Asian Journal of Applied Science and Technology (AJAST)
(Peer Reviewed Quarterly International Journal) Volume 3, Issue 3, Pages 109-126, July-September 2019

A Review on Artificial Roughness Employed in Rectangular Solar Air Heater Duct
Anuj Kumar Singh & Rahul Bahuguna*
Faculty of Technology, Uttarakhand Technical University, Dehradun, Uttarakhand, India.
Email: singhanujn79@gmail.com, rahul.bahuguna25@gmail.com*
Article Received: 29 January 2019

Article Accepted: 15 May 2019

Article Published: 31 July 2019

ABSTRACT
Solar air heater forms a major role in solar energy utilization system which absorbs the incident solar radiations and converting it into thermal energy
and transferring it to flowing fluid through collector’s tube. The thermal performance of solar air heater can be improved by the using of artificial
roughness called ribs, on inner side of the absorber surface. Heat transfer enhancement in solar air heater can be achieved by breaking laminar
sub-layer near the absorbing surface and can be efficiently done by using the ribs as roughness element, due to using of ribs increase in pressure drop
and due to this the heat transfer is increase. This review paper shows the effect of different artificial roughness geometries on heat transfer rate. An
attempt has been made to compare the performance of solar air heater using different artificial roughness geometries. In this review article discusses
the previous designs investigations of artificial roughness (rib), and throws light on the future.
Keywords: Solar air heater, Artificial roughness, Nusselt number, Friction factor, Thermo-hydraulic performance.

1. INTRODUCTION
The sun is extremely great source of energy and approximately 1.8X1011 MW of power will intercepts by the earth,
and this quantity of energy is very higher than the total energy rate on earth. Hence this quantity of energy will
full-fill the demand of energy consumption in present as well as future. Thus the sun is most reliable source of
energy. It is an eco-friendly clean source of energy as comparison to other source of energy like nuclear energy and
fossil fuel which have emissions. And the solar energy is enough all around the world and free of cost.
This is advantageous for tropical countries like India large amount energy can be getting by simple systems which
is convert solar to appropriate forms of energies. But on the other hand solar energy have some major problems
associated with its use such as this is in dilute source. And seldom 1 kW/m2 solar radiation flux exceed in hottest
regions on earth, and 7 kW/m2 is the total radiation best in a day, so from the point of view of demand rate and
technological utilization these are the very low values. Consequently, to full fill the demands of energy the large
setup is required and this result in excessive cost. And another problem with solar energy is its availability.
Due to the day night cycle and season on earth it affect the solar energy thus it varies with time. Thus the solar
energy is stored from the sun and must be used during those periods when it is not possible. Thus the real challenge
in utilizing solar energy as an energy alternative is economic in nature [1].
Solar energy can be used in various ways but the solar energy is to heat the fluid with the help of flat plate solar
collector is very simple as well as inexpensive method. The solar collector converts thermal energy to fluid from
solar radiation. Fluid may be water or air it is depending on applications.
Solar air heater is simple and inexpensive and having several advantages over solar water heater such as freezing
free and corrosion [2]. Solar air heater is used at moderate temperature application like industrial HVAC system,
textile industries, crop drying, and space heating [1].
The geometry of solar air heaters is simple and its main component are collector, glass cover, back insulated cover
and blower as shown in fig.1.
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Fig. 1. Schematic diagram of conventional solar air heater
Glass cover is a transparent cover made from glass and it is transparent to incoming solar radiations and minimize
the heat loss from top of the absorber surface. Back insulation cover is used to minimize the heat loss from bottom
side of the solar air heater. Air is passed through the duct having three insulated sides and top side which is
collector.
Generally, conventional solar air heaters has very low thermal performance this is due to smooth absorber plate.
Smooth absorber plate offers low convective heat transfer to flowing air, leading to high heat losses to
environment. The performance of solar air heater can be improved by some methods such as reducing the top heat
losses to environment and enhancing the convective heat transfer coefficient at absorber plate.
Artificial roughness is used to enhancing the heat transfer form absorber plate to flowing air. An artificial
roughness known as rib creates turbulence on the heated surface and helps to break the thermal boundary layer.
Higher pressure drop is also enhanced the heat transfer but it is undesirable.
The investigators always try to investigate the roughness which provides high heat transfer at low pressure drop
penalty. In this review paper, an attempt has been made to study previous investigations based on artificial
roughness (rib) employed in solar air heater.
2. HISTORICAL BACKGROUND OF SOLAR AIR HEATER
The research and development of solar air heater is started in 1940s, by Lof [3], Telkes [4] and Miller [5]. The Lof
and Telkes was designed, constructed and testing a complete solar air heater in house located in Colorado and
Massachusetts in 1944 and 1947 respectively. Lof also invented solar air heater with overlapped glass and tested by
his collaborators [6, 7]. After invented this Selcuk [8] analyse the overlapped glass plate solar air heater through a
quasi-steady state analysis and tested also by experimentally. Bliss [9] designed, built and tested a solar air heating
system at Arizona house in 1950s.
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The study of flat plate collector is started by Whillier [10], Close [11], Gupta and Garg [12]. The single glazed
collector design with flow above the absorber plate and below the absorber plate is investigated theoretical
performance by Charters [13]. And flow paths for single flat plate with two glass covers is theoretically studied by
Cole-Appel and Haberstroh [14]. Charters [13], and Ambrose and Bandopadhyay [15] also examined the
phenomena of heat transfer in symmetrical heated ducts used with flat plate solar collectors further experimentally
investigated with an aspect ratio 10:1 by Karmare and Tikekar [16].
The Joule [17] was first person to use concept of artificial roughness in-tube condensation of steam for enhance the
heat transfer coefficients, and then joule were done many experimental investigations on the application of artificial
roughness in the stream of cooling of gas turbine blades, nuclear reactors, compact heat exchangers and electronic
equipment etc. Prasad and Mullick [18] were the first to apply the artificial roughness in the form of small diameter
wire on the below of absorber plate to improve the thermal performance of solar air heater for drying purposes.
3. ARTIFICIAL ROUGHNESS
Smooth absorber plate have low thermal performance because of low convective heat transfer coefficient. Over
absorber plate sub laminar layer is develop which acts as a thermal resistant to flowing air, for achieving heat
transfer the sub laminar layer if broken by creating turbulence and the turbulence is create by the artificial
roughness called ribs. By using artificial roughness the thermal performance of solar air heater is increase.
Artificial roughness have different parameters that characterize the arrangement and shape of the roughness which
affects the performance of the solar air heater these are, the roughness element height (e) and pitch (P) both are
most important, these parameters are usually specified in terms of dimensionless parameters, namely, relative
roughness height (e/D), angle of attack (a), relative roughness pitch (P/e), groove position (g/P), relative gap
position (d/W), chamfer angle (v) and relative gap width (g/e). Various artificial geometries (rib) have been
investigated by investigators are shown in table 1.
Table 1. Summary of different types of artificial roughness geometries provided in solar air heater

Roughness
Geometry

Investigators

Range of
Parameters

Momin et al.

e/Dh:0.02-0.034

Geometry

V-rib
roughness

Continuous

[19]

p/e: 10; α:30°-90°
Re:2,500-18,000
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Singh et al.
Broken

[20]

Re:3,000-15,000
p/e: 4-12
α:30-75°
d/w: 0.2-0.8
g/e: 0.5-2.0
e/Dh:0.015-0.043
e/D: 0.02
α: 60° B/S: 3-9

Muluwork et al.
Discrete

Re:2,000-15,500

[21]

Patil et al. [22]

p/e:10,e/Dh: 0.04
α: 60°
sʹ/s: 0.2-0.8
pʹ/p: 0.2-0.8
r/e: 1-2.5
Re:3,000-18,000
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e/Dh:0.026-0.057
Ng: 2

Multigap
V-down ribs

Deo et al. [23]

with

g/e: 1
P’/P: 0.65

staggered
w/e: 4.5

ribs

P/e: 4 - 14
α: 40o – 80o
Re: 4000 – 12,000

Ng: 1 – 5
g/e: 1 – 5

V-ribs with
symmetrical

Maithani et al.

gaps

[24]

P/e: 6 - 12
α: 30o – 75o
Re: 4000 – 18,000

P/e: 6–12
Multi V-rib

e/D: 0.019–0.043

roughness
Hans et al. [25]

α: 30–75°
Re: 2,000–20,000

Continuous

W/w: 1–10

W/H: 12; W/w: 6

Broken

Kumar et al.

P/e: 10; e/Dh: 0.043

[26]

α: 60°; Gd/Lv: 0.55
g/e:0.5 to1.5
Re: 2,000–20,000
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α: 30-60°
Arc shape
rib

Sahu and Prasad P/e: 10
et al. [27]

e/Dh:
0.0213-0.0422

e/Dh: 0.020–0.033
Transverse
rib
roughness

Prasad and
Mullick [28]
Prasad and
Saini [29]

p/e: 10–20
Re:5,000–50,000
e/Dh: 0.018–0.052
Re: 3,000–18,000

Continuous

Gupta et al. [30] e/Dh: 0.01–0.03
Verma and

p/e: 10–40; e+: 8–42

Prasad [31]

Re: 5,000–20,000
p:10–30 mm

Sahu and

e: 1.5mm

Bhagoria [32]
Re: 3,000–12,000

Broken

(e/d): 0.020–0.05

Inclined rib
roughness

(p/e): 7.5and10
α: 30°–90°

Continuous

Re: 3,000–18,000
Gupta et al. [30]

p/e:10;e/Dh: 0.0377
W/H: 5.87; α: 60°

Broken

Aharwal et al.

Re: 3,000–18,000

[33]
d/w: 0.167–0.5

114 | P a g e

Online ISSN: 2456-883X

Website: www.ajast.net

Asian Journal of Applied Science and Technology (AJAST)
(Peer Reviewed Quarterly International Journal) Volume 3, Issue 3, Pages 109-126, July-September 2019

e/Dh=0.0181–0.036

Rib
combined

Juarker et

with groove

al.[34]

3,
p/e=4.5–10,
g/p=0.3–0.7

e/Dh=0.014– 0.032
p/e=4.5–8.5,
Chamfered

Karwa et

W/H=4.8–12.0

rib

al.[35,36]

ϕ=−15–18°

e/Dh=0.022–0.04,
p/e=4.5–10,
g/p=0.3–0.6,
Chamfered
rib-grove

Layek et al. [37] ϕ=5–30°

P/e: 8-12
Hemi-spheri
cal dimple
rib

Saini and

e/Dh: 0.18-0.037

Verma [38]

e/D =0.03,
d/D=0.0147-0.0367
Protrusion

Bhushan and

roughness

Singh [39]

L/e=25–37.5,
S/e=18.75 – 37.5
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e/Dh=0.021–0.036,
Dimple rib
in angular
fashion

Sethi et al. [40,
41]

η=1.10–1.887
p/e=10–20,
e/d=0.5 α=45–75°

e/Dh

=0.015

–

0.033
Wedge

Bhagoria et al.

shape rib

[42]

Metal grit

Karmare and

rib

L- shape rib
roughness

p/e= 4.7 – 12.12,
ϕ = 8 – 15°

e/Dh= 0.035–0.044

Tikekar

p/e=12.5–36,

[43, 44]

l/s=1–1.72

Gawande et al.
[45]

e/D = 0.042,
p/e = 7.14 – 17.86,

e/D :0.022–0.054
S -shape

Kumar et al.

ribs

[46]

p/e:4–16 W/w: 1–4,
α: 30°–75°
Re :2400–20,000
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e/Dh :0.018–0.045,
Multi Arc

Singh et al. [47]

Shaped Rib

p/e:4–16,
W/w: 1–7,

roughness

α: 30°–75°.
Re :2200–22,000
e/D:0.018-0.044

Multiple

Pandey et al.

broken arc

[48]

P/e:4-16
Re:2100-21000

rib
W/w:1-7,
d/w:0.25-0.85
g/e:0.5-2 α:30°-75°

e/D:0.0213-0.0422
Arc shaped

Saini and Saini

roughness

[49]

P/e:10,
α/90:0.33-0.666,
W/H: 12
Re:2000-17000

e/D:0.015-0.03

Arc shaped
dimple
roughness

Yadav et al.
[50]

P/e:12-24
Re:3600-18100
α: 45°-75°
P/e:4-12
e/D:0.022-0.043

Broken arc
rib

Hans et al. [51]

α:15°-75°
g/e:0.5-2.5
d/w:0.20-0.80
Re:2000-16000
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e/D:0.018-0.0337

Continuous
W-shaped
rib

Lanjewar et al.
[52,53]

roughness

P/e:10
Re:2300-14000
α: 30°-70°

P/e:10
Discrete

Kumar et al.

W-shaped

[54]

α:30°-75°
e/D:0.016-0.038

rib
Re:3000-15000

roughness

e/D:1-6

Combinatio
n of

Varun et al. [55] P/e:3-8

transverse
W/H:10

and inclined

Re:2000-14000

ribs

Inverted

Bopche and

U-shaped

Tandale [56]

e/D:0.018-0.0398
P/e:6.67-57.14

turbulators
Re:3800-18000
α:90°

Hyperbolic

Thakur et al.

rib

[57]

e: 0.5 - 2
P: 10-20

geometry
Re: 6000
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Non-unifor

Singh et al. [58]

m rib

and Singh and

roughness

Singh [59]

P/e:4-30
e/D:0.043
Re:3000-15000
α:45°

Square
wave rib

Singh and Singh P/e:4-30
[60]

e/D:0.043

roughness
Re:3000-15000

4. OBSERATION
From the reviews of different-different investigators the following investigators are observed that Momin et al. [19]
observed that V-shaped ribs with the relative roughness height of 0.034 and angle of attack of 60° brought out 1.14
and 2.30 times enhancement in nusselt number when compared with inclined rib and smooth plate at Reynolds
number of 17,034. Singh et al. [20] found that the use of broken V-down rib can yield 3.04 and 3.11 and 3.11 fold
increase in Nusselt number and friction factor respectively, with regard to the smooth duct. The Nusselt number for
V-down discrete ribs was found to be higher than the corresponding V-up and trans- verse discrete roughened
surfaces observed by Muluwork et al. [21]. Patil et al. [22] find that improvement in thermo-hydraulic performance
by using staggered rib pieces in the inter-rib space of broken V-ribs. Hans et al. [25] investigate that the
enhancement in the values of Nusselt number and friction factor with the multiple V-rib roughness reached to 6 and
5 times than that of smooth duct respectively. The maximum enhancement in Nusselt number and friction factor
also, 6.32 and 6.12 times that of the smooth duct, respectively observed experimentally by Kumar et al. [26].
Prasad and Mullick [28] investigated the effect of transverse rib roughness height and pitch on heat transfer and
fluid flow. Prasad and Saini [29] observed that Nussult number is increase and friction factor decrease. Gupta et al.
[30] investigated that maximum thermo-hydraulic performance corresponding to the relative roughness height
(e/D) of0.023and a Reynolds number (Re) of 14,000. Verma and Prasad et al. [31] observed that considerable
enhancement in heat transfer over the non-ribbed solar air heater. Sahu and Bhagoria [32] found that the roughened
absorber plates increased the heat transfer coefficient by 1.25–1.4 times as compared to smooth rectangular duct
under similar operating conditions. A reported that the broken inclined rib roughness enhanced the Nusselt number
and friction factor up to 2.83 and 3.60 times than that of the smooth surface respectively by Aharwal et al. [33]. Deo
et al. [23] studied that thermohydraulic performance has been lifted up to 2.45 by creation of multiple gaps in
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V-down rib roughness with staggered ribs while keeping the roughness pitch (p/e) of 12, roughness height (e/Dh) of
0.044 and angle of attack of 60° at Reynolds number of 12,000. Sahu and Prasad [27] analyzed exergetic
performance of solar air heater having arc shape ribs. Optimum arc angle and relative roughness height were found
to be 30° and 0.0422, respectively, which provided maximum exergetic efficiency of 56%.Juarker et al. [34]
investigated that Friction factor and Nusselt number were enhanced upto 3.6 and 2.7 times, respectively. Maximum
enhancement factor in friction factor and Nusselt number 3.74 and 3.24, respectively it is found by Layek et al.
[37]. Saini and Verma [38] investigated that the combination of relative pitch of 10 and relative height of 0.0379
provided maximum Nusselt number, however, combination of relative pitch of 10 provided and relative height of
0.0289 provided minimum friction factor. Bhushan and Singh [39] find maximum enhancement factor in friction
factor and Nusselt number were observed as 2.2 and 3.8, respectively. Sethi et al. [40, 41] observed that the
maximum Nusselt number was observed for relative pitch of 10, relative rib height of 0.036 and arc angle of 60°.
The thermohydraulic performance parameter was found to be in the range of 1.10–1.887.
Stanton number was increased upto two fold, while friction factor was increased upto threefold with respect to
smooth duct at rib chamfered angle of 15° similarly pressure drop was increased from 80% to 290% using
chamfered ribs this is investigated by Karwa et al. [35, 36]. Bhagoria et al. [42] examined that wedge angle of 10°
and relative pitch of 5.57 provided maximum enhancement factor in Nusselt number as 2.4, however, maximum
enhancement factor in friction factor was found for chamfered angle of 15° and relative pitch of 4.7. Karmare and
Tikekar et al. [43, 44] reported that optimum performance was observed for relative length of 1.72, relative
roughness pitch of 17.5 and relative roughness height of 0.044. It was also shown that enhancement in thermal
efficiency was found in the range of 10–35% over smooth duct. Gawande et al. [45] investigate maximum
enhancement factor in friction factor and Nusselt number were found to be 3.424 and 2.827, respectively for
relative pitch of 7.14 and thermohydraulic performance parameter was found in the range of 1.92-1.90. Kumar et al.
[46] investigated that The maximum enhancement in Nusselt number (Nu) and friction factor (f) were found
corresponding to the arc angle (α) of 60°, relative roughness height of 0.043, relative roughness width value of 3,
and relative roughness pitch of 8. Singh et al. [47] analyzed that the maximum enhancements in Nusselt number
and friction factor over that of smooth duct were reported as 5.07 and 3.71, respectively.
Pandey et al. [48] carried out study on multiple broken arc rib used as roughness in solar air heater absorber plate.
The maximum enhancement in heat transfer was 5.85 and pumping power increment was 4.96 times at P/e = 8,
W/w = 5, g/e = 1,d/x = 0.65 and e/D = 0.044 at Reynolds number is 21000. Sani and saini [49] investigated when it
use arc shape roughness geometry, the maximum Nusselt number improvement of 3.80 and friction factor increase
of 1.75 times corresponding to parameters as α/90=0.3333 and e/D=0.0422. Yadav et al. [50] found that the
maximum increase in Nusselt number and friction factor was 2.89 and 2.93 times respectively for the e/D is 0.03,
P/e is 12 and α is 60° when it use arc shaped dimple roughness. Hans et al. [51] investigated experimentally,
enhancement in Nusselt number is 2.63 and friction factor is 2.44 times corresponding to geometrical parameters as
P/e=10, g/e= 1.0, α= 30°, d/w= 0.65 and e/D= 0.043 when it employed broken arc rib in solar air heater duct.
Lanjewar et al. [52, 53] presented an experimental investigation on the thermo-hydraulic behavior of the W-shaped
rib roughened SAH duct and found that maximum increase in Nusselt number 2.36 and friction factor 2.01 times.
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Kumar et al. [54] was done thermal and hydraulic performance of discrete W-shape rib and investigate that
maximum increase in Nusselt number and friction factor was 2..16 and 2.75 times that of smooth duct for an α= 60°
and e/D= 0.0338. Varun et al. [55] study the transverse rib combined with inclined ribs and result found that P/e is
8 gave the best thermal performance. Bopche and Tandale [56] experimentally investigated with use of inverted
U-shape turbulator in solar air heater and found that the Nusselt number was 2.83 and friction factor 3.72 times in
contrast to the smooth absorber. Thakur et al. [57] performed 2-D computational simulations of solar air heater duct
roughened with hyperbolic ribs and observed that the optimum thermohydraulic performance of the order of 2.16
was achieved for e= 1 mm and P= 10 mm at Re= 6000. Performance of hyperbolic rib was compared with
rectangular, triangular and semi-circular rib geometries and was found to be best among all up to Re =10,000.
Singh and Singh [60] was done CFD based analysis on non-uniform square wave profile rib roughened SAH and
compare with similar uniform transverse rib arrangements. The maximum augmentation in Nusselt number was
2.14 and friction factor was 3.55 times. The thermo-hydraulic performance of non-uniform rib was more as
comparison to the uniform rob. The heat transfer and fluid flow process were visualised and discussed using
streamlines and contours.
5. THERMOHYDRAULIC PERFORMANCE OF ROUGHENED SURFACE
It has been shown in Fig. 2 that thermo hydraulic performance parameter have wide range and its values change
from 0.49 to 3.70. Highest values of thermo hydraulic parameter are observed for multi arc ribs with gap and multi
V-rib with gap and least value of thermo hydraulic parameter are observed for metal mesh.

Fig. 2. Comparison of thermohydraulic performance parameters of various roughened surfaces.
However at low Reynolds number, performance of multi arc ribs with gap is not considerable, but performance
increase significantly with increase in Reynolds number. Concept of gap in continuous ribs is to release secondary
flow which is formed due to formation of vortices upstream side of ribs. These secondary flow creates extra
turbulence when it mixed with main flow.
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6. CONCLUSION
In the present paper an attempt has been made to review heat transfer and friction characteristics of artificially
roughened duct of solar air heaters. The effect of roughness parameters along with rib arrangement also discussed
in various experiments and observations.
Based on the reviewed observation and result, following conclusions have been drawn as given below:
(1) It has been found that roughness geometries being used in solar air heaters are of many types depending upon
shapes, size, arrangement and orientations of roughness elements on the absorber plate.
(2) Application of artificial rib roughness improves the thermo-hydraulic performance of conventional solar air
heater. The rib roughness improves the thermal performance due to breaking of laminar sub layer.
(3) General arrangement of different types of roughness geometries reported by the various investigators are fixing
wires, rib formation by machining process, expanded metal mesh ribs, and creating Dimple shaped geometries.
(4) Transverse rib roughness enhances the heat transfer coefficient by flow separation and generation of vortices on
the upstream and downstream of rib and reattachment of flow in the inter rib spaces.
(5) Angling of transverse rib further enhances the heat transfer on account of the movement of vortices along the rib
and formation of a secondary flow cell which results in high heat flow region near the leading end. V-shaping of a
long angled rib helps in the formation of two secondary flow cells as compared to one in case of an angled rib
resulting in still higher heat transfer rate.
(6) Combination of ribs with groove, metal grit, expanded metal mesh and L-shaped ribs were considered to be as
complex design because machining process is needed to create groove.
(7) Producing a gap in the inclined rib is found to enhance the heat transfer by breaking the secondary flow and
producing higher level of turbulence in the fluid downstream of the rib. A similar gap in both the limbs of V-rib
further enhances the heat transfer by introducing similar effects in both the limbs. Further the use of multi v-rib
across the width of the plate is found to enhance the heat transfer by increasing the number of secondary flow cells
several times.
(8) Multi v-shaped rib roughness geometry has also been shown to be thermo hydraulic better in compared to other
roughness geometries.
(9) From thermo-hydraulic considerations, the arc arrangement has lesser pressure losses that V arrangement,
which may be due to curved secondary flow and consequently results in better thermohydraulic performance.
Therefore, multiple arc ribs and multiple arc ribs with gap are recommended for better overall thermo-hydraulic
performance.
(10) Comparison of thermohydraulic performance parameter with respect to Reynolds number have been
presented. Maximum thermohydraulic performance parameters are found for W-ribs, multi V ribs with gap and
multi arc with gap in different range of Reynolds number.
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