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Abstract: The performance of solar air heater is 
considerably low due to the low value of convective heat 
transfer coefficient between the flowing air and the 
absorber plate. This is due to the formation of thin viscous 
sub-layer at the surface of the absorber plate. Artificial 
roughness is used to break the laminar viscous sub-layer 
formed on the absorber plate for increasing the level of 
turbulence to enhance the heat transfer. In the present 
work artificial roughness in the form of integral wedge 
shaped rib with and without groove has been employed 
on one of the heated broad wall of the rectangular duct to 
enhance the heat transfer.  The wedge angle (Ф) was 
varied from 10 ° to 25° for relative roughness pitch (p/e) 
was kept as 8 and relative roughness height (e/D) was 
maintained as 0.033. The aspect ratio of the rectangular 
duct was maintained as 8. The Nusselt number and 
friction factor of the artificially roughened ducts were 
determined experimentally and the corresponding values 
were compared with that of smooth duct for the range of 
Reynolds number 3000-20000. The maximum 
enhancement in heat transfer was observed for the 
artificial roughness of wedge angle 15°. At the optimum 
angle of 15° a groove was incorporated. It was observed 
that wedge-groove roughened surface shows more 
enhancement in heat transfer compared to only rib 
roughened surface. The investigation revealed that 
Nusselt number increases 1.5-3 times of the smooth duct 
while the friction factor increases two to three folds that of 
the smooth duct in the range of operating parameters.  
The uncertainties in the measurements   due to various 
instruments for the Reynolds number, Nusselt number 
and friction factor lies in the range of ± 3.8%, ± 3.54%, 
and ± 7.6%, respectively.   
Keywords: Nusselt number, Reynolds number, friction 
factor, solar heater, dryer. 
 
Nomenclature 
Ap= Area of the absorber plate, m2; D= Equivalent 
hydraulic diameter, m; e= Rib height, m; fs =  Friction 
factor of smooth plate; f =  Friction factor of rough plate; h 
= Convective heat transfer coefficient, W/m2 K; k= 
Thermal conductivity, W/mK; m= Mass flow rate, kg/s; 
Nus=     Nusselt number of smooth surface; Nu=     
Nusselt number of rough surface; p= Pitch of the rib, m; 
Qu= Useful heat gain, W; Tf  =   Mean   film temperature of 
air, K; Ti =   Mean Inlet temperature of air, K; To = Mean 
Outlet temperature of air, K; Tp  =  Average plate 
temperature of air, K; ρ  = Density of air, kg/m3; ∆p =  
Pressure drop across test section, Pa; V  = Velocity of air, 
m/s. 
 

Introduction 
Enhancement of heat transfer in internal passages is 

always preferred in variety of applications like combustion 
chamber, cooling of gas turbine blades, compact heat 
exchangers and solar air heater etc. Several attempts 
have been made on enhancement of heat transfer which 
is broadly classified in two categories namely active and 
passive techniques. One of the well known passive 
methods of enhancing the heat transfer is to roughen the 
heat transfer surface artificially by the use of repeated 
transverse or inclined ribs to the flow. Many researchers 
(Williams et al., 1970; Webb et al., 1971; Han et al.,1978)  
have developed co-relations to investigate the effects of 
rib shape, pitch to height ratio (p/e) on friction factor and 
heat transfer.  They concluded that the rib cross section 
has marked effect on the friction and modest effect on 
heat transfer. Also, ribbed angle effect decreased as the 
aspect ratio of the duct increased.  The concept of 
combined turbulence promoters’ rib-groove arrangement 
on the absorber plate was introduced by Zhang et al 
(1994). They reported that the enhancement in the heat 
transfer for rib-grooved surface was better than only rib 
roughened surface.   

For the application of artificial roughness for 
enhancing the heat transfer in solar air heater, where the 
insolation  are received only on one side i.e. upper 
surface, only that surface is  to be roughened, while the 
remaining three walls  should be kept insulated. Thus, the 
application of artificial roughness in solar air heater 
makes the fluid flow and heat transfer characteristics 
distinctly different than those found in case of two 
roughened wall surface of a rectangular channel. Prasad 
et al. (2009) used wire mesh to enhance the heat transfer 
of solar air heater and concluded that the enhancement in 
heat transfer is a strong function of mass flow rate and 
the porosity of the bed.   Prasad & Saini (1988) 
investigated the heat transfer and friction factor in solar 
air heater using transverse ribs made of copper, glued on 
the absorber plate. They concluded that increasing p/e 
ratio (p is the pitch of ribs) beyond about 10 decreases 
the enhancement in heat transfer. Jaurker et al. (2006) 
investigated the rib-groove (square rib and triangular 
groove) roughness arrangement and reported that the 
heat transfer enhances by 2.75 time and friction factor 
increased by 3-3.5 times compared to that of the smooth 
surface. In another study (Layek et al., 2007), the effect of 
chamfered rib with and without groove was investigated 
and concluded that the increase in heat transfer 
coefficient and friction factor for the rib-groove roughness 
was higher than that of the rib roughness only. Hassan 
Ridouane & Campo (2008) performed the numerical 
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Fig.1. Schematic drawing of the experimental set up

study for investigating the convective heat transfer over a 
plate maintained at a constant temperature and 
concluded that the flow recirculation zone exist in each 
groove and  vortices get stronger near the groove  
leading to local heat flow augmentation there by 
increasing the surface and average Nusselt number. 
Bhagoria et al. (2002) reported the heat transfer and 
friction factor for wedge shaped rib roughened surface for 
e/D 0.015 -0.033 and p/e ratio of 6- 12 and also 
determined the optimum angle for the maximum heat 
transfer. They concluded that e/D of 0.033 and p/e of 8 
shows the maximum enhancement in heat transfer of 1.2-
2.2 compared to that of the smooth surface.   

From the above discussion it is understood that the 
artificial roughness in the form of wedge shaped 
transverse rib roughened surface shows better 

enhancement in heat transfer. Secondly, the rib and 
groove arrangement enhances more heat transfer 
compared to rib roughness only by little increase in 
pressure drop. Hence, the objective of the present work is 
to conduct experiments to investigate the effect on heat 
transfer and friction characteristics for artificially 
roughened transverse wedge shaped ribs (integral type) 
with and without groove arrangement of the upper broad 
side of the rectangular duct. In the entire experimentation 
the relative roughness pitch (p/e) was maintained as 8, 
the relative roughness height (e/D) was kept equal to 
0.033, wedge angle was varied from 10o to 25o in steps of 
five degree, groove angle of 60o and groove depth equal 
to the rib height (1.5 mm) and the relative groove position 
(g/p) was kept as 0.65. 
Experimental set up and procedure 

An experimental test facility has been designed and 
fabricated as per the ASHRAE recommendation 93-97 to 

study the effect of wedge groove roughness geometry on 
the heat transfer and fluid flow characteristics of a 
rectangular duct. A schematic diagram of experimental 
set up is shown in Fig.1. It consists of an entry section, 
test section, exit section, transition section, of   internal 
size of 2600 mm x 200 mm x 25 mm, a centrifugal 
blower with a control valve to regulate the mass flow rate 
and a flow measuring orifice-meter connected with an 
inclined  U- tube manometer to measure the mass flow 
rate of air. Aluminium plate of 8 mm thickness having 
artificial roughness called the absorber is given a uniform 
heat flux (1000 W/m2) by a variac controlled electrical 
heater. Calibrated copper-constantan thermocouples (24 
SWG), having least count of 0.1°C are used for the 
temperature measurement of the absorber plate and the 
air inlet and outlet. The pressure drop across the length 

of the test section is measured by a micro-manometer 
having a least count of 0.01 mm. 

The sketch of the roughness geometry used for 
present work (wedge shaped rib-groove roughness) is as 
shown in Fig.2. 

In order to minimize the percentage error in 
measurement of temperatures, minimum heat flux value 
is so selected as to raise the temperature of air by about 
10°C in the test section. The temperature difference 
between the heated plate and the bulk air was observed 
to be above 25°C. The airflow rate was varied to give the 
flow having a range of Reynolds number in the range of 
3000 to 20,000. 

Relevant data were noted under the steady-state 
condition for constant surface heat flux, which was 
assumed to have reached when the plate and air 
temperatures shows negligible variation for about 10-
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Fig. 2. Geometry of the rib-groove artificial roughness

Fig. 3. Nusselt number as function of 
Reynolds number for smooth surface Fig.4 Friction factor as function of Reynolds

number for smooth surface

minute duration. The steady state for each test run was 
obtained in about 1.5 to 2 hours. 
 
Data reduction  

Mass flow rate m was determined from the pressure drop 
( measured across the orifice plate as  

m  = CdAo                     (1) 

where Ao is  cross section area of orifice , β is the ratio of 
diameter an orifice to the 
internal diameter of pipe, ρ is 
the density of air. The value 
of convective heat transfer 
coefficient ‘h’ for the test 
section was calculated by 
the following relation 
h   = Qu / Ap( Tp – Tf )         (2) 
where, Qu the heat transfer 
rate to the air is given by:  
Qu = m Cp (To – Ti)                                                                                                                             
Tp,To,Ti, Tf are the average 
temperatures of the 
absorber plate, air 
temperature at the outlet ,  
air temperature at inlet 
section, and bulk mean 
temperature of the air 
respectively.  Ap is the area of the heat transfer surface.   
The Nusselt number was calculated by using the 
following relation  
Nu = h D/k            (3) 
where h is the convective heat transfer coefficient, D is 
the hydraulic diameter of the rectangular duct and k is the 
thermal conductivity of air.  
The friction factor was determined by using the following 
relation  

 f = 
2.4

.2
Vl
Dp

ρ
∆                (4)   

Where, ρ is density of air and V is the velocity of air 
through the rectangular duct of the test section. The 

pressure drop (∆p) across the test section 
along the length was measured with the help 
of micro-manometer in cold condition i.e. 
without heating the absorber plate.   
 
Validation of experimental setup 

Before taking the experimental data of 
artificially roughened ducts (one broad 
surface roughened and other three surfaces 
smooth), the experimental set up was 
validated by keeping all surface as smooth 
surfaces and the results obtained in the form 
of Nusselt number and friction factor were 
compared with the standard correlations for 
Nusselt number by Dittus and Bolter 
equation (5) and for friction factor by 
modified Blasius co-relations equation (6) 
are as shown in Fig. 3 and 4, respectively. 

Nu = 0.023 Re0.8 Pr0.4                        (5) 
f  = 0.085 Re0.25.                                (6) 

It is observed that the average deviation in the 
experimentally investigated values of Nusselt number and 
friction factor, with the standard co-relation value 
calculated using the above relationships were within the 
range of ± 3 %. Thus, the results obtained and the 

predicted values are in good agreement, 
which ensures the accuracy of the experimental data for 
the experimental set up.   
 
Results and discussions 

The effect of wedge angle and the relative groove 
position on heat transfer and friction factor of artificially 
roughened ducts have been investigated experimentally 
and compared with those of the smooth duct under 
similar operating conditions.   
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Fig.5(a)  Nusselt number Vs Reynolds
number for different values of wedge angle 

Fig.5(b)  Nusselt number as function of wedge angle 
for selected Reynolds number, fixed e/D = 0.033 

and p/e = 8 

 Fig.5(a) shows the variation 
of Nusselt number as a function 
of Reynolds number for different 
values of wedge angles ranging 
from 10o to 25o in four steps 
(namely 10, 15, 20 and 25o)  for  
fix values of relative roughness 
pitch (p/e) of 8 and  relative 
roughness height ( e/D) of 0.033. 
It was observed that in all the 
cases the Nusselt number 
increases with increase in 
Reynolds number. The increase 
in Nusselt number was more 
prominent at higher Reynolds 
number as compared to that at 
lower Reynolds number. It was 
also observed that the value of Nusselt number increases 
with increase in wedge angle up to 15° and then 
decreases with further increase in the wedge angle. This 
may be due to the fact that when the wedge angle is 
nearly 15° the wedge ends nearly at four times of the rib 
height and sufficient flat surface is available between the 
two consecutive ribs for the reattachment. With further 
increase in wedge angle the amount air bound in the 
recirculation zone behind the ribs increases causing hot 
spots there by poor heat transfer (Taucher & Mayinger 
1995). In order to bring out the effect of that wedge angle 
on the Nusselt number the results presented in Fig 5(a) 
are re-plotted for the few selected value of Reynolds 
number in Fig. 5(b). It is seen that for each Reynolds 
number the maximum value of Nusselt number is 
observed at nearly 15° wedge angle. The maximum value 
of Nusselt number was observed at 15° wedge angle. 
The value of Nusselt number increases by 1.1-2.6 times 
as compared to that of the smooth duct. 

Fig.6. shows the variation of friction factor with 
Reynolds number as a function of wedge angle. It was 
observed that the values friction 
factor increases with increase in 
wedge angle. The value of friction 
factor observed for ribbed 
roughness arrangement increases 
by 2.6 times as compared to the 
smooth duct. (Bhagoria et al., 
2002) has also reported that the 
value of friction factor increases 
with increase in wedge angle.  
 
Conclusions 
The major conclusion drawn from 
the investigations of heat transfer 
coefficient and friction factor are as 
follows: 
• It is observed that the roughness 

arrangements with wedge angle 
of 15° shows better 

enhancement of heat transfer 
compared to the other wedge 
angles roughness 
arrangements.   

• The rib-groove arrangement 
provides further enhancement 
in heat transfer compared to 
only rib roughened surface.  

• The rib-groove arrangement 
provides better thermo 
hydraulic performance as 
compared to only rib 
roughness arrangement. 
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Fig.9. Performance index Vs Reynolds for   
relative groove position (g/p) of 0.65 and wedge 

angle of 15°   & e/D of 0.033. 

Fig.8. Performance index Vs Reynolds as function 
for wedge angle for fix value of e/D  = 0.033. 
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Fig. 7 Nusselt number Vs Reynolds number for   
relative groove (g/p) = 0.65 & without groove, for 

wedge angle 15°, e/D = 0.033 and p/e = 8. 


