

to-height ratio and y-axis represents Nusselt number. It is 
seen thatincrease in relative roughness height results in 

increase in heattransfer coefficient and friction factor. 

Further it is seen that rate ofincrease of Nusselt number is 

lower than that of friction factor. Thismay be due to the 

fact that at higher values of relative roughnessheight, 

reattachment of free shear layer might not occur and rate 

ofheat transfer enhancement is not proportional to that of 

frictionfactor. 

 
Fig.5 Variation of Nusselt at different pitch to rib- height 

ratio 

 
8.Effect of Pitch to Rib- Height Ratio on Friction 

Factor 

Effect of relative roughness height on friction factor is 
shown in Fig.3.6.The horizontal x-axis represents pitch-

to-height ratio and y-axis represents friction factor. It is 

seen thatincrease in relative roughness height results in 

increase in heattransfer coefficient and friction factor. 

Further it is seen that rate ofincrease of Nusselt number is 

lower than that of friction factor. Thismay be due to the 

fact that at higher values of relative roughnessheight, 

reattachment of free shear layer might not occur and rate 

ofheat transfer enhancement is not proportional to that of 

frictionfactor. 

 
 

Fig.6: Variation of friction factor at different pitch to rib- 

height ratio 
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9.Assessment of Thermo-Hydraulic Performance 
Artificial roughness on absorber plate results in 

enhancement of heat transfer. Enhancement is 

accompanied by increase in friction factor. Hence 

roughness geometry has to be so selected such that heat 

transfer is maximized while friction losses are at 

minimum value. This is fulfilled by considering heat 

transfer and friction characteristics simultaneously. 

Parameter that facilitates simultaneous consideration of 

thermal and hydraulic performance is givenby Webb and 

Eckert [40] as  

𝜼 = (
𝑵𝒖𝒓

𝑵𝒖𝒔
)/(

𝒇𝒓

𝒇𝒔
)          

It is evident that only a heated wall roughness that yields 

a performance parameter value greaterthan unity is useful. 

The higher the value of this parameter, the better the solar 

air channel performance. 

 
Fig.7 Variation of thermo-hydraulic performanceat 

different pitch to rib- height ratio 

 

The plot of thermo-hydraulic performance parameter as a 

function of Re at different values of 𝑝/𝑒 isshown in 

Figure3.7.  The horizontal x-axis represents the horizontal 

x-axis represents pitch-to-height ratio and y-axis 
represents thermo-hydraulic performance.It is seen that 

thermo-hydraulic performance increases with an increase 

in the p/e. This basic reason of creating a discrete rib is 

that, the discrete flow promotes localturbulence and flow 

mixing along the discrete flow region while the rib 

induced secondary flow ismaintained in the duct.At the 

same time too small a discrete width will alsonot allow 

sufficient amount of secondary flow fluid to pass through 

and hence the turbulence level will remain low. 
 

 

IV. CONCLUSION 

 
Nusselt number increases whereas friction factor 
decreases with increase of Reynolds number. Values of 

friction factor and Nusselt number are higher as compared 

to those for smooth absorber plate. This is due to change 

in flow characteristics because of roughness that causes 

flow separation, reattachments and generation of 

secondary flow. 

 

Rate of increase of Nusselt number with increasing 

Reynolds number is lower than rate of increase of friction 

factor because at higher values of relative roughness 

height, reattachment of free shear layer does not occur 

and rate of heat transfer enhancement is not proportional 

to that of friction factor and it is maximum at 𝑝/𝑒=10. 

 

Flow separation and secondary flow resulting from 

presence of W-shaped ribs and movement of vortices 

combine to give optimum value of angle of 

attack.Thermo-hydraulic performance is improved with 

different pitch to rib- height ratio and it is maximum at 

𝑝/𝑒=10. 

Comparison of simulation values of Nusselt number 

andthose predicted by correlation lie within deviation 
range of 5% whereas in case offriction factor, within 5%. 

It cantherefore be concluded that correlations for 

prediction ofNusselt number and friction factor are 

reasonably satisfactory.For all the cases considered in this 

study, increase in Reynolds number leads to augmentation 

in Nusselt number. When ribs/baffles are introduced just 

beneath the collector plate, there was a considerable 

alteration in the heat transfer coefficient of air.  
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