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Abstract

The use of an artificial roughness on a surface is an effective technique to enhance the rate of heat transfer to fluid flow in the duct of a
solar air heater. Number of geometries of roughness elements has been investigated on the heat transfer and friction characteristics of
solar air heater ducts. In this paper an attempt has been made to review on element geometries used as artificial roughness in solar air
heaters in order to improve the heat transfer capability of solar air heater ducts. The correlations developed for heat transfer and friction
factor in roughened ducts of solar air heaters by various investigators have been reviewed and presented.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Energy in various forms has played an increasingly
important role in world wide economic progress and indus-
trialization. In view of the world’s depleting fossil fuel
reserves, which provide the major source of energy, the
development of non-conventional renewable energy
sources has received an impetus. Sunlight available freely
as a direct and perennial source of energy provides a
non-polluting reservoir of fuel. The simplest and the most
efficient way to utilize solar energy is to convert it into ther-
mal energy for heating applications by using solar collec-
tors. Solar air heaters, because of their inherent simplicity
are cheap and most widely used collection devices. The
main applications of solar air heaters are space heating;
seasoning of timber, curing of industrial products, and
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these can also be effectively used for curing/drying of
concrete/clay building components. The solar air heater
occupies an important place among solar heating system
because of minimal use of materials and cost.

The thermal efficiency of solar air heaters in comparison
of solar water heaters has been found to be generally poor
because of their inherently low heat transfer capability
between the absorber plate and air flowing in the duct. In
order to make the solar air heaters economically viable,
their thermal efficiency needs to be improved by enhancing
the heat transfer coefficient. There are two basic methods
for improving the heat transfer coefficient between the
absorber plate and air. The first method involves increasing
the area of heat transfer by using corrugated surfaces or
extended surfaces called fins without affecting the convec-
tive heat transfer coefficient. The second method involves
increasing the convective heat transfer by creating turbu-
lence at the heat-transferring surface. This can be achieved
by providing artificial roughness on the underside of absor-
ber plate. Many investigators have attempted to design a
roughness element, which can enhance convective heat
transfer with minimum increase in friction losses.
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Nomenclature

D equivalent diameter of the air passage (m)
e height of roughness element (m)
e+ roughness Reynolds number
e/D relative roughness height
fr friction factor of roughened duct
fs friction factor of smooth duct
G momentum heat transfer function
H height of duct (m)
l longway of mesh (m) (Fig. 5)
l/e relative longway length of mesh
Nur Nusselt number of roughened duct
Nus Nusselt number of smooth duct
Pr Prandtl number
p roughness pitch (m) (Figs. 1 and 2)
p/e relative roughness pitch

R roughness function
Re Reynolds number
S length of main segment line of discrete rib ele-

ment (m) (Fig. 6)
s shortway of mesh (m) (Fig. 5)
s/e relative shortway length of mesh
�St average Stanton number
Str Stanton number of roughened duct
Sts Stanton number of smooth duct
V velocity of air in the duct (m/s)
W width of duct (m)

Greek symbols

a angle of attack of flow (�) (Fig. 4)
/ wedge angle (�) (Figs. 8 and 9)
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2. Concept of artificial roughness

In order to attain higher heat transfer coefficient, it is
desirable that the flow at the heat-transferring surface is
made turbulent. However, energy for creating such turbu-
lence has to come from the fan or blower and the excessive
power required making the air flow through the duct. It is
therefore desirable that the turbulence must be created only
in the region very close to the heat transferring surface, i.e.,
in the laminar sub layer only where the heat exchange takes
place and the flow should not be unduly disturbed so as to
avoid excessive friction losses. This can be done by keeping
the height of the roughness element small in comparison
with the duct dimension. Although there are several
parameters that characterize the arrangement and shape
of the roughness, the roughness element height (e) and
pitch (p) are the most important parameters. These param-
eters are usually specified in terms of dimensionless param-
eters, namely, relative roughness height (e/D) and the
relative roughness pitch (p/e). The roughness elements
can be two-dimensional ribs or three-dimensional discrete
elements, transverse or angled ribs or V-shaped continuous
or broken ribs. Although square ribs are the most com-
monly used geometry but chamfered, circular, semi-circu-
lar and grooved sections have been investigated in order
to get most beneficial arrangement from thermohydraulic
consideration.
2.1. Fluid flow and heat transfer characteristics of

roughened surface

In view of the complex nature of the flow comprising
separated turbulent flows produced by certain special ori-
entations of the ribbed artificial roughness, it is difficult
to develop analytical flow models. Early studies beginning
with that of Nikuradse (1950) attempted to develop veloc-
ity and temperature distribution for roughened surfaces.
(i) For smooth surface
uþ ¼ yþ for laminar sublayer; yþ 6 5 ð1Þ
uþ ¼ 5 ln yþ þ 3:5 for buffer layer; 5 6 yþ 6 30

ð2Þ
uþ ¼ 2:5 ln yþ þ 5:5 for turbulent layer; yþ > 30

ð3Þ
(ii) For roughened surface
A detailed study of the data on roughened surfaces
showed that the velocity profile in the turbulent flow
region is strongly dependent upon the roughness
height along with the flow Reynolds number. A
parameter combining the two (i.e. roughness height
and Reynolds number) had been defined and used
in roughened surface flow analysis. This parameter
is called roughness Reynolds number and is expressed
as
eþ ¼ e
D

ffiffiffi
f
2

r
Re ð4Þ
where e is the roughness height and R (e+) is known
as momentum transfer function and can be written as
RðeþÞ ¼
ffiffiffi
2

f

s
þ 2:5 ln

2e
D

� �
þ 3:75 ð5Þ
For roughened circular pipes, momentum transfer function
has been used to correlate data on friction. A similar rela-
tion for heat transfer in terms of a heat transfer function G

(e+) has been developed (Dippery and Sabersky, 1963)
which can be expressed as

GðeþÞ ¼ f
2St
� 1

� � ffiffiffi
f
2

r
þ RðeþÞ ð6Þ



Fig. 1. Flow pattern downstream the roughness as a function of relative
roughness pitch.

1342 Varun et al. / Solar Energy 81 (2007) 1340–1350
Experimental data collected on various geometries of rib-
roughened surfaces has been utilized for the development
of correlation of the form

R ¼ Rðeþ; p=e; Rib shape; W =HÞ; ð7Þ
G ¼ Gðeþ; p=e; Rib shape; W =HÞ ð8Þ

It was however, subsequently realized that the statistical
correlations may be better suited for design and is easy to
formulate. These correlations can be the function of Rey-
nolds number, Relative pitch (p/e), relative roughness
height (e/D), aspect ratio (W/H) and the geometry of the
rib.

3. Flow pattern

The geometry of the artificial roughness can be of differ-
ent shapes and orientations. Flow patterns are discussed
with respect to different types of artificial roughness ele-
ments as below.

3.1. Effect of rib

The most important effect produced by the presence of a
rib on the flow pattern, is the generation of two flow sepa-
ration regions, one on each side of the rib. The vortices so
generated are responsible for the turbulence and hence the
enhancement in heat transfers as well as in the friction
losses takes place.

3.2. Effect of rib height and pitch

Figs. 1 and 2 (Prasad and Saini, 1988) show the flow pat-
tern downstream of a rib as the rib height and pitch are
changed. Due to flow separation downstream of a rib, reat-
tachment 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. It
is reasonable to accept that a similar effect can be produced
by decreasing the relative roughness pitch (p/e) for a fixed
relative roughness height (e/D). For relative roughness
pitch considerably less than about 8, the reattachment will
not occur at all resulting in the decrease of heat transfer
enhancement. However, an increase in pitch beyond about
10 also results in decreasing the enhancement. It can there-
fore be concluded that there occurs an optimum combina-
tion of pitch and height that will result in maximum
enhancement.

3.3. Effect of inclination of rib

Apart from the effect of rib height and pitch, the param-
eter that has been found to be most influential is the angle
of attack of the flow with respect to the rib position i.e.
skewness of rib towards the flow. Span wise counter rotat-
ing secondary flows created by angling of the rib, appear to
be responsible for the significant span wise variation of
heat transfer coefficient. It is pointed out that whereas
the two fluid vortices immediately upstream and down-
stream of a transverse rib are essentially stagnant relative
to the mainstream flow which raises the local fluid temper-
ature in the vortices and wall temperature near the rib
resulting in low heat transfer. The vortices in the case of
angled ribs move along the rib so subsequently join the
main stream, the fluid entering near the leading end of
rib and coming out near the trailing end (Taslim et al.,
1996). These moving vortices therefore bring in cooler
channel fluid in contact with leading end raising heat trans-
fer rate while the trailing end heat transfer is relatively
lower. This phenomenon therefore results in strong span
wise variation of heat transfer.

3.4. Effect of V-shaping of rib

The possibility of further enhancing the wall heat trans-
fer by the use of V-shaped ribs is based on the observation
of the creation of secondary flow cell due to angling of the
rib resulting in a region of higher heat transfer near the



Fig. 2. Flow pattern the roughness as a function of relative roughness
height.
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leading end. By splitting the long angled rib into a V-shape
to form two leading ends and a single trailing end (apex of
V), a much larger (about double) region of high heat trans-
fer is produced. It is infact the formation of two secondary
flows cells instead of one as in the case of transverse rib
that results in higher overall heat transfer in the case of
V-shaped ribs.
4. Roughness geometries used in heat exchangers

The earlier studies on artificial roughness were carried
out in the area of gas turbine airfoil cooling system, gas
cooled nuclear reactors and design of compact heat
exchangers. Investigators have modeled the shape of inter-
nal cooling passage of gas turbine as a rectangular channel
with two opposite rough walls and two smooth walls. Sev-
eral types of surface roughness have been used; they may
be broadly classified as regular geometric roughness and
irregular roughness. Irregular surface roughness can be
produced by sand blasting the surface. Nikuradse (1950)
investigated the effect of roughness on the friction factor
and velocity distribution in pipes which was roughened
by sand blasting. Nunner (1958) and Dippery and Sabersky
(1963) developed a friction similarity law and a heat
momentum analogy for flow in sand grain roughened
tubes.

Regular surface roughness is of many types depending
on the shape, arrangement and orientation of roughness
elements on the absorber plate. Donne and Meyer (1977),
Meyer (1982), Wilkie (1966), Sheriff and Gumley (1966),
Gomelauri (1964), Wilkie and Mantle (1979) and Vilemas
and Simonis (1985) investigated regular geometric rough-
ness which can be produced in the form of cavities and ribs.
Experimental investigations were carried out to study the
effect of artificial roughness on heat transfer and friction
factor by them.

Sheriff and Gumley (1966) experimentally investigated
the optimum roughness Reynolds number (eþopt) as 35.
Burggarf (1970) studied turbulent heat transfer and friction
for flow in a square duct with 90� full rib arrays. Ribs, that
stretches across the width of the channel at an angle of
attack of 90� on two opposite walls and two smooth walls.
Han (1984, 1985, 1988), Han et al. (1985, 1988, 1989), Han
and Park (1988), Zhang et al. (1984), Zhang and Gu (1994),
Chandra et al. (1988), Sparrow and Tao (1984) and Roeller
et al. (1991) studied the effects of varying the channel
aspect ratio (0.25–4.0), rib angle of attack (a = 30�, 45�,
60� and 90�), the rib pitch to height ratio (p/e = 10–40),
and rib height to channel hydraulic diameter ratio (e/
D = 0.021–0.063) on the heat transfer in straight square
and rectangular channels with full ribs on two opposite
walls and two smooth walls. For a square channel,
although parallel 60� full ribs enhanced the channel heat
transfer the most, they also caused the highest pressure
drop. Parallel full ribs having angle of attack, a of 45�
and 30� had the best thermal performance. In general par-
allel angled full ribs enhanced the ribbed wall heat transfer
more than the crossed angled full ribs.

Han et al. (1978) reported that ribs inclined at an angle
of attack of 45� results in better heat transfer performance
when compared to transverse ribs.

Taslim et al. (1991, 1996) studied the augmentation of
heat transfer in square channels roughened with rib height
to channel hydraulic diameter (e/D) in the range of 0.083–
0.167 for Reynolds number 5000–30,000. Lau et al.
(1991a,b,c) conducted experiments to study the effect of
discrete ribs on the turbulent heat transfer and friction
for fully developed flow of air in a square channel. Results
showed that the average Stanton number for the inclined
45� and 60� discrete ribs was about 20–35% higher than
in the 90� full rib case. Han and Zhang (1992) studied
the parallel and V-shaped staggered discrete ribs and
showed that the 60� staggered discrete V-shaped ribs pro-
vided higher heat transfer than that for the parallel discrete
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ribs and consequently higher than that of other discrete
ribs.

Han et al. (1991) investigated the effect of V-shaped ribs
and found that V-shaped ribs result in better enhancement
in heat transfer in comparison to inclined ribs and trans-
verse ribs.

Hirota et al. (1994) used square ribs and Chang and
Mills (1993), Donne and Meyer (1977) and Maubach
(1972) used rectangular ribs in their investigations. Ravi-
gururajan and Bergles (1985) used four type of roughness,
namely semicircular, circular, rectangular and triangular
ribs to develop general statistical correlations for heat
transfer and pressure drop for single phase turbulent flow
in internally ribbed surface. Liou and Hwang (1992,1993)
tested three shapes of rib roughness, namely square, trian-
gular and semicircular ribs to study the effect of rib shapes
on turbulent heat transfer and friction in a rectangular
channel with two opposite ribbed walls. Hosni et al.
(1993) investigated truncated cone roughness, Hosni et al.
(1991) used hemisphere roughness elements in a rectangu-
lar channel. Kolar (1964) tested screw thread type rough-
ness in pipe flow. Firth and Meyer (1983) investigated the
effect of square, helical and trapezoidal rib roughness on
heat transfer in annular flow geometry. Williams et al.
(1970) used rectangular, chamfered, wedge and helical ribs
in a circular annulus flow passage and reported that cham-
fered and wedge shaped ribs offer relatively lower enhance-
ment in friction losses.

Ichimiya et al. (1991) experimentally investigated the
effect of porous type roughness on the heat transfer and
friction characteristics in a parallel plate duct. Permeable
(porous) rib type roughness are of great interest because
they provide a substantially lower drag force in comparison
with solid type rib and still provide enhanced heat transfer
coefficient in comparison with the smooth wall duct.
Hwang and Liou (1994, 1995) experimentally investigated
the effects of permeable ribs on heat transfer and friction
in a rectangular channel. It was found that permeable ribs
gave higher thermal performance than with solid ribs.

Tanasawa et al. (1983) employed the resistance heating
method and thermocouple technique to determine the heat
transfer coefficients in a channel with turbulence promot-
ers. Three types of turbulence promoter, namely fence type,
perforated-plate type and silted plate type were tested.
Results showed that the surfaces with perforated plate type
turbulence promoters gave an excellent performance under
constant pumping power conditions.

Afanasyev et al. (1993) experimentally studied the fric-
tion and heat transfer in regular arrays of spherical pits
on flat plate and reported that 30–40% heat transfer
enhancement without any appreciably effect on the hydro-
dynamic loss. This investigation however was much local-
ized at mid point (outside of concavity) of a staggered
dimpled plate. Belen’kiy et al. (1994) employed staggered
array of concave dimples in annular passages on the inte-
rior cylindrical surfaces. Heat transfer augmentations as
high as 150%, compared to smooth surfaces were reported
with appreciable pressure losses. Gortyshov et al. (1998)
placed spherical shaped dimples on the opposite surfaces
of narrow channel (Chyu et al., 1997). Enhancement of
the overall heat transfer rate was about 2.5 times the
smooth surface values over a range of Reynolds number.
The pressure losses are about half the values produced by
conventional rib turbulators. Burgess et al. (2003) experi-
mentally investigated heat transfer and friction factor in
rectangular channel having dimples on one wall with an
aspect ratio of 8, in the range of Reynolds numbers of
12,000–70,000. Moon et al. (1999) experimentally investi-
gated the heat transfer and friction characteristics of con-
cavities as roughness element on one wall. The heat
transfer coefficients were measured using a transient
thermo chromic liquid crystal technique. The heat transfer
enhancement on the dimpled wall was found approxi-
mately 2.1 times that of a smooth channel in the thermally
developed region for Reynolds number ranging from
12,000 to 60,000. The thermal performance of dimpled sur-
face was found superior to that of continuous ribs. It was
unchanged that with concavities substantial heat transfer
can be achieved with a relatively low pressure penalty.

Kesarev and Kozlov (1993) conducted a convective heat
transfer test with a single concavity. The study was limited
to the concavity inside surface and reported that the total
heat flux was about 1.5 times that of a plane circle of the same
diameter at a free stream turbulence level of 0.5 level. This
study failed to address the heat transfer enhancement out-
side of the concavity. The potential gas turbine applications
of concavity designs were studied by Sehukin et al. (1995).

Lorenz et al. (1995) experimentally investigated the dis-
tribution of the heat transfer coefficient in a channel with
periodic transverse grooves. Local convective heat transfer
coefficients were evaluated from local temperatures taking
into account. The global Nusselt number at the grooved
wall was found augmented by 1.52–1.75 in comparison to
a smooth channel.

For compact design and efficient heat exchangers several
investigations have been carried out in roughened circular
tubes by Sams (1952), Webb et al. (1972), Webb and Eckert
(1972), Webb (1994), Gee and Webb (1980), Brouillette
et al. (1957), Koch (1960), Molloy (1967) and Sethumadh-
avan and Raja Rao (1983). Based on the experimental
studies following correlations were developed by Webb
et al., 1971 for transverse square ribs for (e+ > 25).

R ¼ 0:95ðp=eÞ0:53 ð9Þ
G ¼ 4:5Pr0:57ðeþÞ0:28 ð10Þ

A detailed investigations and analysis of compact heat
exchangers had been compiled by Kays and London
(1964).
5. Roughness geometries used in solar air heater ducts

To increase the heat transfer in the case of solar air heat-
ers, the roughness elements have to be considered only on
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one wall, which is the only heated wall, because there is
only one wall, which receives the solar radiation. There-
fore, the solar air heaters are modeled as a rectangular
channel having one rough wall and three smooth walls.
This makes the fluid flow and heat transfer characteristics
distinctly different from those found in the case of channel
with two opposite roughened walls, roughened annular and
circular tubes. Further the range of Reynolds number
applicable in solar air heaters are of lower range in compar-
ison of the studies discussed above.

These investigators studied the effect of geometric
parameters of roughness elements, on heat transfer and
friction factor in gas turbine cooling and heat exchanger
applications. However the similar geometries can be used
for the lower range of Reynolds number for solar air heater
applications. Keeping this in view several investigators
investigated various geometries of artificial roughness in
solar air heater ducts. Correlations for heat transfer and
friction factor were developed based on the experimental
study carried out by the various investigators. Different
geometries of roughness elements studied by the investiga-
tors are discussed in the following sections of the paper.
5.1. Small diameter wire

Prasad and Saini (1988) investigated the effect of relative
roughness height (e/D) and relative roughness pitch (p/e)
on heat transfer and friction factor. The type and orienta-
tion of the geometry is shown in Fig. 3. It has been
observed that increase in the relative roughness height
results in a decrease of the rate of heat transfer enhance-
ment although the rate of increase of friction factor
increases. Increase in the relative roughness pitch results
in a decrease in the rate of both heat transfer and friction
factor. The maximum enhancement in Nusselt number
and friction factor were as 2.38 and 4.25 times than that
of smooth duct respectively. The optimal thermohydraulic
performance given by Webb and Eckert (1972)
[gthermo = (Str/Sts) /(fr/fs)

1/3] (i.e. maximum heat transfer
for minimum fluid pressure) could be achieved at e+ of 24.

Gupta et al. (1993) investigated the effect of relative
roughness height, angle of attack and Reynolds number
e

p

Flow 

Fig. 3. Type and orientation of roughness element investigated by Prasad
and Saini (1988).
on heat transfer and friction factor in rectangular duct hav-
ing circular wire ribs on the absorber plate. The orientation
of the geometry was as shown in Fig. 4. It was found that
the heat transfer coefficient in roughened duct could be
improved by a factor up to 1.8 and the friction factor
had been found to increase by a factor up to 2.7 times of
smooth duct. The maximum heat transfer coefficient and
friction factor were found at an angle of attack of 60�
and 70� respectively in the range of parameters investi-
gated. The thermohydraulic performance of roughened
surfaces had been found best corresponding relative rough-
ness height e/D of 0.033 and the Reynolds number corre-
sponding to the best thermohydraulic performance were
around 14,000 in the range of parameters investigated.

Verma and Prasad (2000) also investigated the effect of
similar geometrical parameters of circular wire ribs on heat
transfer and friction factor. It was observed that the value
of heat transfer enhancement factor (Nur/Nus) varies from
1.25 to 2.08 within the range of parameters investigated. It
was also found that for roughness Reynolds number (e+) of
24, the thermohydraulic performance in such collector was
maximum. The value of optimal thermohydraulic perfor-
mance had been found to be about 71% corresponding to
e+ of 24.
5.2. Expanded metal mesh

Saini and Saini (1997) investigated the effect of
expanded metal mesh geometry as shown in Fig. 5, the
effect of relative long way length of mesh (l/e) and relative
short way length of mesh (s/e) on heat transfer and friction
factor. The maximum Nusselt number and friction factor
were found corresponding to relative long way length of
mesh of 46.87 and 71.87 respectively for all the values of
relative short way length of mesh investigated. The maxi-
mum Nusselt number and friction factor occur for relative
short way length of mesh of 25 and 15 respectively. The
maximum enhancement in Nusselt number and friction
factor values were reported of the order of 4 and 5 times
to the smooth plate respectively.
5.3. V-Shaped ribs

Muluwork et al. (1998) compared the thermal perfor-
mance of staggered discrete V-apex up and down with cor-
responding transverse staggered discrete ribs as shown in
Fig. 6. The relative roughness length ratio (g/p) had been
α

p

 Flow 

Fig. 4. Orientation of roughness element investigated by Gupta et al.
(1993).



 p 

α
Flow 

Fig. 7. Orientation of roughness element investigated by Momin et al.
(2002).

l, Longway
     of mesh 

s, Shortway 
 of mesh 

  Flow 

Fig. 5. Orientation of roughness element investigated by Saini and Saini
(1997).

p

φeFlow 

Fig. 8. Type of roughness element investigated by Karwa et al. (1999).
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considered as dimensionless geometric parameter of rough-
ness element to compare three different configurations. It
was observed that the Stanton number increases with the
increase of relative roughness length ratio. The Stanton
number for V-down discrete ribs was higher than the cor-
responding V-up and transverse discrete roughened sur-
faces. The Stanton number ratio enhancement was found
1.32–2.47 in the range of parameters covered in the inves-
tigation. It was also observed that the friction factor
increases with an increase in the relative roughness length
ratio. Further for Stanton number, it was seen that the
ribbed surface friction factor for V-down discrete ribs
was highest among the three configurations investigated.

Momin et al. (2002) experimentally investigated the
effect of geometrical parameters of V-shaped ribs on heat
transfer and fluid flow characteristics in rectangular duct
of solar air heater. The investigated geometry was as shown
in Fig. 7. The investigation covered Reynolds number
range of 2500–18,000, relative roughness height of 0.02–
0.034 and angle of attack of flow (a) of 30–90� for a fixed
relative pitch of 10. For this geometry it was observed that
the rate of increase of Nusselt number with an increase in
Reynolds number is lower than the rate of increase of fric-
tion factor. The maximum enhancement of Nusselt number
and friction factor as result of providing artificial rough-
ness had been found as 2.30 and 2.83 times to smooth sur-
face respectively for an angle of attack of 60�. It was also
found that for relative roughness height of 0.034 and angle
of attack of 60�, the V-shaped ribs enhance the value of
Nusselt number by 1.14 and 2.30 times over inclined ribs
and smooth plate respectively. It was concluded that V-
s

p

Flow 
(V-Down) 

    Flow 
   (V-Up) 

Fig. 6. Orientation of roughness element investigated by Muluwork et al.
(1998).
shaped ribs gave better heat transfer performance than
the inclined ribs for similar operating conditions.
5.4. Chamfered ribs

Karwa et al. (1999) performed experimental study to
predict the effect of rib head chamfer angle (/) and duct
aspect ratio on heat transfer and friction factor in a rectan-
gular duct roughened with integral chamfered ribs as
shown in Fig. 8. As compared to the smooth duct, the pres-
ence of chamfered ribs on the wall of duct yields up to
about twofold and threefold increase in the Stanton num-
ber and the friction factor respectively in the range of
parameters investigated. The highest heat transfer as well
as highest friction factor exists for a chamfer angle (/) of
15�. The minima of the heat transfer function occur at
roughness Reynolds number of about 20. As the aspect
ratio (H/D) increases from 4.65 to 9.66, the heat transfer
function also increases and then attains nearly a constant
value. The roughness function decreases with the increase
Fig. 9. Type of roughness element investigated by Bhagoria et al. (2002).

p

g

eFlow 

Fig. 10. Type of roughness element investigated by Jaurker et al.
(2006).



Table 1
Correlations developed for heat transfer coefficient and friction factor for different roughness geometries used in solar air heater duct

Authors Type of
roughness

Range of parameters Correlations

Heat transfer coefficient Friction factor

Prasad and
Saini (1988)

Small diameter
protrusion wire

e/D: 0.020–0.033
p/e: 10–20

�St ¼
�f =2

1þ
ffiffiffiffiffiffiffiffi
�f =2

p
4:5ðeþÞ0:28Pr0:57 � 0:95ðp=eÞ0:53
n o �f ¼ ðW þ 2BÞfs þWfr

2ðW þ BÞ

Re: 5000–50,000 where

fr ¼
2

½0:95ðp=eÞ0:53 þ 2:5 lnðD=2eÞ � 3:75�2

Gupta et al.
(1993)

Angled circular
rib

e/D: 0.020–0.053 Nur = 0.0024(e/D)0.001(W/H)�0.06Re1.084 · exp[�0.04(1 � a/60)2]
for e+ < 35

fr= 0.1911(e/D)0.196(W/H)�0.093Re�0.165

· exp[�0.993(1 � a/70)2]p/e: 7.5 & 10
a: 30–90�
Re: 5000–30,000 Nur = 0.0071(e/D)�024(W/H)�0.028Re0.88 · exp[�0.475(1�a/60)2] for

e+ > 35
Verma and

Prasad
(2000)

Circular ribs e/D: 0.01–0.03

p/e: 10–40

Nur = 0.08596(p/e)�0.054(e/D)0.072Re0.723 for e+
6 24 fr = 0.245(p/e)�0.206(e/D)0.243Re�1.25Re: 5000–20,000

e+: 8–42

Nur = 0.02954(p/e)�0.016(e/D)0.021Re0.802 for e+ > 24

Saini and Saini
(1997)

Expanded
metal mesh

e/D: 0.012–0.039 Nur = 4.0 · 10�4Re1.22(e/D)0.625(s/10e)2.22 exp[�1.25{ln(s/10e)}2]
(l/10e)2.66 · exp[�0.824{ln(l/10e)}2]

L/e: 25.00–71.87

fr = 0.815Re�0.361(l/e)0.266(s/10e)�0.19(10e/D)0.591

S/e : 15.62 – 46.87

Re: 1900–13,000

Muluwork
et al. (1998)

V-Shaped
staggered
discrete rib

B/S: 3–9

e/D: 0.02

Nur = 0.00534Re1.2991(p/S)1.3496 fr = 0.7117Re�2.991(p/S)0.0636
a: 60�

Re: 2000–15,500

Momin et al.
(2002)

V-Shaped rib e/D: 0.02–0.034 Nur = 0.067Re0.888(e/D)0.424(a/60)�0.077 · exp[�0.782{ln(a/60)}2] fr = 6.266Re�0.425(e/D)0.565(a/60)�0.093

· exp[�0.719{ln(a/60)}2]p/e: 10
a: 30–90
Re: 2500–18,000

Karwa et al.
(1999)

Chamfered rib W/H: 4.8, 6.1, 7.8,
9.66, 12.0

G = 103.77e�0.006/(W/H)0.5(p/e)2.56 · exp[0.7343{ln(p/e)}2](e+)�0.31

for 7 6 e+ < 20
R = 1.66e� 0.0078/(W/H)�0.4(p/e)2.695

· exp[�0.762{ln(p/e)}2](e+)�0.075 for 7 6 e+ < 20
e/D: 0.014–0.0328
p/e : 4.5, 5.8, 7, 8.5
/: �15, 0, 10, 15, 18 G = 32.56e�0.006/(W/H)0.5(p/e)2.56 · exp[0.7343{ln(p/e)}2](e+)0.08

for 20 < e+
6 60

R = 1.325e� 0.0078/(W/H)�0.4(p/e)2.695 · exp[�0.762{ln(p/e)}2]
for 20 < e+

6 60
Re: 3000–20,000
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in the aspect ratio (H/D) from 4.65 to 7.75 and then attains
nearly a constant value.

5.5. Wedge shaped ribs

Bhagoria et al. (2002) performed experiments to deter-
mine the effect of relative roughness pitch, relative rough-
ness height and wedge angle on the heat transfer and
friction factor in a solar air heater roughened duct having
wedge shaped rib roughness as shown in Fig. 9. The pres-
ence of ribs yields Nusselt number up to 2.4 times while the
friction factor rises up to 5.3 times as compared to smooth
duct in the range of parameters investigated. A maximum
enhancement in heat transfer was obtained at a wedge
angle of about 10�. The heat transfer was found maximum
for a relative roughness pitch of about 7.57. The friction
factor was decreased as the relative roughness pitch
increased.

Sahu and Bhagoria (2005) experimentally investigated
similar geometry having broken transverse ribs in solar air
heaters. The investigation covered Reynolds number range
of 3000–12,000, roughness pitch of 10–30 mm, height of
the rib 1.5 mm and the aspect ratio of 8. it was found out that
the maximum Nusselt number attained for roughness pitch
(p/e) of 20 and decreased with an increase in roughness
pitch. Roughened absorber plates increased the heat trans-
fer coefficient by 1.25–1.4 times as compared to smooth rect-
angular duct under similar operating conditions at higher
Reynolds number. Based on experimentation it was con-
cluded that the maximum thermal efficiency of roughened
solar air heater was to be of the order of (51–83.5%) depend-
ing upon the flow conditions.

5.6. Combination of different roughness elements

Jaurker et al. (2006) experimentally investigated the heat
transfer and friction characteristics of rib-grooved artificial
roughness on one broad wall as shown in Fig. 10. The effect
of relative roughness pitch, relative roughness height and
relative groove position on the heat transfer coefficient
and friction factor was studied. The maximum heat trans-
fer was obtained for a relative roughness pitch of about 6,
and it was decreased either side of relative roughness pitch.
The optimum condition for heat transfer was found at a
groove position to pitch ratio of 0.4.

Based on the experimental studies carried out by various
investigators, correlation for Nusselt number and friction
factor were developed. These correlations along with the
range of parameters investigated are given in Table 1.

6. Conclusions

It can be concluded from the present review that lot of
work has been carried out to investigate the effect of artifi-
cial roughness of different shapes and sizes on heat transfer
and friction factor. Substantial enhancement in the heat
transfer can be achieved with little penalty of friction.
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Various investigators have developed correlations for heat
transfer and friction factor for solar air heater ducts having
artificial roughness of different geometries. These correla-
tions can be used to predict the thermal as well as thermo-
hydraulic performance of solar air heaters having
roughened ducts.
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