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In A Duct With Roughened Absorber Plate 

Having Rectangular Transversed Rib Using 
ANSYS   
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Abstract— The heat transfer coefficient of a solar air heater can be increased by providing artificial roughness on the underside of the 
absorber plate. A computer simulation in ANSYS has been carried out in the present work to study the heat transfer and pressure drop by 
using transverse ribs in the form of rectangular protrusion on the absorber plate of a solar air heater under simulated conditions. The 
computer simulation encompasses the Reynolds number from 4000 to 16000, relative roughness pitch from 6 to 25 and relative roughness 
height equal to 0.044 m. The effect of these parameters on heat transfer coefficient, pressure drop and thermal efficiency has been 
studied. It is found that at relative roughness pitch of 10, the heat transfer, pressure drop and thermal efficiency are maximum.In the 
present work, Nusselt number and friction factor correlation developed as a function of Reynolds number at p/e =10 are given below; 

𝑁𝑁𝑁𝑁 = 0.134264 × 𝑅𝑅𝑅𝑅0.66  

𝑓𝑓 = 0.26550 × 𝑅𝑅𝑅𝑅−0.181237  

 

Index Terms— ANSYS, Artificial roughness, CFD Analysis,Nusselt Number, Renoldes Number,Solar air heater, turbulent flow.   

——————————      —————————— 

1 INTRODUCTION                                                                    

For harnessing solar thermal energy, different types of collec-
tion devices are in use e.g., flat plate collectors for low temper-
ature applications (below 100 ºC) and focusing collectors for 
high temperature applications above 100 ºC.  A flat plate col-
lector, a blackened metal or glass surface is exposed to solar 
radiations so that the solar radiations are absorbed and con-
verted into heat energy. Generally, water heating and air heat-
ing is done using flat plate collectors. Solar air heaters are very 
popular among solar thermal applications due to their simple 
design and low cost.  
The thermal efficiency of a solar air heater is generally less 
because of low heat transfer coefficient between absorber plate 
and air flowing in the duct. To make solar air heater more ef-
fective, thermal efficiency needs to be improved by using en-
hancement techniques. There are several methods which can 
be used to increase the efficiency of solar air heaters. Several 
studies have been published in the literature by Chaube et 
al[1],[2], [3][4] etc., to increase the efficiency of solar air hea-
ters. Various techniques used to improve efficiency of air hea-
ter include finned surface, corrugated surface and surface with 
artificial roughness etc. In the current scenario, the focus of 
researchers is on adding artificial roughness beneath the ab-
sorber plate due to several advantages over other methods. 
Various types of ribs are used for creating roughness on ab-
sorber plate. Rectangular ribs are preferred due to their ease of 
manufacturing and better strength 

Several experimental investigations and numerical studies 
have been performed by[5], [6], [7], [8] etc. to study the effects 
of ribs of different geometries. But, experimental and numeri-

cal methods are cumbersome to visualize the effects of ribs on 
the performance of air heaters. In the present work, the com-
puter simulation of heat transfer, pressure drop and air flow 
pattern in a rectangular duct with constant heat flux has been 
carried out to visualize and study the effect of rectangular ribs 
on the performance of air heater using ANSYS software. Main 
parameters studied in this work are mass flow rate and rela-
tive pitch (ratio of pitch and rib height). 

2 METHODOLOGY 
The performance of an air heater largely depends on the de-
sign of absorber plate which absorbs heat from a source and 
transmits to air. Therefore, an absorber plate must be designed 
properly before the fabrication of an air heater. System simula-
tion is an easy and convenient way to study the performance 
of such system under various operating conditions. Rough 
surfaces are widely used to enhance convective heat transfer 
by promoting turbulence. The major drawback of increased 
roughness is the increase in frictional and form drag. Several 
theoretical studies have been performed to analyze the heat 
transfer characteristics of various types of rough surfaces. This 
is desirable due to difficulties in conducting experiments and 
high turbulence intensities that increase difficulties of mea-
surement. Because of this reason numerical studies are becom-
ing more common. In the turbulent region, simulation tech-
nique plays a critical role in determining the results with more 
accuracy. 

ANSYS is a general-purpose finite element analysis 
(FEA) software package. Finite Element Analysis is a numeri-
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cal method of constructing a complex system into very small 
pieces called elements. The software implements equations 
that govern the behavior of these elements and solves them all 
creating a comprehensive explanation of how the system acts 
as a whole. These results then can be presented in tabulated or 
graphical forms.  

Use of general purpose software ANSYS has been used 
with FLOTRON CFD module 

In the present work FLOTRAN CFD is used for 2-D anal-
ysis of air flow in a rectangular duct with constant heat flux on 
one side. 

 In the present study the behavior of fluid flow has been 
considered to be uniform along the width of the plate and the 
ANSYS FLOTRAN element, FLUID141 has been used to ana-
lyze flow, pressure and temperature distributions in a single 
phase viscous fluid. For these elements the ANSYS program 
calculates velocity components, pressure and temperature 
from the conservation of three properties: mass, momentum 
and energy.  

3 PROBLEM FORMULATION 
The following methodology is adapted for modelling and ana-
lysing heat transfer and pressure drop in the duct in simulated 
condition:  
3.1 Selection of flow domain 
For analysis of solar air heater duct for heat transfer and pres-
sure drop as shown in Fig 1. A system has been chosen follow-
ing the studies made as per ASHRAE Standerd[9]. A rectangu-
lar duct with height (H) of 40 mm, rib height (e) of 3.4 mm, rib 
width of 5.8 mm and pitch (p) of 34 mm has been considered 
for the analysis. In the experimental details proposed byKar-
wa [10], the thickness of the heating plate is only 1 mm, which 
is very small in comparison to the surface area normal to the 
heat flow.Hence, the Biot number is very small (less than 10-3). 
This allows us to neglect the internal resistance in comparison 
to convective resistance as recommended by P. K. Nag [11]]. 
Therefore, the uniform heat flux of   1000 W/m2 is given on 
ribbed surface, neglecting the conduction resistance within the 
plate.  
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
3.2 Flow regime 

1. Flow is turbulent. 

2. Flow of gas is considered to be ideal. 
3. The effect of temperature on fluid density, viscosity 

and thermal conductivity is taken into account. 
4. On the basis of Mach no. flow is considered to be com-

pressible. 
3.3 Finite element mesh 
In order to obtain best results, mapped meshing has been used 
where in the region near the walls has highest gradients due to 
turbulence so a much denser meshing is created there to capture 
significant effects. Meshing has been show in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4 Boundary conditions 
The following boundary conditions are applied for obtaining 
results using FLOTRON CFD: 

1. Condition of no slip is applied for air solid contact on 
the duct wall and absorber surface.  

2. Pressure at the outlet of duct is considered atmospheric 
hence gauge value is taken to be zero. 

3. Uniform heat flux at the absorber surface.  
4. Adiabatic condition on wall of duct. 
5. Mean velocity used at the inlet is constant velocity ac-

cording to mass flow rate. 
6. Constant inlet temperature equal to ambient tempera-

ture. 
3.5 Solution of the problem 
In this step, monitoring of solution is done for convergence 
and stability of the analysis by observing the rate of change of 
the solution and the behavior of relevant dependent variables. 
These variables include velocity, pressure, temperature and (if 
necessary) turbulence quantities such as kinetic energy (de-
gree of freedom ENKE), kinetic energy dissipation rate 
(ENDS) and effective viscosity (EVIS). An analysis typically 
requires multiple restarts. 
 In last step the post process output quantities are calcu-
lated and the results in the output are obtained at various 
nodes. These values can be utilized to estimate: 

1. Convective heat transfer coefficient 
2. Temperature distribution in duct 
3. Pressure distribution  in duct 

4 RESULTS & DISCUSSION  
When fluid enters a closed channel at a uniform velocity, the 

 
Fig.1. Flow domain 

 
Fig.2. Mapped mesh sample 
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fluid particles in the layer in contact with wall of the channel 
come to complete rest. This layer also causes the fluid particles 
in the adjacent layers to slow down gradually due to friction 
loss. As a result, velocity gradient develops along the channel.  
As the roughness element lies under the absorber plate, the 
flow becomes turbulent because of reattachment points or 
brakeage of hydrodynamic boundary layer at regular inter-
vals. In this process heat transfer coefficient, friction factor and 
pumping power of fluid increase due to the presence of this 
artificially roughened rectangular duct, the behavior of Nus-
selt number with different operating parameters of solar air 
heater having rectangular ribs on the backside of the absorber 
plate. The effect of roughness and operating parameters on the 
heat transfer coefficient has been examined and a comparison 
of performance of roughened solar air heater with that of con-
ventional solar air heater having smooth duct has been made. 
4.1 Validation of ANSYS results for the smooth Duct 
(a) For Nusselt number (Nu) 

The values of Nusselt number (Nu) obtained from the 
ANSYS results have been compared with the values obtained 
from Dittus-Boelter equation in Fig. 3. It has been observed 
that the variation in results obtained from ANSYS lie within 
±6.5% of the predicted value by Dittus-Boelter equation which 
establishes the authenticity of the results obtained from AN-
SYS. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(b) Pressure drop (∆P) for smooth duct 
The pressure drop across duct length obtained from AN-

SYS has been compared with that obtained from Blasius equa-
tion indicated by Eq. 1. The comparison has been shown in 
Fig. 4.  It has been observed from the ANSYS results that the 
variation between predicted and ANSYS results lie within ± 
9%.The reason for variation in values obtained by Blasius 
equation and ANSYS results is that the ANSYS results also 
include minor pressure loses at the entrance and exit sections 
which are not included in Blasius equation. The comparison 
indicates that the results obtained through ANSYS are reliable 
and in good agreement with those by Blasius equation 

   
 

 
………….(1) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

After conforming the reliability of ANSYS results it was 
decided to study the effect of operating and system parame-
ters on the performance of roughened plate solar air heater 
having different geometries. The systematic results have pre-
sented in following sections. 
4.2 Effect of Reynolds number on convective heat 

transfer coefficient 
Figure 5 shows the variation of convective heat transfer coeffi-
cient with Reynolds number. As the Reynolds number in-
creases, the heat transfer coefficient also increases for different 
values of relative roughness pitches. The variation in heat 
transfer coefficient is low at small Reynolds numbers while it 
is large at higher Reynolds numbers. This behavior seems due 
to increased turbulence at higher Reynolds numbers and also 
due to breakage of thermal boundary layer at higher Reynolds 
numbers. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
4.3 Effect of Reynolds number on Nusselt number 
Figure 6 shows the variation of Nusselt number with Reynolds 
number. As the Reynolds number increases, the Nusselt num-
ber also increases for different values of relative roughness 
pitches. The variation in Nusselt number is low at small Rey-
nolds numbers while it is large at higher Reynolds numbers 
due to breakage of thermal boundary layer at higher Reynolds 

 
Fig.3 Comparison of Nusselt number predicted by ANSYS and 
estimated by Dittus Boelter equation for smooth duct 
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Fig.5 Comparison of smooth and roughened plates for different 
values of convective heat transfer coefficient 

 
Fig.4 Comparison of pressure drop predicted by ANSYS and 
estimated by Blasius equation for smooth duct 
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numbers and large turbulence. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.4 Effect of Reynolds number on heat utilization 
Utilzation of heat given to system is an indicaton of perfor-
mance of the collector.  In order to estimate the value of heat 
utilization, losses have been determined for different value of 
Reynolds number. The total heat supplied minus losses gives 
the amount of heat utilization.  Fig. 7 shows the variation of 
heat utilized in duct with Reynolds numbers for different val-
ues pitch. From the plot, it is observed that the heat utilization 
increase with increase in Reynolds number for all the values of 
pitch. This effect is due to amount of losses for different values 
of Reynolds number. The losses for low Reynolds number are 
higher as compared to losses at increased Reynolds number. 
Also it is observed that variation in heat utilization for differ-
ent pitch for same Reynolds number is insignificant at higher 
values of Reynold numbers. This phenomenon is probably 
due to the fact that collector is operating at lower tempera-
tures where losses become insignificant.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.5  Effect of mass flow rate on temperature of air at 
exit of duct 

Figure 8 shows the variation of temperature of air at exit with 
mass flow rate. As the mass flow rate increases, the heat carry-
ing capacity of air increases. Because of this heat utilization 
also increases, but the rate of increase of heat capacity is more 
significant than the rate of increase of heat utilization. There-
fore the temperature of air at exit decreases as a result increase 

in mass flow rate. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

4.6 Effect of Reynolds number on thermal efficiency 
Figure 9 shows the variation of thermal efficiency with Rey-
nolds number. As the Reynolds number increases, the heat 
transfer coefficient increases and collector operates at lower 
temperature of absorber plate which reduces the heat loss and 
increases thermal efficiency. Maximum efficiency is obtained for 
plate having relative roughness pitch (p/e)=10 in the entire 
range of Reynolds number under study. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4.7 Effect of relative roughness pitch on convective 
heat transfer cofficient 

The variation of convective heat transfer coefficient with rela-
tive roughness pitch parameter for the geometry under study 
can be explained on the basis of flow separation shown in Fig 
10(a), (b), (c). For plate with higher p/e ratio, the flow does not 
reattach after it detaches from each rib before it reaches the suc-
ceeding rib. Also, the maximum heat transfer is achieved near 
the reattachment point. Hence, it is concluded that at p/e=10, 
the convective heat transfer coefficient is maximum. It is ob-
served that for roughness of low relative pitch (p/e), flow does 
not attaches the absorber plate and for high relative roughness 
flow continously attach the absorber plate and form laminar 
sublayer. In both cases heat transfer coefficient is low. It is 
found that for relative roughness 10, the attachment and deat-
tachment is almost instantaneous, hence heat transfer coefficient 
is maximum for p/e =10. 

 
Fig.6 Comparison of Smooth and Roughened Plates for Different 
Values of Nusselt number 

 

 
Fig.7 Comparison of smooth and roughened plates for different 
values of heat utilizes Boelter equation for smooth duct 

 
Fig.8 Comparisons of smooth and roughened plates for different 
values oftemperature of air at exit of duct 

 
Fig.9 Comparison of Smooth and Roughened Plates for Different 
Values of thermal efficiency 
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4.8 Effect of relative roughness pitch on temperature  

of air at exit of duct 
The variation of temperature of air at exit of duct with relative 
roughness pitch parameter has been shown in Fig. 11. It has been 
observed that for a given mass flow rate, increase in the value of 

p/e up to 10, temperature increases due to increase in heat utili-
zation and after that it starts to decrease as heat utilization de-
creases. Temperature of air at exit decreases for all the relative 
pitches under study. The temperature of air at exit of duct is 
found to be highest at p/e=10 because for all mass flow rates, the 
heat utilization is maximum at this relative roughness pitch. 

 

 

 
 

 
 
 
 
 
 
 
 
 

 
 

4.9  Effect of relative roughness pitch on thermal 
efficiency 

Variation of thermal efficiency with relative roughness pitch 
parameter has been depicted in Fig. 12. It is observed that for 
p/e ratio from p/e 6 to 10 thermal efficiency increases, after 
that it start decreasing. Thermal efficiency is maximum at 
p/e=10. Optimum value of thermal efficiency is being ob-
tained at p/e=10 because heat transfer coefficient is maximum 
for this value. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.10 Effect of Reynolds number on pressure drop in 
the duct 

Figure 13 shows the variation of pressure drop in the duct with 
varying Reynolds numbers. Results show that for all plates, pres-
sure drop increase with increase in Reynolds number for rough 
as well as smooth plate. Similar trend in the variation of pressure 
drop in the duct has been obtained for all plates having different 
relative roughness pitch. This is due to the fact that pressure drop 

 
Fig.10 (a) Flow pattern for relative roughness pitch (p/e) =6 

     

 
Fig.11 Variation of thermal eficiency in duct with relative pitch 

 
Fig.10 (b) Flow pattern for relative roughness pitch (p/e) =10 

     

 
Fig.10 (c) Flow pattern for relative roughness pitch (p/e) =25 

     

 
Fig.12 Variation of thermal eficiency in duct with relative pitch 
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in the duct is significantly frictional pressure drop. As Reynolds 
number increases the velocity gradient in the duct also increases 
which increase frictional force and hence pressure drop.  
 

 

 

 

 

 

 

 

 

 

 

4.11 Effect of relative roughness pitch on pressure 
drop in the duct 

Figure 14 shows the variation of pressure drop in the duct with 
relative roughness pitch parameter. It has been observed that 
with increase in the value of p/e, pressure drop in the duct firs-
tincrease up to p/e=10 then it starts decreasing for all the plates 
under study. Maximum pressure drop is found for p/e ratio 10. 
In duct with smooth plate, laminar sub layer is formed adjacent 
to surface, hence a part of flow remains laminar. But in presence 
of ribs this laminar flow is disturbed and becomes turbulent. In 
flow simulation, maximum disturbance has been observed for 
relative roughness pitch p/e=10, hence maximum pressure drop  
occur at p/e=10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.12 Variation of friction factor with Reynolds number 
The plot for variation in friction factor with Reynolds number has 
been shown in Fig. 15(a) and Fig.15(b) for smooth and roughened 
plate respectively. Friction factor for smooth as well as roughened 
plates decrease as Reynolds number increases. 
 

 
 
 
 
 
 
 
 
 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

5  FLOW PATTERN STUDIES 
On the basis of graphical output of ANSYS the following 
efects were observed, by which above results can be ex-
plained. 
5.1 Effect of ribs 
The most important effect produced by the presence of a rib on 
the flow pattern is the generation of two flow separation regions, 
one on each side of the rib. The vortices so generated are respon-
sible for the turbulence and hence the enhancement in heat trans-
fers as well as in the friction losses takes place. A considerable 
influence of the presence of ribs is more pronounced in turbu-
lence intensity distribution. Fig. 16 shows the pressure distribu-
tion to show flow separation region on each side of the rib. 
 

 
Fig.13 Comparison of Smooth and Roughened Plates for Differ-
ent Values of pressure drop in duct 

 
Fig.14 Variation of pressure drop in duct with relative pitch 

 

 
Fig.15(b)  Variation of Exit air temperature in duct with relative 
pitch IJSER
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5.2 Effect of relative roughness pitch 
Figure 10 (a), (b) and (c) show the flow patterns as a function of 
relative roughness pitch. Due to flow separation downstream of a 
rib, reattachment of the shear layer does not occur for a pitch ratio 
of less than about 8. Maximum heat transfer has been found to 
occur in the vicinity of a reattachment point. For relative rough-
ness pitch considerably less than about 8, the reattachment will 
not occur at all, resulting in the decrease of heat transfer en-
hancement. However, an increase in pitch beyond about 10 also 
results in decreasing the enhancement.. 

6 CONCLUSION 
On the basis of investigation, following conclusions have 

been drawn: 
1 Based on the analysis, it has been found that the perfor-

mance of solar air heater can be enhanced by providing 
artificial roughness in the form of ribs on the underside of 
the absorber plate than the conventional flat plate solar air 
heater. 

2 Nusselt number has been found to be highest for an ab-
sorber plate having relative roughness pitch equal to 10.  

3 Thermal efficiency increases with increases in mass flow 
rate. 
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Fig.16  Pressure distribution to show flow separation region 
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