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ABSTRACT 
 

The demand of energy is increasing day by day because of increase in the 
population and increase in the living standards of the people. As the existing 
conventional sources of energy only is not sufficient enough to meet the growing 
demand of energy, it becomes mandatory to opt for the non-conventional sources of 
energy like solar, wind, bio-mass etc., to fulfil the growing demand of the energy. 
Amongst the various alternative energy sources, solar energy is a clean renewable 
resource of energy with zero emission, and has got tremendous potential which can 
be harnessed using a variety of devices  e.g. solar cooker, solar water heater, solar 
photovoltaic cell and solar air heating systems etc. Solar air heating systems are 
used for drying foods and other agricultural crops, seasoning of wood and in air-
conditioning systems. The performance of solar air heater being low due to the low 
value of convective heat transfer coefficient between the flowing air and the 
absorber plate. The convective heat transfer can be increased by increasing the level 
of turbulence by breaking the laminar viscous sub layer. The use of artificial 
roughness or turbulators on heated surface is one of the passive techniques which is 
used mostly for enhancing the heat transfer. In the present work artificial roughness 
in the form of integral wedge shaped rib with and without groove has been 
employed to enhance the heat transfer. The Nusselt number and friction factor for 
the same was determined experimentally and the corresponding values were 
compared with the smooth plate for Reynolds number in the range of 3000-20000.  
The wedge roughened surface enhances the Nusselt number and the friction 1.5-2.3 
times and 2-2.5 times respectively in comparison to the smooth plate in the range of 
parameters investigated. The investigations on wedge shaped transverse compound 
turbulator (rib – groove) shows better enhancement of heat transfer compared to 
only rib turbulators. 

Key Words : Artificial roughness, Aspect ratio, Compound turbulators,  
Thermo-hydraulic performance. 
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INTRODUCTION 
The importance of increasing use of 

renewable energy sources in the transition to 
a sustainable energy base was recognized in 
India in the early 1970s 1. During the past 
quarter century, a significant effort has been 
made into the development, trial and 
induction of  varieties of renewable energy 
sources like bio-mass, wind, geothermal, 
solar etc. for use in different sectors of the 
economy and sections of society in India. As 
the renewable energy technologies and 
environment concern rises these technologies 
will become more potential partner of energy 
contribution. Amongst the various sources of 
alternative energy, solar energy has wide 
potential and can be used in many ways like 
solar water heater, photovoltaic cell, solar 
cooker, solar air heater etc. In the chemical, 
printing, fabric dying and food processing 
industries drying is one of the important and 
most energy consuming processes. Hence, 
solar air heaters are used alone or in 
conjunction with the conventional driers in 
industries or in the agricultural area for 
drying the agriculture products.  

The efficiency of the solar air heaters is 
low, because of the low value of the 
convective heat transfer coefficient between 
flowing air and an absorber plate leading to 
high absorber plate temperature & high heat 
losses to the surroundings. The main reason 
for low value of the convective heat transfer 
coefficient is due to formation of laminar 
viscous sub-layer on the surface of the 
absorber plate. The artificial roughness or 
turbulators breaks the laminar viscous sub-
layer and increases the local wall turbulence 
due to flow separation and reattachments 
between the ribs, which greatly enhances the 
heat transfer coefficient between the air 

flowing and the absorber plate.  However, 
the increase in heat transfer is accompanied 
by increase in the frictional losses and 
increase in pumping power. Thus, in order to 
keep the friction losses to minimum, the 
turbulence must be created in the region 
close to the plate surface and the core flow 
should not be disturbed. Several methods for 
creating the artificial roughness like sand 
blasting, machining, casting or welding or 
fixing ribs have been proposed by Webb. 
Webb et al.3 developed the heat transfer and 
friction correlations for turbulent flow in 
tubes having repeated rib roughness based on 
the law of wall similarity. They concluded 
that the heat transfer and friction correlation 
can be extended to a wider range of relative 
roughness height (e/D). Han et al.4,5,6  
conducted the extensive experiments to 
simulate the flow through turbine blades. For 
developing and fully developed turbulent 
flow, heat transfer and friction characteristics 
of ducts with rib turbulators on two opposite 
walls of the square and rectangular ducts 
have been extensively studied. The results 
shows that the  angled ribs gives higher heat 
transfer coefficient compared to transverse 
ribs, because of the induction of the 
secondary flow in addition to breaking the 
laminar viscous sub-layer and producing 
local wall turbulence. They also concluded 
that the narrow aspect ratio ducts performs 
better heat transfer as compared to large 
aspect ratio ducts. The concept of combined 
turbulence promoters rib-groove arrangement 
on the absorber plate was introduced by 
Zhang et al.7. They reported that the increase 
in the heat transfer for rib-grooved surface 
was better than only rib turbulators. The 
enhancement in heat transfer and friction 
factor with rib-groove arrangement is 
observed as 3-4 times and 4-6 times 
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compared to that of the smooth surface 
respectively. Jaurker et al.8 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 by 3-3.5 times compared to 
that of the smooth surface. In another study 
Apurba Layek et al.9 investigated the effect 
of chamffered rib with and without groove 
and concluded that the increase in heat 
transfer coefficient and friction factor for the 
rib-groove roughness is higher than that of 
the rib roughness only. Bhagoria et al.10 
investigated the wedge shaped rib roughened 
surface and showed that there is 
enhancement in heat transfer of 1.2-2.2 
compared to that of the smooth surface.  

From the above discussion it is seen that 
the artificial roughness in the form of the rib 
and groove arrangement enhances more heat 
transfer compared to rib roughness only. 
Therefore in the present work 
experimentations are carried out to 
investigate the heat transfer and friction 
characteristics for artificially roughened 
transverse wedge shaped ribs with and 
without groove arrangement. The relative 
roughness (p/e) was maintain 8, the relative 
roughness height (e/D) is kept equal to 0.033 
and wedge angle was maintained as 10o. 

MATERIAL AND METHODS 
The experimental set up as shown in 

Fig.1 is designed and developed as per the 
ASHRAE standard11 for the study of the heat 
transfer and fluid flow characteristics in a 
rectangular artificially roughened duct. It 
consists of an air blower of 5 H.P., inlet 
section of the duct, test section, exit section, 
transition section, and an orifice flow meter 
of 41 mm diameter used for measuring the 

discharge of air through the duct. The entire 
duct is 2600 mm in length in which the entry 
section is 800 mm, test section of 1200 mm 
and out let is 600 mm in length provided 
with the mixer. The entire duct is made of 19 
mm thick plywood with rectangular cross 
section of internal dimension measuring 200 
mm by 25 mm. thus keeping the aspect ratio 
of 8. A plate type heater of 1.5 kW of size 
1200 mm by 220 mm. is used for providing a 
constant heat flux of desired quantity which 
is controlled by controlling the input wattage 
by variac transformer. Glass wool is used on 
the upper side of the heater plate for 
minimising the heat losses from the top 
surface. Eighteen calibrated thermocouples 
were provided on the top surface of an 
absorber plate as shown in Fig. 1 for 
measuring the temperature of the aluminium 
plate. Five thermocouples were provided 
after the mixer to measure the mean 
temperature of the exit air. Two 
thermocouples were provided at the entry of 
the test section for measuring the inlet 
temperature. The pressure difference across 
the orifice is measured with the help of an 
inclined U-tube manometer in which 
kerosene is used as manometric fluid. The 
pressure difference between the test section 
on smooth and the artificially roughened pipe 
is measured with a micro-manometer having 
least count of 0.1 Pa for assessing the friction 
losses. The entire duct inlet and the outlet are 
covered with insulating material to minimise 
the heat losses over the entire duct.  

The test run were conducted under 
steady state condition to collect the relevant 
data for the measurement of heat transfer 
coefficient and friction factor. Different sets 
of data were collected for different flow 
rates. 
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                                       Fig.1: Schematic drawing of the experimental set up 
 

ROUGHNESS GEOMETRY 
 Fig. 2(a) and Fig. 2(b) shows the 

roughness geometry employed for heat 
transfer and friction characteristics 
analysis. The absorber plate were 
machined to developed the integral 
wedge shaped ribs on the aluminium 
plate. The height of the rib was kept 
equal to 1.5 mm. and wedge angle was 
kept 10o. The relative roughness pitch 
(p/e) defined as the ratio of pitch to rib 

height is maintained as 8, the relaive 
roughness height (e/D) defined as the 
ratio of rib height to the hydraulic 
diameter of the duct is kept as 0.33. The 
depth of the groove and the angle is kept 
equal to the height of the rib and 60o 
respectively. The above mentioned 
dimensions of the roughness geometry 
were selected based on the literature 
review corresponding to the maximum 
enhancement of heat transfer. 

.              
Fig. 2(a) : Wedge shaped rib turbulator with groove arrangement. (All dim. are in mm.) 

 
Fig. 2(b) : Wedge shaped rib turbulator without groove arrangement (All dim. are in mm.) 
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DATA REDUCTION 
The value of convective heat transfer 

coefficient ‘h’ was calculated by the 
following relation 

h = uQ / Ap( Tp – Tf )    where  

Qu = m Cp (To – Ti ),    where   
Tp ,T0 ,Ti , Tf are the average 

temperatures of the absorber plate,  the air 
temperature at the outlet , the air temperature 
at inlet section, and Tf  is the mean fluid 
temperature respectively.  

Nusselt number was calculated by using 
the following relation 

  Nu = h D/k   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 pressure 
drop (∆p) across the test section is measured 
with the help of micro-manometer. The 
friction factor is determined from the 
measured values of by using the relation, 

 f = 
2.4

.2
Vl
Dp


  , where ∆p is the pressure 

drop across the test section. l is the length of 
test section and ρ is density of air. 

VALIDATION OF EXPERIMENTAL 
SETUP 

The experimental set up was validated by 
investigating  the value of Nusselt number 
and friction factor over a smooth plate and 
the results were compared by the standard 
correlation available for  Nusselt number and 
friction factor as shown in Fig. 3 and Fig 4. 
The Nusselt number is given by Dittus and 
Bolter co-relation  

Nu = 0.023 Re0.8 Pr0.4  
and the friction factor is calculated by 

using the modified Blasius relation given as 
f =  0.085Re0.25. 
It is seen that the average deviation in the 

experimentally investigated values of Nusselt 

number and friction factor with theoritical 
value calculated using the above 
relationships are within the range of ± 3 % 
which shows good agreement between the 
theoritical and experimentally investigated 
values.  

RESULTS AND DISCUSSION 
 Experimental   investigation of heat 

transfer coefficient (Nusselt number) and 
friction factor for artificially roughened 
wedge shaped rib with and without groove 
on the upper broad wall of the rectangular 
duct, which was subjected to a uniform heat 
flux has been carried out. Fig. 5 shows the 
variation of Nusselt number with Reynolds 
number as a function of roughness geometry 
(wedge shaped rib with and without groove). 
It is observed that the value Nusselt number 
for rib grooved roughness arrangement is 
higher than that of the only rib roughness 
arrangement for each value of Reynolds 
number. The value of Nusselt number for 
only ribbed roughness arrangement increases 
by 1.5-2.3 times as compared to the smooth 
duct and for rib-grooved arrangement 
roughened surface the enhancement value is 
found to be 2-3 times that of the smooth 
surface. The enhancement in heat transfer 
may be because of the additional vortices 
that are created in and around the groove 
arrangement near the wall. Zhang et al.7 and 
Jaurker et al.8 also reported that the 
enhancement of heat transfer of the rib-
groove roughness arrangement is higher than 
that of the rib roughness arrangement only. 
Fig. 6 shows the variation of friction factor 
with Reynold’s number as a function of 
roughness geometries.  It is noted that the 
value of friction factor for rib-groove 
arrangement is higher as compared to that of 
only rib roughened surface for each 
Reynolds number. The increase in friction 
factor is found to be 2-2.5 times the smooth 
plate for ribs roughened surface where as this 
value for rib-groove roughened surface 
yields 3.5 folds as compared to that of the 
smooth plate. 
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    Fig. 3: Nusselt number Vs Reynold’s number            Fig.4: Friction factor Vs Reynold’s number  
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            Fig. 5 : Nusselt number Vs Reynold’s   Fig. 6 : Friction factor Vs Reynold’s number 

     number for rib roughened               for rib roughened surface with and  
               surface with and without groove.    without groove. 

Thermohydraulic performance 

Study of the heat transfer and friction 
characteristics of the roughened ducts shows 
that an enhancement in heat transfer is, in 
general, accompanied with friction power 
penalty due to a corresponding increase in 
friction factor. Therefore, it is essential to 
determine the geometry that will results in 
maximum enhancement in heat transfer with 
minimum of friction power penalty. In order 
to achieve this objective of simultaneous 

consideration of thermal as well as hydraulic 
performance i.e. thermo-hydraulic 
performance, Lewis13, proposed a thermo-
hydraulic parameterknown as efficiency 
parameter ‘η’, which evaluates the 
enhancement in heat transfer of roughened 
duct compared to that of the smooth duct for 
same pumping power requirement and is 
defined as.  

η = (Nur / Nus) / (fr / fs)1/3 



Journal of Environmental Research And Development Vol. 3 No. 2, October-December 2008 

470 

 

A value of this parameter higher than 
unity ensures the fruitfulness of using 
enhancement device and can be used to 
compare the performance of number of 
arrangements to decide the best among these. 
The value of this parameter for the roughness 
geometries investigated in this work has been 
shown in Fig. 7. It is seen that the value of 
parameter is generally higher for rib with 
groove roughness arrangement compared to 
that for an only rib roughness arrangement 
under similar conditions.  

CONCLUSION 
The major conclusion drawn from the 

investigations of heat transfer coefficient and 
friction factor are as follows: 
 The rib-groove arrangement provides 

better heat transfer and better thermo 
hydraulic performance as compared to 
only rib roughness arrangement. The 
enhancement in heat transfer may be 
because of the additional vortices that are 
created in and around the groove 
arrangement near the wall. For the 
present study the value of Nusselt 

number for only ribbed roughness 
arrangement increases by 1.5-2.3 times 
as compared to the smooth duct and for 
rib-grooved arrangement roughened 
surface the enhancement is found to be 
2-3 times the smooth surface.   

 The increase in friction factor is found to 
be 2-2.5 times the smooth plate for ribs 
roughened surface where as this value 
for rib-groove roughened surface yields 
3.5 folds as compared to smooth plate. 

Nomenclature :  
Ap Area of the absorber plate, m2 
D       Equivalent hydraulic diameter, m 
e        Rib height, m 
fs         Friction factor of smooth plate 
fr        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 
Nur Nusselt number of rough surface. 
p  Pitch of the rib, m 
Qu      Useful heat gain, W 
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Fig. 7 : Thermo-hydraulic performances Vs Reynold’s number 
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Tf  Mean   temperature of air, K 
Ti          Inlet temperature of air, K 
To         Outlet temperature of air, K 
Tp         Average plate temperature of air, K 
ρ        Density of air, kg/m3 
∆p Pressure drop across the test  

section, Pa 
V Velocity of air, m/s 
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