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Abstract
Solar air heater is extensively used as solar thermal energy collection device for space heating, crop drying,
seasoning of timber and curing of industrial products. Use of artificial roughness on the absorber plate of solar air
heater is most economic and efficient method to enhance the thermal efficiency. The thermal efficiency of solar
air heater is very low due to low convective heat transfer coefficient between absorber plate and flowing air,
leading to increase in absorber plate temperature and increases heat losses from the system. So attempt has been
made by various researchers to increase heat transfer coefficient keeping the friction penalty at low or moderate.
In this present article an attempt has been made to present holistic view of different kinds of artificial roughness
used on the absorber plate of solar air heater by several researchers, the type of flow generated and finally to
review the various correlation developed by different experimental conditions.
Keywords: Artificial roughness, friction factor, heat transfer coefficient, solar air heater, thermal efficiency.

1. Introduction
In the present depletion era of fossil fuel, the renewable energy plays a significant role in our day to day life. The
renewable energy can be used as per our requirement by converting one from to other using different types of
thermal devices. Solar air heater converts solar radiation to thermal energy to heat up air flowing through the duct.
Due to its simple mechanism it is highly popular, but suffered from low thermal efficiency. Several techniques
are possible to enhance its thermal performance. A passive method of heat transfer, use of artificial roughness on
the underside of absorber surface is being considered most efficient and economic. In this method of enhancing
heat transfer generally geometrical modification is made on the absorber plate, which promote higher heat transfer
coefficient by creating wall turbulence which may leads to increase in pressure drop also. In order to keep the
pressure drop penalty low the turbulence needs to be created in the vicinity of wall. Considering above facts the
geometrical modification to the absorber plate may be made in such a way that, which enhances heat transfer
most, with minimum pressure drop penalty.

2. Performance of conventional solar air heater
The performance of solar air heater can be obtained using the correlations available for smooth duct in the
literature for a duct having all the surfaces smooth. The data obtained for Nusselt number and friction factor are
compared with the correlation of Dittus-Boelter equation and modified Blasius equation respectively.
The Nusselt number and friction factor equation for smooth rectangular duct, given as
Dittus-Boelter equation,
Nus = 0.024 Re 0.8 Pr 0.4

(1)
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Where Nus is the Nusselt number for smooth surface, Re is Reynolds number, Pr is Prandtl number.
Modified Blasius equation,
fs = 0.85 Re0.25

(2)

Where fs ,is friction factor for smooth surface.
The solar air heater duct generally consider as rectangular in cross section with all smooth wall (when there is no
roughness on absorber plate) with one wall heated.

3. Performance evaluation criteria
3.1 Based on heat transfer and friction factor
In rectangular channel, flows with air having one broad wall roughened with symmetric roughness which enhances
heat transfer from roughened surface to air accompanied by a substantial increase in friction factor. It is desirable
to select a roughness geometry which will transfer maximum heat to air with minimum friction penalty. Keeping
in view of the above two objectives of thermal as well as hydraulic performance, Webb and Eckert [1] and Lewis
[2] proposed two thermo-hydraulic parameter known as efficiency parameter (ƞ) for internal flow field which can
be used to compare the thermo-hydraulic performance of smooth as well as roughened duct as follows.
By Webb and Eckert [1],
ƞ = (Nu/Nu s)/ (ƒ/ƒs) 1/3

(3)

Where Nu and f is Nusselt number and friction factor for rough surface respectively
By Lewis [2],
ƞ = (St/Sts)/ (ƒ/ƒs) 1/3

(4)

Where, St and Sts, represents Stanton number for rough and smooth surface respectively.
The use of roughness is justified, when the value of efficiency parameter (ƞ) attains a value more than unit. If it
is less than unit then that roughness geometry should not be proposed. Again it can be used to compare the value
of performance of different roughness geometry. The internal flow of a rectangular channel having one broad wall
roughened with symmetric roughness closely resemblance to a solar air heater having rectangular duct with
artificial roughness on absorber plate. In order to select the best roughness geometry, the thermo-hydraulic
performance can be obtained for individual geometry using either of the above two equation.

3.2 Based on effective efficiency
As per Garg and Prakash [3] the thermal efficiency is defined as the ratio of useful heat gain to the incident solar
energy falling on the collector i.e.
= ̇

(

− )/

(5)

The thermal efficiency of a solar air heater increases as the flow rate increases as reported by Prasad [4]. But at
higher flow rate friction loss measures exponentially Gupta et al. [5]. The friction penalty is much higher in case
of roughened solar air heater duct. Therefore, it is desirable that, when performance evaluation of solar air heater
is consider in that the energy expenditure should also being taken into account along with the useful energy gain.
Considering above facts Cortes and Piacentini [6] proposed effective efficiency as follows.
=(

−

/ )/

(6)

Where “c” is the conversion factor and is defined as
c = ƞF ƞm ƞtr ƞth
ƞF = efficiency of fan,
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ƞm = efficiency of electric motor,
ƞtr = efficiency of electrical transmission from power plant,
ƞth = efficiency of thermal conversion.
By comparing the effective efficiency of different roughness geometry, the best roughness can be obtained.

3.3 Based on second law of thermodynamics
The conversion factor in the expression of the effective efficiency was chosen arbitrarily. Simultaneously in the
expression both useful heat gain and mechanical work required to flow the air through the duct are used. In order
to optimise the roughness surface the quality of energy must be taken into consideration as informed by Bejan [7].
As per the exergetic approach the entropy generation is minimised, of a flow system and the designer can optimise
the roughness parameter of solar air heaters.

4. Importance of artificial roughness in solar air heater
In solar air heater the collector efficiency is as given by Bliss [8] as
Fp = ℎ/(ℎ +

L)

= 1/ [1+ (UL/ h)].

(7)

Solar collector efficiency can be increased by increasing heat transfer coefficient between heated absorber plate
and air. But when air flows beneath the heated absorber plate a thin boundary layer develops adjacent to heated
absorber plate, where the flow remains laminar due to viscous effect. Hence, the heat transfer rate between heated
absorber plates to air is low owing to low values of heat transfer coefficient. The use of artificial roughness on
absorber plate create local wall turbulence between two consecutive roughness element due to flow separation
and reattachment of free shear layer, which enhances heat transfer rate from heated absorber plate to air. On the
other hand use of artificial roughness increases fluid friction leading to increase in pumping power requirement.
Therefore it is desirable to minimize fluid friction. That means the height of roughness needs to be selected in
such a way, which will create turbulence at the vicinity of the surface i.e., to disturb the viscous sub layer to create
minimum friction loss. From the above discussion it needs to be mention that, there are three basic important
roughness parameter i.e. roughness element height (e), roughness pitch (P) and aspect ratio (W/H) of the duct.
These roughness parameters are used to form dimensionless group namely relative roughness height (e/Dh) and
relative roughness pitch (P/e). Beside these dimensionless parameters, other parameters will also come into picture
when roughness element size, shape and orientation vary.

5. Heat transfer and fluid flow phenomena over a roughened surface
The concept artificial of roughness was first used by Joule in 1861, for significant enhancement in heat transfer
coefficient for in- tube condensation of steam. But Nikuradse [9] developed a friction correlation based on the law
of wall similarity for sand grain roughness in pipes in terms of momentum transfer function R and roughness
Reynolds number e + as
R(e+) =

2/ + 2.5 ln (2e/Dh) + E

e + = ( ) Re (e/Dh)

(8)
(9)

The constant “E” in equation (8) is termed as geometric parameter, depends on the configuration of duct. It is also
reported that the value of “E” as 3.75 for pipes and for fully rough region a constant value of 8.48 is considered
for the roughness function “R”. Another similar relation developed by Dippery and Sabersky [10] for heat transfer
function G(e+) for roughened circular pipes
G(e+) = (

– 1)

/2 + R(e+)

(10)
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By using the law of wall similarity and heat transfer momentum analogy, Webb et al.[11] reported a correlation
between Stanton number and friction factor for tubes with rectangular transverse repeated rib roughness with 0.01
< e/Dh < 0.04 and 10 < P/e < 40 in a fully rough region as
St 

f /2
1   f / 2  4.5  e

 0.28



Pr 0.57  0.95  P / e 

(11)
0.53

2/ = 2.5ln (Dh /2e) –3.75 + 0.95 (P/e)0.53 and the range of Prandtl number of 0.71 – 37.6.
Lewis [2] defined a new efficiency parameter for optimising thermo- hydraulic performance of rough surfaces.
Gee and Webb [12] conducted an experimental study for single phase forced convection in a circular tube
containing two dimensional rib with a helix angle and developed a relationship for heat transfer roughness
parameter and friction roughness parameter as
G(e +) = [

( / )
/

+ R(e +)][αa/50]J

R(e +) = [ 2/f +2.5 ln (2 e/Dh)+3.75] [ αa/50] J

(12)
(13)

Where, J = 0.37 for αa < 50 0
J = - 0.16 for αa > 50 0
αa = helix angle.
By comparing various experimental data’s collected on different rib roughened surfaces for the development of
correlation of the form as
R = R (e+, P/e, α, rib shape, W/H)
G = G (e+, P/e, α, rib shape, W/H)
But it is realized by a number of researchers that the statistical correlation may be better to make easy solution for
our design purposes as,
Nu = Nu (Re, e/ Dh, P/e, rib shape, W/H)
f = f (Re, e/ Dh, P/e, rib shape, W/H)

6. Effect of roughness parameter on fluid flow and heat transfer phenomenon
One of the best artificial roughness used on the absorber plate of the solar air heater is repeated rib roughness,
which can be characterised by some basic dimensionless parameters namely such as relative roughness height
(e/D), relative roughness pitch (P/e) and dimensional parameter as angle of attack (α). Beside these the other
parameters which affect the heat transfer and fluid flow are rib cross section and operating parameters, Reynolds
number.

6.1 Effect of rib
The presence of rib in a flow pattern generates flow separation at the rib tip, reattachment of the free shear layer
takes place in between the ribs and form vortices or wake zone on either side of rib. Formation of vortices enhances
turbulence in flow, which increases heat transfer rate and friction factor also. On the other hand the size of wake
zone behind the ribs decreases the heat transfer from the zone. Maximum heat transfer will occur at the vicinity
of the reattachment point, because of increase of vortex at that zone.

6.2 Effect of rib height (e)
As reported by Verma and Prasad [13] the height of rib plays a very crucial role in the field of heat transfer. This
can be easily explained with the help of Figure 1. If the rib height is less than the laminar sub layer thickness the
rib remains submerged, and the roughness has no effect on fluid flow and heat transfer phenomenon. While rib
height is just protruded from the sub layer thickness increases the heat transfer with moderate pumping power
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loss. But if the rib height is very high roughness has more effect on pumping power rather than heat transfer. So
the height of the roughness should be in the order of laminar sub layer which will enhance heat transfer with
minimum pumping power requirement.

6.3 Effect of rib cross section
It is reported by Kamali and Binesh [14] that rib cross sections has strong effect on heat transfer coefficient and
friction factor penalty. The cross section of rib may be square, rectangular, circular, semicircular and triangular.
The rib cross section affects the size of the wake zone and turbulence in flow field. As the semi-circular rib is
much more streamlined, selection of semi-circular rib reduces the wake zone behind the rib and decreases friction
factor in comparison to other cross section of ribs for similar set of condition. A semi-circular rib creates fewer
disturbances in flow field, as a result enhancement of heat transfer become low. So cross section of rib to be
selected, which it will enhance heat transfer with little friction factor penalty.

6.4 Effect of angle of attack (α)
The angle of attack has a very important role in the enhancement of heat transfer. The inclined rib produces
secondary flow along the rib and results a higher heat transfer than the transverse ribs. It is reported that angle of
attack of 60o produces best thermo-hydraulic performances.

6.5 Effect of relative roughness pitch (P/e)
It can be observed from Figure 2, that for a relative roughness pitch of 8 or more, free shear layer reattaches
between the ribs and at the reattachment point the turbulence created cause an increase in heat transfer as well as
friction factor also. For relative toughness pitch of less than 8, the free shear layer does not reattaches in between
the ribs, and the wake zone behind and before the ribs joins together to form a big vortex that occupies the space
between the ribs. This wake zone remains stagnant at that zone and do not allow transmitting heat from that zone,
as a result heat transfer coefficient decreases. Table 1 shows the optimum value of relative roughness pitch for
maximum heat transfer for different roughness geometry.

6.6 Effect of relative roughness height (e/ Dh)
Figure 3 shows the effect of relative roughness height keeping relative roughness pitch same on flow pattern. It
can be observed that with increase in relative roughness height the reattachment length of free shear layer
increases. The increase in relative roughness height protrude the rib tip in the core flow, causes more turbulences
to increase friction factor, as reported by Karwa et al. [15], Han and Park [16].

7. Roughness geometry used in solar air heater
7.1 Transverse ribs in form of small diameter wires
Prasad and Mullick [17] conducted an experimental study attaching small diameter wire on absorber plate in form
of transverse ribs as shown in Figure 4, with relative roughness height of 0.019 and relative roughness pitch of
12.7 having wire diameter of 0.84 mm to improve thermal performance of solar air heater for drying purposes.
They reported that 14% improvement in thermal performance was recorded for a Reynolds number of 40000 and
also found that the heat transfer coefficients are good agreement with the theoretical values. It was observed that
the wires used in the duct makes the flow turbulent and breaks the laminar sub-layer. Prasad and Saini [18] carried
out an similar investigation to study the effect of relative roughness pitch (P/e) and relative roughness height
(e/Dh) on heat transfer and friction factor of a fully turbulent flow in a solar air heater duct with small diameter
protrusion wires on absorber plate. The investigation was carried out for Reynolds number (Re) of 5000-50000,
relative roughness height (e/Dh ) of 0.020-0.033, relative roughness pitch (P/e) of 10-20. Prasad [4] represented
experimental results on heat transfer and thermal performance of artificially roughened solar air heater for fully
developed turbulent flow. Thin G.I. wires of varying diameter were used on the absorber plate normal to fluid
flow direction. The investigated parameter were relative roughness height (e/Dh) in the range of 0.0092-0.0279,
relative roughness pitch (P/e) in the range of 10-40. The flow Reynolds number (Re) was in the range of 295912631. From the experiment he found that the considerable enhancement in the values of collector heat removal
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factor (FR), collector efficiency factor (F') and collector thermal efficiency (ƞth ). The maximum values were 1.786,
1.806 and 1.842 times respectively of the roughened collector compared with that of smooth one.

Figure 1. The effect of roughness height on heat transfer given by Verma and Prasad [13].
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Figure 2. Shows the effect of relative roughness pitch on flow pattern by Verma and Prasad [13].
Table 1. Optimum value of relative roughness pitch (P/e) for maximum heat transfer.
Sl.
No.

Researcher

Rib roughness geometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Verma and Prasad[13]
Prasad and Mullick[17]
Prasad and Saini[18]
Gupta et al.[19]
Sahu and Bhagoria[20]
Aharwal et al.[21]
Aharwal et al.[22]
Karmare and Tikekar[25]
Momin et al.[28]
Karwa[29]
Kumar et al.[31]
Sing et al.[33]
Singh et al.[34]
Karwa and Chitosiya [35]
Bopche and Tandale[36]
Saini and Verma[37]
Sethi et al.[39]
Yadav et al.[40]
Saini and Saini[41]
Bhagoria et al.[42]
Varun et al.[43]
Karwa et al.[45]
Jauker et al.[46]
Layek et al.[47]
Lanjewar et al.[49]
Kumar et al.[51]

Inclined continuous rib of small diameter wire
Transverse rib of small diameter wire
Transverse rib of small diameter wire
Inclined rib of small diameter wire
900 broken ribs
Inclined broken ribs
Inclined discrete square ribs
Metal grit rib
V-shape rib
V-up and down, V-up and down discrete ribs
Multi V-ribs with gap
V- down ribs having gap
Periodic discrete V-down ribs
600 V-down discrete ribs
Inverted U-shaped turbulator
Dimple shape roughness
Dimple shape roughness in angular fashion
Circular protrusions arranged in arc fashion
Arc shape rib roughness
Wedge shape ribs
Combination of inclined and transverse ribs
Chamfer rib roughness
Rib grooved roughness
Chamfer rib groove roughness
W- shape ribs
Discrete W- shape ribs

Optimum values of
relative roughness
pitch
10
12.7
10
10
13.33
10
8
17.5
10
10
10
8
8
10.63
6.67
10
10
12
10
7.57
8
7
7
6
10
10
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7.2 Inclined continuous ribs in the form of small diameter wire
An experimental study was conducted by Gupta et al. [19] to determine the effect of transverse wire roughness
on solar air heaters absorber plate as shown in Figure 5. They used small diameter wire as rib roughness and their
experiment was conducted in transitional flow region (5 < e + < 70) with a Reynolds number range of 3000-18000
for a duct aspect ratio (W/H) of 6.8-11.5, relative roughness height (e/Dh) of 0.018-0.052 at a relative roughness
pitch (P/e) of 10. They developed correlations of Nusselt number and friction factor in terms of geometrical
parameters of roughness, duct cross section and flow Reynolds number. It was also hypotheses that non transverse
ribs were advantageous than transverse ribs in enhancement of heat transfer coefficient. Optimum thermohydraulic performance observed at relative roughness height (e/Dh) of 0.023 for a Reynolds number of 14000.
They also reported that maximum enhancement of heat transfer and friction factor to be the order of 1.8 and 2.7
times for an angle of inclination of 600 and 700 respectively. It was also observed that the secondary flow along
the inclined rib is responsible for higher heat transfer rates.
7. 3 Transverse broken ribs
Sahu and Bhagoria [20] performed an experimental observation on transverse broken ribs for thermal performance
of a solar air heater as shown in Figure 6. The range of experimental parameter were relative roughness height
(e/Dh) of 0.0338, duct aspect ratio (W/H) of 8, pitch of (P) 10-30 mm and Reynolds number (Re) 3000-12000. It
was reported that maximum heat transfer coefficient and thermal efficiency obtained 1.4 times and 83.5% of the
smooth surface respectively for a roughness pitch of 20. It was observed that the value of Nusselt number increases
sharply at low Reynolds number and this becomes asymptotic at higher Reynolds number. Further it was also
concluded that at low Reynolds number (below 5000) smooth duct provides better heat transfer than the roughened
duct.
7.4 Inclined broken ribs
Aharwal et al. [21] experimentally studied the heat transfer and friction factor phenomena of a rectangular duct
having inclined broken ribs as shown in Figure 7. The experimental parameters were duct aspect ratio (W/H) of
5.87, relative roughness pitch (P/e) of 10, relative roughness height (e/Dh) of 0.0377, angle of attack (α) of 600,
relative gap width (g/e) range of 0.5-2.0, relative gap position (d/W) ranges of 0.167-0.5, Reynolds number (Re)
range of 3000-18000. The maximum increase in Nusselt number and friction factor were observed as 2.59 and
2.87 times the smooth duct respectively. The thermo-hydraulic performance parameter was found to be maximum
for the relative gap width of 1.0 and relative gap position of 0.25. Introduction of a gap in the rib causes local
turbulence and increases in heat transfer and friction factor. They also observed that the relative gap width beyond
1.0 will reduce the flow velocities through the gap, which will reduce the heat transfer rate in comparison to
continuous ribs. Whereas for relative gap width lower than 1.0, which may reduce the flow of fluid between the
gaps, results in low turbulence and hence reduce the enhancement of heat transfer. Aharwal et al. [22] in an another
study found that the maximum Nusselt number and friction factor occurred at relative roughness height of 0.037,
relative roughness pitch of 8, relative gap position of 0.25, relative gap width of 1.0, angle of attack of 600 were
2.83 and 3.60 times the smooth duct respectively. A correlation of Nusselt number and friction factor has been
developed by them also. It was observed that main flow passing through the gap is developed flow with thicker
boundary layer consisting of viscous sub layer. As a result of presence of gap the secondary flow along the rib
joins the main flow to accelerate it which energizes the retard boundary layer flow along the surface. This increases
the heat transfer through the gap width area. It is also mentioned that the inclination of rib creates a high heat
transfer at leading edge and trailing edge respectively. Again if the gap was made towards the trailing edge which
helps to reduce low heat transfer region and overall heat transfer rate was increased.

7.5 Expanded metal mesh
Saini and Saini [23] performed an experimental study for a large aspect ratio rectangular duct with fully turbulent
flow having expanded metal mesh as artificial roughness as shown in Figure 8, on absorber plate to study the
enhancement of heat transfer and friction characteristics. They have considered relative long way length (L/e) of
the mesh in the range of 25-71.78 and relative short way length (S/e) of the mesh in the range of 15.62-46.87,
relative roughness height (e/Dh) in the range of 0.12-.0.039 and Reynolds number (Re) for the range of 190013000. They concluded that maximum heat transfer coefficient and friction factor occurred in order of 4 and 5
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times over the smooth duct corresponding to an angle of attack of 61.90 and 720 respectively. It was also reported
that the maximum heat transfer coefficient and friction factor takes place when relative long way length (L/e) and
short way length (S/e) of 46.87 and 25 respectively. They developed correlations for Nusselt number and friction
factor. It can be seen that for a given sets of roughness parameter Nusselt number increases monotonously with
increasing Reynolds number, whereas with increase in Reynolds number the friction factor decreases and
approaches nearly a constant value. Gupta and Kaushik [24] carried out an experimental study for performance
evaluation of artificial roughness geometry using expanded metal mesh in terms of energy augmentation ratio
(EAR), effective energy augmentation ratio (EEAR) and exergy augmentation ratio (EXAR) for the range of
parameters studied by Saini and Saini [23]. They reported that the maximum exergy augmentation ratio (EXAR)
occur for relative long way length (L/e) of 40 and relative short way length (S/e) of 55. It may also be observed
that this roughness geometry is more
effective at low Reynolds number
and large duct depth.

Figure 3. The effect of relative roughness height on flow, Verma and Prasad [13].

Figure 4. Shows the small diameter wires as roughness used by Prasad and Mullick [17].

Figure 5. Shows inclined continuous ribs in form of small diameter wires used as roughness by Gupta et al. [19].

83

Sibendra Kumar Gharai , Apurba Layek

Vol.4 Issue 2,
INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING
February 2016
ISSN (ONLINE): 2321-3051
Pgs: 75-107

Figure 6. Shows the broken transverse ribs as roughness used by Sahu and Bhagoria [20].

7.6 Metal grit ribs
Karmare and Tikekar [25] carried out an experimental investigation on heat transfer coefficient and friction factor
characteristics of a rectangular duct with metal grit ribs as artificial roughness as shown in Figure 9. The range
of various parameters were e/Dh = 0.035- 0.044, P/e = 12.5-36 and l/s =1.72-1.0, against a Reynolds number range
of Re = 4000-17000. They reported that the enhancement in the Nusselt number and friction factor in case of
roughened duct was nearly 200% and 300% respectively in comparison to smooth duct. Optimum performance
was observed at roughness parameter l/s = 1.72, e/Dh = 0.044 and P/e = 17.5. Based on the experimental data
correlations were developed for Nusselt number and friction factor. In addition to the disturbances created by the
roughness, the heat removal by the vortices originated from the roughness element, and shedding of vortices also
responsible for increase in heat transfer and additional loss of energy resulting in increasing friction factor. In
another experiment the thermo-hydraulic performance study of a roughened solar

Figure 7. Inclined broken ribs used as roughness by Aharwal et al. [21, 22].

Figure 8. Expanded metal mesh as roughness used by Saini and Saini [23], Gupta and Kaushik [24].
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Figure 9. Shows the metal grit ribs used as roughness by Karmare and Tikekar [25, 26].

air heater with metal grit ribs as artificial roughness by Karmare and Tikekar [26] reported that an enhancement
in thermal efficiency 10-35% is possible by considerable increase in 80-250% of pumping power. The study
reveals that the rate of increase of useful energy gain is relatively higher at low range of Reynolds number, whereas
it is a bit lower at higher range of Reynolds number. But the rate of increase of power consumption is low for
lower range of Reynolds number and increases relatively at high rate as Reynolds number increases.

7.7 V-shaped ribs
Muluwork et al. [27] carried out an experimental investigation to compare the thermal performance for staggered
discrete V (up and down) ribs as shown in Figure 10. Their study on heat transfer and friction factor related to the
effect of relative roughness length ratio (B/S), relative roughness segment ratio (S'/S), relative roughness
staggering ratio (p'/p) and angle of attack (α). It is reported by them that Stanton number increases with increase
of relative roughness length ratio (B/S) and it was higher for V-down discrete ribs than that of corresponding Vup and transverse discrete roughened surfaces. It was also noticed by them that the enhancement in Stanton
number ratio to be of the order of 1.32-2.47. Based on their experimental result they developed correlations for
Nusselt number and friction factor. Momin et al. [28] in their experimental study to know about the heat transfer
and fluid flow phenomena having V-shaped ribs underside of absorber plate of solar air heater as shown in Figure
11, covered a Reynolds number (Re) range of 2500-18000, relative roughness height (e/Dh) of 0.02-0.034 and
angle of attack (α) of 300-900 for a fixed relative pitch (P/e) of 10. It was observed that V-shaped ribs with an
angle of attack (α) of 600 produced an optimum value of Nusselt number and friction factor by 2.3 and 2.83 times
over the smooth surface respectively. They have developed correlations for friction factor and Nusselt number
from their experimental result. It was concluded that the roughness causes secondary flow generation in addition
to flow separation and reattachment phenomenon. It is reported that the rate of increase of Nusselt number with
an increase of Reynolds number is lower than the increase of friction factor, this appears due to the fact that at
relatively high values of relative roughness height, the reattachment of free shear layer might not occur and the
rate of heat transfer enhancement will not be proportional to that of friction factor. Karwa [29] conducted a
comparative experimental investigation on augmented heat transfer and friction in a rectangular duct with
asymmetric heating having transverse, inclined, V-up continuous, V-down continuous, V-up discrete and V-down
discrete ribs as sown in Figure 12. The range of parameter investigated by him were Reynolds number 280015000, relative roughness height of 0.0467-0.050, angle of inclination for inclined and V-pattern rib was of 600,
duct aspect ratio 7.19-7.75 and having a relative roughness pitch of 10 and roughness Reynolds number was 17090. He reported that the enhancement in the Stanton's number over the smooth duct was up to 90%, 112% 137%,
147%, 134% and 142% for transverse, inclined V-up continuous, V-down continuous, V-up discrete and V- down
discrete rib arrangement whereas for the friction factor ratio the values were 2.94, 3.42, 3.92, 3.65, 2.47 and 2.58
respectively for the similar type of arrangement of ribs. He also proposed that V-down discrete roughness provides
best heat transfer performance based on equal pumping power. Correlations for heat transfer function and
roughness function were developed for each type of rib. It has been observed that in V- up continuous rib pattern,
dived secondary flow directed towards the side walls which provide higher heat transfer rate from the central
region whereas in case of V-down continuous rib pattern, the secondary flow takes place towards the central axis,
where it mixes with the axial flow creating more turbulence leading to higher heat transfer rate from the surface.
He also informed that due to change in secondary flow behaviour in discrete ribs friction loss were less than the
continuous ribs.

85

Sibendra Kumar Gharai , Apurba Layek

Vol.4 Issue 2,
INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING
February 2016
ISSN (ONLINE): 2321-3051
Pgs: 75-107

7.8 Multi V-shape ribs as roughness
Hans et al. [30] performed an experimental study on heat transfer and friction factor of an artificially roughened
solar air heater duct with multiple V- ribs as shown in Figure 13. The investigation covers Reynolds number (Re)
range of 2000-20000, relative roughness height (e/Dh) of 0.019-0.043, relative roughness pitch (P/e) of 6.0-12.0,
angle of attack (α) of 300-750 and a relative roughness width (W/w) of 1.0- 10.0. It was observed that maximum
enhancement in Nusselt number and friction factor occur as 6.0 and 5.0 times respectively, in comparison to
smooth duct corresponding to an angle of attack (α) of 600 for both the cases, whereas relative roughness width
(W/w) were 6.0 and 10.0 respectively. Based on the result correlation of friction factor and Nusselt number was
developed. The study reveals that the Nusselt number increases while friction factor decreases with an increase
of Reynolds number for a particular value of relative roughness width (W/w). At the relative roughness width
(W/w) value of 6, maximum turbulence was marked for multiple V-ribs, but further increase of relative roughness
width (W/w) may result separation of flow from rib top surface and generation of boundary layer which impedes
heat transfer and friction factor increases.

7.9 Multi V-shape ribs with gap as roughness
Kumar et al. [31] carried out an experimental investigation of heat transfer and fluid flow characteristics in a
rectangular duct with multi V-shaped ribs with gap as artificial roughness on one broad wall as shown in Figure
14. The experimental parameter were Reynolds number (Re) 2000-20000, relative width ratio (W/w) 6.0, gap
distance (Gd/Lp) 0.24-0.80, relative gap width (g/e) of 0.5-1.5, relative roughness height (e/Dh) 0.043, relative

Figure 10. Shows the V-shaped ribs as roughness used by Muluwork et al. [27].

Figure 11. The V-shaped ribs used as roughness by Momin et al. [28].
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Figure 12. Various roughnesses are used in comparative experimental investigation by Karwa [29].
roughness pitch (P/e) 10.0, angle of attack (α) of 600. They observed that the best thermo-hydraulic performance
occurred at the relative gap distance (Gd /Lp ) of 0.69 and relative gap width (g/e) of 1.0, whereas maximum Nusselt
number and friction factor value were 6.32 and 6.12 times than the smooth surface respectively. Introduction of a
gap in multi V-shaped ribs allows the release of secondary flow and causes of vigorous mixing with the main
flow. This results in increase in turbulence intensity along the surface resulting in the increase of the heat transfer.
In another experiment Kumar et al. [32] observed that by only changing the relative width (W/w) value to 10 from
their previous experimental condition, maximum Nusselt number and friction factor were found as 6.74 and 6.37
respectively. They also developed a correlation.

7.10 V-down ribs having gap as roughness
Singh et al. [33] carried out an experimental work to study the thermo-hydraulic performance for flow attack angle
in V-down ribs with gap on a solar air heater duct as shown in Figure 15. They used roughness of symmetrical
gaps having equalled to rib height at the centre of both legs of V-down ribs. The range of parameter were duct
aspect ratio (AR) of 12, Reynolds number (Re) 3000-15000, relative roughness height (e/Dh) of 0.043, relative
roughness pitch (P/e) of 8, angle of attack (α) 300-750. They reported that maximum Nusselt number, friction
factor and thermo-hydraulic performance parameter occurred at flow attack angle of 600 and the maximum
thermo-hydraulic performance parameter value was 2.06. It was observed that the boundary layer due to main
flow with roughened surface and originates from flow reattachment point between the ribs up to the succeeding
downstream rib. The strength of secondary flows changes with change in angle of attack (  ) of the rib. It was
also observed that symmetrical gap at the centre of both legs of V-down ribs helps in increasing local Nusselt
number at the downstream of the gap. Singh et al. [34] in an study having periodic discrete V-down ribs, relative
gap width (g/e) of 0.5-2.0, relative gap position (d/W) of 0.2-0.8, observed that the gap in both side leg of V-down
ribs results in mixing of flow and turbulence resulting from accelerated flow through the gap which increases
Nusselt number.

7.11 600 V-down discrete ribs as roughness
Karwa and Chitoshiya [35] carried out an experiment to study the thermal performance of solar air heater with
600 V-down discrete ribs as roughness on absorber plate, shown in Figure 16. Their experiment encompasses
relative roughness width (w/e) of 2.06, relative roughness pitch (P/e) of 10.63, relative roughness length of discrete
ribs (B/S) of 6 and angle of attack (α) 600. They found that an enhancement in thermal efficiency from 12.5-20.0%
occurred at low flow rate than the smooth absorber plate. The investigation reveals that at low Reynolds number
the roughened duct air heater have significantly higher thermal and effective efficiency as compared to smooth
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solar air heater. This enhancement is the result of the increased heat transfer coefficient due to artificial roughness
on absorber plate leading to higher heat collection rate and lower absorber plate temperature and hence reduced
heat losses from collector.

7.12 Inverted U-shape tabulators as roughness
Bopche and Tandale [36] made an observation to study heat transfer and friction factor in inverted U-shaped
transverse turbulators as roughness on absorber plate of a solar air heater as shown in Figure 17. The experimental
parameters were Reynolds number (Re) 3800-18000, relative roughness height (e/Dh) 0.0186-

Figure 13. Multi V-shape rib roughness used by Hans et al. [30].

Figure 14. Multi V-shape ribs with gap as roughness used by Kumar et al. [31, 32].
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Figure 15. V-down ribs having gap as roughness used by Singh et al. [33, 34].
0.03986 and relative roughness pitch (P/e) 6.67-57.14. They observed that maximum heat transfer and friction
factor occurred by 2.82 and 3.72 times respectively to that of smooth surface. Based on the experimental results
correlations of Nusselt number and friction factor were developed. It is observed that the use of U-shape turbulator
as roughness prevents formation of eddies and also redevelopment of two boundary layers at the reattachment
points in between two adjacent ribs. Eddies not only reduce the heat transfer but also increases the pressure drop.
Four side edges of U-shape turbulator create a secondary flow may also interrupt the growth of boundary layer
which ultimately enhances the heat transfer.

7.13 Dimple shape roughness
Saini and Verma [37] carried out an experiment for heat transfer and friction characteristics of dimple shaped
artificial roughness geometry on absorber plate of a solar air heater as shown in Figure 18. The experimental
parameter were Reynolds number (Re) range of 2000-12000, relative roughness height (e/Dh ) range of 0.0180.037, relative roughness pitch (P/e) in the range of 8-12. It was found that from their experiment Nusselt number
and friction factor attains a value of 1.8 and 1.4 times than the smooth duct. Correlation of Nusselt number and
friction factor were developed by them also. Due to dimple shape roughness separation of flow occurs near the
dimple and at the vicinity of reattachment of free shear layer, maximum heat transfer coefficient occurs. Bhushan
and Singh [38] carried out an experimental investigation to analyse the effect of artificial roughness on heat
transfer and friction in solar air heater duct having protrusion as artificial roughness shown in Figure 19. The
experimental range of parameter were Reynolds number (Re) 4000-20000, relative roughness height (e/Dh ) 0.03,
relative short way length (S/e) 18.75-37.50, relative long way length (L/e) 25.00-37.50, relative print diameter
(d/D) 0.147-0.367 and duct aspect ratio (W/H) 10. They observed that protruded absorber plate results in higher
heat transfer coefficient as compared to smooth plate with friction penalty. Maximum enhancement of Nusselt
number and friction factor were found 3.8 and 2.2 times respectively, in comparison to smooth duct, when relative
short way length (S/e) of 31.25, relative long way length (L/e) of 31.25 and relative print diameter (d/D) 0.294.
Based on the experimental result correlation for Nusselt number and friction factor were developed. It was
observed that the heat transfer coefficient increases due to main flow impingement, vortex generation on both
sides of protrusion and flow separation. Sethi et al. [39] conducted an experimental study about heat transfer and
friction factor of a solar air heater having dimple shape roughness as shown in Figure 20. The experimental
parameter were relative roughness pitch (P/e) range of 10-20, relative roughness height (e/Dh ) range of 0.0210.036, arc angle range of 450-750 and Reynolds number (Re) range of 3600-18000. They reported that at relative
pitch of (P/e) 10, relative roughness height (e/Dh) of 0.036 and arc angle of 600 generates maximum Nusselt
number. They developed correlations of Nusselt number and friction factor from the experimental results. The
study reveals that augmentation in heat transfer coefficient may be attributed to vortex generation, flow separation
and vortex shedding. Yadav et al. [40] in a similar experiment an experimental study mentioned that increase in
heat transfer by providing protrusion has occurred due to main flow impingement, formation of vortex on both
side protrusion and also flow separation. The main flow impinges on front side of protrusions, while vortex is
generated due to hindrance created by protrusions.

7.14 Arc shape rib roughness
Saini and Saini [41] carried out an experimental study to understand the effect of arc shape ribs on absorber plate
of a solar air heater for heat transfer and fluid flow as shown in Figure 21. The experiment covers a range of
parameter as Reynolds number (Re) 2000-17000, relative roughness height (e/Dh) 0.0213-0.0422, relative angle
of attack (α/90) 0.3333-0.6666 and for a fixed relative pitch (P/e) of 10. The maximum Nusselt number and
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friction factor were 3.8 and 1.75 times than the smooth plate respectively. It was also reported that maximum
Nusselt number and friction factor occurred at relative arc angle (α/90) of 0.3333 and relative roughness height
of 0.0422. Based on their experimental result they developed Nusselt number and friction

Figure 16. The 600 V-down discrete ribs as roughness used by Karwa and Chitoshiya [35].

Figure 17. The inverted U-shape turbulator used by Bopche and Tandale [36].

Figure 18. The dimple shape roughness used by Saini and Verma [37].
factor correlations. It has been observed that Nusselt number increases with increase in Reynolds number and also
relative roughness height whereas Nusselt number decreases with the increase in relative angle of arc (α/90).

7.15 Wedge shape ribs
Bhagoria et al. [42] performed an experimental study to know about heat transfer and fluid flow characteristics of
air in a solar air heater having absorber plate roughened with wedge shape ribs as shown in Figure 22.The
experimental range of parameter were Reynolds number (Re) 3000 - 18000, relative roughness height (e/Dh)
0.015-0.033, relative roughness pitch (P/e), 60.17Φ-1.0264 ˂ P/e ˂ 12.12 and rib wedge angle (Φ) of 80, 100, 120
and 150. Based on experimental result correlation of Nusselt number and friction factor were developed. It was
reported that Nusselt number and friction factor increases by 2.4 and 5.3 times than that of smooth duct. Again it
was informed that wedge shape transverse ribs helps in separation and forming of wide shear layer which
reattaches at a roughness pitch between 6-8, where maximum heat transfer occur.

7.16 Combination of inclined and transverse ribs as roughness
Varun et al. [43] performed an experimental study to analyse the effective efficiency of a solar air
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heater having inclined and transverse ribs as shown in Figure 23. The experiment encompasses a Reynolds number
range (Re) 2000-14000, relative roughness pitch (P/e) 3-8 and a fixed value of roughness height (e/Dh ) of 0.030.
It was also reported that the roughness height (e) of 1.6 mm, pitch of rib ranges from 5-13 mm and duct aspect
ratio was 10. The best thermal performance was observed at relative roughness pitch (P/e) value of 8. Based on
experimental results correlations were developed for Nusselt number and friction factor.
7.17 Different types of rib roughness geometries performance comparison
Tanda [44] carried out an experimental investigation on heat transfer coefficient and friction factor for a
rectangular duct with isoflux heating a broad wall and insulating the remaining walls, the heated wall having
various types of rib roughness as shown in Figure 24. The various types of roughness ribs were 450 inclined
continuous, transverse continuous, transverse broken and discrete V-shaped ribs having angle of 450 and 600. The
experiment encompasses a relative roughness height (e/Dh) of 0.09, relative roughness pitch (P/e) 13.33 for all
types of rib roughness geometry investigated. It is reported that all the rib roughness geometry performed better
than smooth surface at medium to low range of Reynolds number, which is suitable for solar air heater. In a
particular occasion they observed that the transverse broken ribs are considered better than others due to higher
level of turbulence over the heated surface.

7.18 Chamfer rib roughness
Karwa et al. [15] carried out an experimental investigation of heat transfer and friction factor for a solar air heater
having repeated chamfer ribs as artificial roughness on absorber plate as shown in Figure 25. The study
encompasses the aspect ratio (W/H) range of 4.8- 12.0, relative roughness height (e/Dh) range of 0.014-0.032,
relative roughness pitch (P/e) range of, 4.5- 8.5, chamfer angle (Φ) range of, –150 to 180 and Reynolds number
(Re) range of 3000-20000. The roughness Reynolds number (e+) for the above parameter was in a range of 5 - 60.
It was observed at chamfer angle (Φ) of 150 yielded maximum Stanton number and friction factor 2 and 3 times
of the smooth duct respectively. Based on the law of wall similarity and heat momentum transfer analogy
correlations for heat transfer coefficient and friction factor were developed. It has been pointed out that positive
chamfer encourages frequent shedding of vortices causing great heat removal from the surface and higher
frictional losses, while in case of negative chamfer the Stanton number and friction factor decreases due to
suppression of shedding of vortices as a result of skimmed flow over the rib. Karwa et al. [45] in a study of

Figure 19. The protrusions as roughness on absorber plate used by Bhushan and Singh [38].
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Figure 20. The dimple shape roughness arranged in an angular fashion used by Sethi et al. [39].

Figure 21. The arc shape rib roughness used by Saini and Saini [41].

Figure 22. Shows the wedge shape rib roughness used by Bhagoria et al. [42].

Figure 23. The combination of inclined and transverse rib roughness used by Varun et al. [43].
performance of a solar air heater having chamfer repeated ribs as artificial roughness on the absorber plate
observed 10-40% increase in thermal efficiency and 80-290% in friction factor than the smooth duct. The
enhancement in Nusselt number, friction factor and thermal efficiency are found to be strong function of relative
roughness height. The greatest enhancement is observed for the air heater with the highest relative roughness
height.

7.19 Rib grooved roughness
Jaurker et al. [46] carried out an experimental investigation to study the effect of heat transfer and friction factor
for a rib grooved as artificial roughness on the absorber plate of a solar air heater as shown in Figure 26. This
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experiment covers an experimental range of Reynolds number (Re) of 3000-21000, relative roughness height
(e/Dh) of 0.081-0.0363, relative roughness pitch (P/e) 4.5-10.0, groove position to pitch ratio (g/P) 0.3-0.7. It was
found that at relative roughness pitch (P/e) of 6 and relative groove to pitch ratio (g/P) value of 0.4 produces
maximum Nusselt number and friction factor as 2.7 and 3.6 times the smooth surface respectively. They also
developed a correlation for Nusselt number and friction factor. It has been observed that the vortices induced in
and around the grooves are thought to be responsible for the increase in the intensity of turbulence which leads to
higher heat transfer rate in case of rib-groove combination.

7.20 Chamfer rib groove roughness
Layek et al. [47] investigated experimentally heat transfer and friction factor of a solar air heater having artificially
roughened with chamfer rib groove roughness as shown in Figure 27. The experimental study covers a range of
Reynolds number (Re) of 3000-21000, relative roughness pitch (P/e) of 4.5- 10, chamfer angle (Φ) of 50-30 0,
relative groove position of 0.3- 0.6, relative roughness height (e/Dh ) of 0.022-0.04. They observed that Nusselt
number and friction factor increases by 3.24 and 3.78 times as compared to smooth duct respectively, for relative
roughness pitch (P/e) of 6.0, relative groove position of 0.4 and chamfer angle of 18o. They also developed
correlations of Nusselt number and friction factor from their experimental results. It has been observed that
enhancement of Nusselt number increases when chamfering angle increases up to 180 as chamfering causes
frequent shedding of vortices generated over the rib top. At low chamfer angle, probably the frequent shedding
of vortices is low resulting in smaller rise in Nusselt number compared to square ribbed surfaces. With increase
in chamfer angle more frequent of shedding of vortices takes place and vortices reaches (P/e) of 4.5- 10, chamfer
angle (Φ) of 50-30 0, relative groove position of 0.3- 0.6, relative roughness height (e/Dh) of 0.022-0.04. They
observed that Nusselt number and friction factor increases by 3.24 and 3.78 times as compared to smooth duct
respectively, for relative roughness pitch (P/e) of 6.0, relative groove position of 0.4 and chamfer angle of 18o.
They also developed correlations of Nusselt number and friction factor from their experimental results. It has been
observed that enhancement of Nusselt number increases when chamfering angle increases up to 180 as chamfering
causes frequent shedding of vortices generated over the rib top. At low chamfer angle, probably the frequent
shedding

Figure 24. Different rib roughness geometry used by Tanda [44].
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Figure 25. The chamfer rib roughness used by Karwa et al. [15].

Figure 26. The rib grooved roughness used by Jauker et al. [46].
of vortices is low resulting in smaller rise in Nusselt number compared to square ribbed surfaces. With increase
in chamfer angle more frequent of shedding of vortices takes place and vortices reaches maxima at a chamfer
angle of about 180. With further increase in chamfer angle separation of free shear layer is likely to take place
from the rib top and the wake zone in the downstream of the rib extends from the rib top to the reattachment point,
which retard heat transfer from the concave part of the rib as a result Nusselt number decreases, whereas friction
factor increases monotonously with increase in chamfer angle. Layek et al. [48] in another observation studied
the thermo-hydraulic performance of solar air heater having chamfered rib groove roughness on absorber plate. It
is reported that for lower values of Reynolds number the performance increases with increase in Reynolds number,
and the rate of increase is very sharp. While at higher Reynolds number the rate of increase in performance
becomes nearly constant. The study concludes that the formation of grooves near reattachment points contribute
greater turbulence which significantly enhances the heat transfer rate compared to the friction factor loss and
enhances the performances. It was also observed that the used roughness can enhance a thermo-hydraulic
performance parameter value 1.4 to 1.76 for the range of parameter investigated.

7.21 W-shape rib roughness
Lanjewar et al. [49, 50] made an experimental investigation to study heat transfer and friction characteristics of a
solar air heater duct with W-shape ribs as artificial roughness arrange beneath one broad wall in flow direction as
shown in Figure 28. The experimental parameter were duct aspect ratio (W/H) of 8, relative roughness pitch (P/e)
of 10, relative roughness height (e/Dh) of 0.03375, range of angle of attack of flow (α) 300-750 and Reynolds
number range (Re) of 2300-14000. For W-down ribs the maximum enhancement of Nusselt number and friction
factor were recorded as 136% and 101% respectively, in comparison to smooth surface at an angle of attack of
(α) 600. Similarly for W-up ribs the corresponding values were 124% and 135% respectively for the same angle
of attack. It was also found that maximum thermo-hydraulic performance occurred as 1.98 and 1.81 for W-down
and W-up ribs respectively, in the range of parameter investigated by them. Based on the experimental results
they formulated correlations of heat transfer and friction factor. It was observed that at the value of angle of attack
(α) 600 the maximum Nusselt number and friction factor occurred as 2.36 and 2.01 times the smooth duct
respectively. It was also observed that increase in relative roughness height results in increase in heat transfer
coefficient and friction factor. Further it is seen that rate of increase of Nusselt number was lower than the friction
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factor. This may be due to the fact that at higher values of relative roughness height, reattachment of free shear
layer might not occur and rate of heat transfer enhancement is not proportional to that of friction factor.

7.22 Discrete W-shape rib roughness
Kumar et al. [51] investigated experimentally with discrete W-shape ribs as roughness on absorber plate of solar
air heater as shown in Figure 29. The experiment encompasses a duct aspect ratio (W/H) of 8, Reynolds number
(Re) range of 3000-15000, relative roughness height (e/Dh) of 0.0168-0.0338, relative roughness pitch (P/e) of 10
and the angle of attack (α) range of 300-750. The experiment revealed that the Nusselt number and friction factor
enhances 2.16 and 2.75 times respectively, to that of smooth duct for angle of attack (α) of 600 and relative
roughness height (e/Dh) of 0.0338. They also developed correlations for Nusselt number and friction factor. It was
concluded that due to flow separation and generation of secondary flow cells followed by the movement of
vortices were promoting higher wall turbulence, leading to enhance in heat transfer rate.

8. Correlations developed
Based on the experimental studies carried out by various researchers on different roughness geometries on solar
air heaters duct/ absorber plate, a number of statistical correlations have been developed by them for their
investigated roughness within the range of parameters mostly as like as Saini and Saini [23]. The developed
correlations are mostly for Nusselt number and friction factor as a function of Reynolds number and important
roughness parameters. Besides Nusselt number and friction factors correlations a few correlations based on
Stanton number also exist. Table 2 represents the correlations developed by various investigators for their
respective roughness used by them.

9. Conclusions
Author hopes this paper will provide some basic fundamental knowledge in this research area to the beginners
about performance evaluation criteria, importance of artificial roughness, heat transfer and fluid flow phenomena
of roughened surface. A lot of reviews of artificial geometries have been presented with its important parameters
for some optimum values in tabular form and correlations developed by various researchers are also presented.
From the above reviews following conclusion may be drawn for artificial roughened solar air heater.
1. Each and every experimental work should be compared with the literature available for smooth surface
before proceeding further in experimentation.
2.The important dimensionless parameters which plays significant roles in the performance prediction of
solar air heater are Reynolds number (Re), roughness Reynolds number (e+), duct aspect ratio (W/H),
relative roughness height (e/Dh), relative roughness pitch (P/e), relative long way length (L/e), relative
short way length (S/e), relative roughness length ratio (B/S), relative roughness segment ratio (S'/S),
relative roughness staggering ratio (p'/p), relative angle of attack (α/90), relative gap width (g/e), relative
gap distance (Gd/Lv), relative roughness width ratio (W/w), relative groove position (g/P), relative length
of grit (l/s), relative gap position (d/W) , relative roughness width (w/e) etc.

Figure 27. Chamfer rib groove roughness used by Layek et al. [47, 48].
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Figure 28. Shows the W-shape rib roughness used by Lanjewar et al. [49, 50].

Figure 29. Discrete W-shape rib roughness used by Kumar et al. [51].
3. Based on the performance evaluation criteria an optimum roughness may be selected.
4. It is observed from the literature artificial roughness on absorber plate in different shapes, sizes and
orientations are the effective technique to enhance thermo-hydraulic performance of a solar air heater.
(i). Best roughness geometry can be selected by comparing the thermo-hydraulic performance of
different roughness geometry.
(ii). By comparing the effective efficiency of various roughness, the best roughness can be obtained
also.
(iii). It is also a method to obtain best roughness geometry by using second law of thermodynamics.
5. Optimum dimensions of roughness geometry can be selected by considering maximum heat transfer to air
with minimum pumping power penalty.
6. The correlations presented in this paper developed by various researchers’ form their investigation can be
used to predict the thermo-hydraulic performance for similar type of roughness.
7. The author’s aspect by going through this article the beginners can generate basic knowledge about
roughened duct solar air heater.
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Nomenclature
Ac surface area of absorber plate
Ap absorber plate area
c conversion factor
D,Dh hydraulic diameter of duct
d geometric parameter of broken rib,
print diameter of protrusion, dimple
diameter
e rib height, roughness element height
H height of duct
h heat transfer coefficient
I
solar insolation
P pitch
Qu useful heat gain
UL overall heat loss coefficient
qu useful heat flux
W width of duct
AR duct aspect ratio
S/e relative short way length
B/S relative roughness length ratio
d/W relative gap position
e/Dh relative roughness height
e+ roughness Reynolds number
EAR energy augmentation ratio
EEAR effective energy augmentation ratio
EXAR exergy augmentation ratio
f
friction factor
fr friction factor for roughened duct
fs friction factor for smooth duct

F', FP collector efficiency factor
FR
collector heat removal factor
G(e+) heat transfer roughness function
g/e
relative gap width
g/P
relative groove position
Gd/Lp relative gap distance
L/e relative long way length
l/s
relative length of grit
Nu
Nusselt number
Nur Nusselt number for roughened duct
Nus Nusselt number for smooth duct
P/e
relative roughness pitch
pm power consumption
p'/p relative roughness staggering ratio
Pr Prandtl number
Re Reynolds number
St Stanton number for roughened duct
Sts Stanton number for smooth duct
S'/S relative roughness segment ratio
W/H duct aspect ratio
Greek symbols
α angle of attack
Φ rib wedge angle, chamfer angle
δ transition sub layer thickness
ƞ efficiency parameter
ƞeff effective efficiency
ƞth thermal efficiency
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Table 2. Correlations developed for heat transfer and friction factor in solar air heater for different roughness geometry with important parameters.
Authors
Verma and Prasad [13]

Karwa et al. [15]

Roughness
geometry used
Transverse
ribs in form of
small diameter
wires

Chamfer rib
roughness

Range of parameters

Correlations developed

Re = 5000-20000
e/Dh = 0.01-0.03
P/e = 10-40

P
Nur  0.08596  
e
P
Nu r  0.02954  
e

Re =3000-20000
e/Dh = 0.014-0.032
P/e = 4.5-8.5
W/H = 4.8-12
Φ= -150-180
L/D = 32-66

P
f r  0.0245  
e
For 7 ≤ e+< 20

0.054

0.016

0.206

e
 
D
e
 
D

e
D
 

g  103.77e

+
Re 0.732 , for e ≤ 24

0.021

+
Re 0.082 , for e > 24

0.343

Re1.25

0.5

0.006

0.072

W   P 
   
H  e

2.56

 0.31

e 

2

  P  
exp 0.7343 ln   
  e  


For 20 ≤ e+ ≤ 60
0.5

W   P 
g  32.26e 0.006    
H   e

2.56

 e 

0.08

2

  P  
exp 0.7343 ln    
  e   


For 5 ≤ e+ ≤ 20
W 
R  1.66e 0.00786  
H 

0.4

P
 
e

2.659

e 


0.075

2

  P  
exp  0.762 ln    
  e   


For 20 ≤ e+ ≤ 60

W 
R  1.325e 0.00786  
H
Prasad and Saini [18]

Small
diameter

Re= 5000-50000
e/Dh = 0.020-0.033
P/e = 10-20

0.4

P
 
e

2.659

f /2

St 
1

 0.28

 f / 2  4.5  e 

Pr 0.57  0.95  P / e 
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protrusion
wires
Gupta et al. [19]

Aharwal et al. [22]

Saini and Saini [23]

Karmare and Tikekar [25]

Inclined
continuous

Inclined
discrete square
ribs

Expanded
metal mesh

Metal grit ribs

 W  2 B  f s  Wf r 
f 

2 W  B 

 where

Re = 5000- 50000
e+ =5-70
e/Dh = 0.018-0.032
P/e = 10
W/H = 6.8-11.5
α = 300- 900

Re = 3000-18000
e/Dh =0.018-0.037
P/e = 4-10
g/e =0.5-2.0
d/W = 0.167-0.5
α = 300- 900
Re =1900-13000
e/Dh = 0.0120.0390
L/e = 25-71.87
S/e = 15.62-46.87
Re = 4000-17000
e/Dh = 0.035-0.044
P/e = 12.5-36
l/s =1.72-1.0

e
Nur  0.0024  
D

0.001

e
Nur  0.0071 
D

e
f r  0.1911  
D
e
Nur  0.012  
D

W 
 
H 

0.24

0.196

0.51

0.06

W 
 
H 

W 
 
H 

fr 

0.95  P / e 


2

   
Re1.084 exp  0.04 1   
 60  


0.028

0.093

 2.5ln  D / 2e   3.75

(for e+< 35)

2

   
Re0.88 exp  0.475 1   
 60  


(for e+ > 35)

2

   
Re 0.165 exp  0.993  1   
 70  


2
2
  
d  
g  
Re1.148  1   0.25    0.0101   
W 
e  
  

0.72

e
f r  0.5  
D

Re0.0836

e
Nur  4 104  
 D

0.625

 S 
Re1.22 

 10e 

L
f r  0.815Re0.361  
e

2.22

0.266

2
2
2.66


  S    L 
  L  
exp 1.25 ln 
exp  0.824 ln 
 
 



  10e     10e 
  10e  



0.19

0.591

 S   10e 
 10e   D 

 

0.42
0.146
0.27
e  l
P
Nur  2.4 103 Re1.3    
e
D s
 
e
f r  15.55 Re 0.26  
D

0.94

l
 
s

0.27

P
 
e

0.51
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Mulwork et al.[27]

V-shaped ribs

Re = 3032-17652
e/Dh = 0.01-0.05
B/S = 3-9
P'/P =0.2 – 0.8
S'/S = 1.1-2.3
α = 300-900

 B
Nur  0.05344 Re1.299  
S

e
Nur  0.067 Re0.888  
D

Momin et al.[28]

V -shaped ribs

Re=2500-18000
e/Dh =0.02-0.034
P/e =10
W/H =10.15
α=30 0-90 0

Karwa [29]

V-shaped ribs

Re = 2800-15000
e/Dh = 0.0467-0.05
P/e = 10
W/H =7.19-7.75
α =600-900
B/S =3

1.346

1.112

 S 
 
S

B
f r  0.7117 Re 0.299  
S

0.636

0.424

e
 
D

0.270

 S 
 
S

 P 
 
P

0.712

0.762

 P 
 
P

2


   2 
 P  
exp   ln    exp  0.376 ln 1   
 P  


  60  

0.0936

0.077

2

   
exp  0.782  ln  
 60  

0.565
 0.093
2

e
 
   
f r  6.266 Re 0.425  
exp

0.719
ln

 60 
 60  
D
 

 


 
 
 60 

Roughness function:

Heat transfer function:
For inclined rib, g = 12.765 - 0.05095 e+ +

For inclined rib, R= 3.7135( e+) 0.12770
For V-up continuous rib, R= 3.5080( e+) 0.12195

0.000506(e+)2

For V-down continuous rib, R= 3.4590( e+)

For V-up continuous rib,
g = 12.382 - 0.04547 e+ + 0.000408(e+)2

0.13048

For V-up discrete rib, R= 4.0917( e+) 0.16083

For V-down continuous rib,
g = 12.502 - 0.11609 e+ + 0.001239(e+)2
For V-up discrete rib, g = 11.249 - 0.13120 e+ +
0.001479(e+)2
For V-down discrete rib,
g = 11.070 - 0.14900 e+ + 0.001757(e+)2
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Hans et al. [30]

Multi V-shape
ribs

Re= 2000-20000
e/Dh =0.019-0.043
P/e = 6-12/
W/w = 1-10
α= 300-750

e
Nu  3.35 105 Re0.92  
 D

Multi V-shape
ribs with gap

Re= 2000-17000
e/Dh = 0.022-0.043
P/e = 6-12
g/e=0.5-1.5
Gd/Lv = 0.24-0.80
W/w = 1-10
α =300-750

8.54

P
 
e

W 
 
w

0.43

 
 
 90 

0.49

2
 
 W   
exp  0.1177  ln    
 w   
 

2
2


  P  
    
exp  2.0407 ln      exp  0.61 ln    
  e   
  90   



e
f  4.47  104 Re 0.3188  
D

Kumar et al.[32]

0.77

e
Nur  8.532 103 Re 0.932  
 D

0.73

8.9

 P  W 
   
e w

0.175

1.196

P
 
e

0.22

g
 
e

 
 
 90 

0.0708

0.39

 Gd 


 Lv 

2
2


    
  P  
exp  0.52 ln     exp  2.133 ln    
  90   
  e   



0.0348

 
 
 60 

0.0239

W 
 
w

0.506

2
 
   
 exp  0.1153  ln  
 60  
 

2
2
2
2




  P  
  g  
  W  
  G   
 exp  0.2805 ln      exp  0.223 ln      exp  0.0753 ln      exp  0.0653 ln  d  

  e   
  e   
  w   
  Lv   





e
f r  3.1934 Re 0.3151  
D

0.268

 P
 
e

0.7941

g
 
e

0.1769

 Gd 


 Lv 

0.0610

 
 
 60 

0.1553

W 
 
w

0.113

2
 
   
 exp   0.1527  ln  
 60  
 

2
2
2




  P  
  g  
  W  
  G
 exp 0.1468 ln      exp 0.6349 ln     exp  0.0974 ln     exp 0.1065 ln  d

  e   
  e  
  w  



  Lv


Singh et al. [34]

V-down ribs
having gap

Re= 3000-15000
e/Dh = 0.015-0.043
P/e = 4-12
d/W =0.2-0.8
g/e = 0.5-2.0
α =300-750

e
Nur  2.36  10 3 Re0.90  
D

  P 
 exp  0.84 ln  
  e 


2

0.47

P
 
e

3.52

0.014

d
 
 w
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 60 
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 exp  0.72  ln   
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2
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e
f r  4.13 102 Re 0.126  
 D

0.70

P
 
e

2.74

g
 
e

0.033

d
 
 w

0.058

 
 
 60 

0.034

2
 
   
 exp  0.93  ln  
 60  
 

2
2
2



  P  
  g  
  d  
 exp  0.685 ln      exp  0.21 ln      exp  0.058 ln    
  e   
  e   
  w   




Bopche and Tandale [36]

Inverted Ushape
turbulator

Saini and Verma [37]

Dimple shape
roughness

Sethi et al.[39]

Dimple shape
roughness

Yadav et al.[40]

Circular
protrusions
element

Re =3800-18000
e/Dh = 0.018-0.0396
P = 10-40mm
P/e = 6.669-57.14
W/H = 6
α = 900
Re = 2000-12000
e/Dh = 0.0189-0,038
P/e = 8-12

Re = 3600-18000
e/Dh =0.021-0.036
P/e =10-20
W/H =11
α = 450-750
Re= 3600-18100
e/Dh = 0.015-0.03
P/e = 24
W/H =11
α = 450-750

e
Nur  0.5429 Re 0.7054  
D
e
f r  1.2134 Re 0.2376  
D

0.3619

0.3285

P
e
 

P
 
e

0.4259

2
2


  P  
  e  
exp  2.12 ln     exp  1.3 ln    
  e   
  D   


2
2
0.0214
0.465


  P  
  e  
e
P
f r  0.642 Re 0.465  
exp 0.054 ln     exp  0.840 ln    
 
 D
e
  e   
  D   



e
Nur  5.2  104 Re1.27  
D

3

1.1386

Nu  7.1 10 Re

0.033

P
 
e

 e 


 Dh 

 e 
f  4.869  10 1 Re 0.223 

 Dh 

3.15

0.3629

0.2663

P
 
e
P
 
e

0.047

0.059

 
 
 60 

 
 
 60 

0.0048

0.0042


   
exp  0.7792 ln   
  60  


2

    
exp  0.4801 ln    
  60   


2

    
exp 2.023 ln    
  60   

2
0.176
0.15
0.036

    
e
P
 
f  7.027 Re 0.56  
exp

1.412
ln



 
 
  
D
e
 60 
  60   


e
Nu  0.154 Re1.017  
D
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Bhushan and Singh [38]

Protrusions as
roughness

Re= 4000-20000
e/Dh = 0.03
S/e = 18.75-37.50
L/e = 25.00-37.50
d/D = 0.147-0.367
W/H = 10

12.94

S
Nu  2.1 10 88 Re1.452  
e

Bhogria et al.[42]

Varun et al.[43]

Arc shape rib
roughness

Wedge shape
ribs

Combination
of transverse
and inclined
ribs

99.2

d
 
D

0.383

 L
 
e

0.484

Re =2000-17000
e/Dh = 0.0213-0.0422
P/e = 10
W/H =12
α/90 = 0.3333-0.6666

e
Nur  0.001047 Re1.3186  
D

Re =3000-18000
e/Dh = 0.015-0.033
P/e = 60.17x
Φ-1.0264 < P/e < 12.12
W/H = 5
Φ= 80-150
Re =2000-14000
e/Dh =0.030
P = 5-13 mm
P/e = 3-8
W/H = 10

e
Nur  1.89  104 Re1.21  
D

e
f r  0.14408 Re 0.17103  
D

e
f r  12.44 Re0.18  
 D

0.99

P
Nur  0.0006 Re1.213  
e

0.3772

0.1765

0.426

P
 
e

d 
 
D

2

  S  
exp  10.4 log    
  e   


 
 
 60 

P
 
e

0.52

 
 
 10 

0.0114

0.196

0.1185

2.94

0.0104

P
f r  1.08585 Re 0.3685  
e
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 60 
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3.9

2
2


  L  
  d  
 exp  77.2 log     exp  7.83 log    
  e   
  D   



S
f  2.32 Re0.201  
e

Saini and Saini [41]

 L
 
e

 
 
 10 

0.49

0.018

2
2


  P  
    
exp  0.71 ln     exp  1.5 ln    
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Jauker et al.[46]

Layek et al.[47]

Lanjewar et al.[49]

Rib groove
roughness

Chamfer rib
groove
roughness

W-shape rib
roughness

Re =3000-21000
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g/P =0.3-0.7
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Heat transfer function:

Roughness function:

For W-down 750 g = 12.6813- 0.03606 e+ + 0.0069(e+ )2

For W-down 750 R= 4.3375(e+ )0.1716

For W-down 600 g = 11.86- 0.03321 e+ + 0.0062(e+ ) 2

For W-down 600 R = 4.3375(e+ )0.1824

For W-down 450 g = 11.4519- 0.3116 e+ + 0.0062(e+ )2

For W-down 450 R = 4.4037(e+ )0.1945

For W-down 300 g = 13.8061- 0.04434 e+ + 0.0089(e+ )2

For W-down 300 R= 4.8641(e+ )0.1889

For W-up 750 g = 21.3772 – 0.8365 e+ +0.0140 (e+)2

For W-up 750 R= 3.4705(e+ )0.2281

For W-up 600 g = 18.3937 – 0.6578 e+ +0.0106 (e+)2

For W-up 600 R= 3.8321(e+ )0.2566

For W-up 450 g = 19.9017 – 0.7837 e+ +0.0135 (e+)2

For W-up 450 R= 3.4126(e+ )0.2437

For W-up 300 g = 20.4328 – 0.9177 e+ +0.0174 (e+)2

For W-up 300 R= 4.2970(e+ )0.2262
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Lanjewar et al.[50]

W-shape rib
roughness

Re =2300-14000
e/Dh = 0.018-0.03375
P/e = 10
W/H = 8
α = 300-750

Kumar et al. [51]

Discrete Wshape rib
roughness

Re =3000-15000
e/Dh = 0.0168-0.0338
P/e = 10
W/H = 8:1
α = 300-750
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