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Abstract
In the present work experimental study is done on a Double
Pass Solar Air Heater (DPSAH) with combination of broken
arc and staggered ribs as a artificial roughness for enhancing
the thermo-hydraulic performance parameter (THPP) of the
collector. Reynolds number (Re) was taken from 3000 to
12000, relative gap position (bꞌ /b) was taken from 0.3 to 0.9
and relative roughness pitch (p/e) was taken as 10. Other
parameters like relative roughness height (e/D) of 0.0354, arc
angle (α) of 30˚, relative staggered rib size (r/e) of 2.5 and
Relative staggered rib position (pꞌ /p) of 0.2 are kept constant.
From the experimental results it is concluded that the value of
(THPP) is higher for combination of broken arc and staggered
ribs as compared to that for a continuous arc shaped ribs. It was
found that (THPP) is highest in case of (bꞌ /b) as 0.6 which
ranges from 2.09 to 2.46 for a (Re) of 3000 to 12000
respectively. Enhancement in (THPP) is estimated to be 33%
higher for combination of broken arc and staggered ribsas
compared with continuous arc shaped rib roughness.
Keywords: Solar, heat transfer, friction factor, Nusselt
number, thermo-hydraulic performance parameter.

Introduction
A fundamental approach for transforming solar energy into
thermal energy for heating purpose of fluids is by solar
powered collectors. A solar air heater (SAH) is a device that
heats up the air by utilizing the solar irradiance incident on the
device. (SAHs) are widely used for drying and curing of crops,
space heating, timber seasoning, curing of plastic etc. The
conventional SAH has a low value of convective heat transfer
coefficient which lead to poor thermal and hydraulic
performance of the collector. The reason behind the low
performance of SAH is the development of laminar sub-layer
on the vicinity of the absorber plate. In order to enhance the
performance of SAH various researchers have used different
roughness geometries on the rear side of the absorber plate. The
roughness tends to breakdown the laminar sub-layer. However
increment in pumping losses occurs by providing roughness in
a absorber plate. So, the objective of researchers has been to
increase the heat transfer capacity by providing the new design
and geometries along with least pumping losses. Prasad and
Mullick [1] experimentally studied the implementation of

roughness on the rear side of the absorber plate to enhance the
thermal efficiency of SAH for drying purposes. The increment
in efficiency of a SAH having roughened absorber plate are
0·63 to 0·72 times of the conventional SAH. Saini et al. [2]
experimentally investigated the effect of a arc shaped
roughness on thermal performance of SAH in rectangular duct.
Considerable augmentation in Nu was reported in case of
roughened SAH as compared to smooth solar powered
collector. A study on SAH having a arc ribs with gap combined
with staggered ribs was investigated by Gill et al. [3]. The
experimental study was carried for a relative gap size varied
from 0.5 to 2.5 and constant value of (bꞌ /b) as 0.65, (r/e) size
as 2.0, (p/e) as 10 and (α) as 300. It was obtained that Nu and f
are highest when relative gap width and rib height were equal.
To improve the THPP of SAHs collectors packed bed were
used. Varshney et al. [4] performed outdoor experimental study
on the performance of solar collector having packed bed. It was
reported that geometrical parameters of packing element played
an important role in the performance of SAH. Verma and
Varshney [5] perform an analytical study on a packed bed SAH
to investigate the THPP of the system. A comparative study
performed between low porosity matrix and high porosity
matrix. It was found that, in case of high porosity, the value of
effective efficiency is higher than low porosity matrix. DPSAH
is a design modification in SAH to improve the heat transfer
capability as it have more heat transfer area of absorber plate
and it also reduces the top losses.
Satcunanathan and Deonarine [6] studied the concept of
counter flow in DPSAH and around 11% increase in thermal
performance of the DPSAH was obtained as compared with
SPSAH. Wijeysundera et al. [7] studied the effect of two
transparent covers in DPSAH in which an absorber plate is used
to create a passage between entry and exit sections for air flow
and 10 to 15 % increase in efficiency was obtained for DPSAH
as compared to SPSAH system.An experimental study on
DPSAH having artificial roughness applied to both end of the
absorber plate was conducted by Sharma et al. [8]. The values
of Nu and f were evaluated for distinct roughness parameters
and compared with the values of smooth one. Maximum
enhancement in Nu and f was obtained to be 1.7 and 1.9 times
as compared to DPSAH without roughness. Ravi et al. [9]
conducted experiment on DPSAH having multi-V ribs in
combination with staggered ribs as roughness geometry on both
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faces of absorber plate of the collector. THPP gets improved by
attaching roughness on each side of the absorber plates in
DPSAH.
From the literature review, it has been observed that a DPSAH
improves the heat transfer capability of collector as compared
to a SPSAH due to large heat transfer area availability and
reduced top losses. So if we use a DPSAH having artificial
roughness attached to the absorber plate it will further increase
the thermal performance of the system by creating turbulence
in the vicinity of laminar sublayer resulting in breaking it
and improving heat transfer without much increase in
pressure drop. As reported in the literature, combination of
broken arc and staggered ribs as a artificial roughness is found
to be a most efficient way for improving heat transfer
enhancement because it builds the force of the turbulence due
to increment in reattachment and separation points which
improves the THPP of SAH. Till now no experimental
investigation have been reported on experimental study of
DPSAH having combination of broken arc and staggered ribs
in actual outdoor condition. Experiments in actual outdoor
conditions give better results as no assumptions have to be
considered as in case of simulated conditions. Also, the results
of actual outdoor conditions can be directly utilized by the
designers and researchers can also compare their analysis in
simulated conditions. Hence it is proposed to study the THPP
of a DPSAH having combination of broken arc and staggered
ribs as roughness.

Fig.1: Block diagram of experimental setup

Method
Considering the recommendation of ASHRAE [10] an outdoor
experimental set up has been designed and fabricated for
performing tests in actual outdoor conditions. The duct
comprises of a 600 mm long entry and exit section and 1500
mm long test section. The exit section is attached with blower
through G.I. pipe and flexible pipe. A soft wood was utilized
for creating a experimental setup. The thickness of side wall
duct is 25 mm. In double pass, there are two passes with
identical dimensions having, length, width and depth 1450 mm,
295 mm and 25 mm respectively. The first pass is made
between glass cover and upper face of absorber plate and
second pass between the bottom plate and lower face of
absorber plate. A 50 mm gap is provided at the end of test
section for the circulation of air from first pass to second pass.
For preventing losses from the setup glass wool is used as an
insulating material. A block diagram of experimental setup and
sectional view is given in the Fig.1 & 2 respectively.
Orifice meter and U-tube manometer is used to determine the
mass flow rate of air. A pre-calibrated Pyranometer is used to
measure the solar irradiance.

Fig.2: Sectional view of rectangular solar air duct
Absorber plate is made using an aluminum sheet 3mm thick in
which wires in the shape of combination of broken arc and
staggered ribs are fixed to create the roughness geometry. The
range of roughness parameters is shown in Table 1. The
parameters have been chosen for the outdoor experimental
study of the DPSAH.

Fig. 3: Roughness geometry
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The geometry details of the roughness configuration of the
combination of broken arc and staggered ribs are shown in Fig.
3.
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Before performing actual experiments on the setup, the entire
setup was thoroughly checked for leakage if any using soap
bubble test. To calibrate the test duct, the setup was run using
it as a smooth conventional collector. The values of (Nu) and
(f) were determined with the help of experimental data and
compared with the values obtained by the correlations of Dittus
Boelter [11] for Nu and modified Blasius equation [12] for f as
these correlations are applicable for Re range in which
experiments are performed.
Dittus-Boelter equation:

Nus = 0.024 Re0.8 Pr0.4

Modified Blasius equation:

fs = 0.085 Re-0.25

By validation we checked the accuracy of our experimental
setup. The calibration curve for Nu and f are shown in Fig.4 and
Fig.5 respectively.
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Fig. 5: Calibration curve of f
It is observed that average and maximum deviation in (Nu)
values are found to be 3.09% and 7.54% respectively. The
average and maximum deviation in (f) values are found to be
3.36% and 9.17% respectively. The difference between
experimental and estimated values of Nu and f are reasonably
in good agreement with the predicted values which established
the reliability of experimental setup.

Results
The gap in an arc shape ribs in combination with staggered ribs
significantly enhances the (Nu) as compared to a continuous arc
and smooth channel because proper mixing of main flow and
secondary flow occurs due to gap combined with staggered ribs
which generates disturbance in the flowing fluid which causes
the turbulence in the flow fields due to reattachment and
separation points which tends to break the laminar sub layer.
So combination of broken arc and staggered ribs as an artificial
roughness in a DPSAH is a efficient way for improving heat
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Friction factor (f)
It is obvious that with an increment in the values of (Re), the (f)
also decreases. Fig. 7 shows the change in f with the Re for
smooth channel, continuous arc shape and combination of
broken arc shape and staggered ribs having distinct values of
(bꞌ /b) as 0.3, 0.6 and 0.9. The values of p/e and α are kept
constant as 10 and 30˚ respectively. Due to turbulent mixing of
main and secondary flow, pressure loss occurs in the duct due
to which pumping power increases which tends to increase the
f for combination of broken arc and staggered ribs in
comparison with continuous arc shape roughness and smooth
channel. The maximum enhancement in f for a combination of
broken arc and staggered ribs is 19.56 % as compared to a
continuous arc shape roughness. The highest value of f is
obtained to be 0.04077 at bꞌ /b = 0.6. The fact behind this is
that, at bꞌ /b = 0.6 it offers maximum resistance to the fluid,
which increases the pumping power and enhances the f.
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Fig. 7. Variation of f with the Re for different values of bꞌ /b
Nusselt number ratio (Nur/Nus) and friction factor ratio
(fr/fs)
From the above results it has been observed that a considerable
increment occurs in the value of (Nu) and (f) due to the
roughness having broken arc shape with staggered ribs attached
to the absorber plate when compared with a continuous arc and
smooth plate. So there is a need to analyze the enhancement in
(Nur/Nus) and (fr/fs). For getting the variation in (Nur/Nus) and
(fr/fs) ratio the plots have been presented in the Fig. 8 and Fig.
9. From the plots it is evident that the gap position effects the
(Nur/Nus) and (fr/fs) ratio. (Nur/Nus) ratio increases with an
increase in (Re) up to a limit when Re is 10000 and a maximum
value of 3.42 is obtained thereafter a slight drop starts. This
happens because fluid passing through the ribs is continuously
heated which reduces heat transfer capacity of air heater
whereas (fr/fs) ratio goes on increasing with an increase in Re
and maximum values of 2.231 occurs at a Re of 11000 due to
higher turbulence at higher Re.
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transfer capacity of a solar based collectors. It has also been
reported by Ravi et al. [18] that the presence of staggered ribs
presents at different auxiliary locations further increases the
turbulence which improves the thermal performance.
The effect of (bꞌ /b) on (Nu), (f) and THPP is discussed below:
Nusselt number (Nu)
The effect of (Re) on (Nu) for a smooth channel, continuous arc
shape and combination of broken arc and staggered ribs having
distinct values of relative gap position (bꞌ /b) as 0.3, 0.6 and
0.9 is shown in Fig. 6. The effect on Nu is observed for fixed
value of α as 30˚ and p/e as 10. The maximum enhancement in
Nu for a combination of broken arc and staggered ribs is
49.36% as compared to a continuous arc shaped roughness.
Also the enhancement in Nu for a combination of broken arc
and staggered ribs is 2.21 times of the smooth channel. The
maximal value of Nu obtained to be 122.72 for bꞌ /b = 0.6. This
is because the proper mixing of fluid particles occurs at bꞌ /b =
0.6 which tends to break the laminar sub layer and intensify the
thermal performance of SAH. Beyond (bꞌ /b = 0.6) results in
reducing the thermal performance of heater as fluid passing
through the ribs is continuously heated which reduces heat
transfer capacity of the SAH so value of Nu decreases for bꞌ /b
= 0.9.
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Fig. 8: Variation of Nusselt number ratio with Re for different
values of bꞌ /b

Page 124 of 125

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 14, Number 9, 2019 (Special Issue)
© Research India Publications. http://www.ripublication.com

2.25

fr/fs

2

b'/b=0.3

e/D=0.0354
p/e=10
r/e=2.5
α= 30◦

b'/b=0.6
b'/b=0.9
continuous
arc

1.75

combination of broken arc and staggered ribs is 19.56 % as
compared to a continuous arc shaped roughness.
3. It was found that THPP highest in case of bꞌ /b = 0.6 and
the value ranges from 2.09 to 2.46 for a Re of 3000 to 12000
respectively. Enhancement in THPP is estimated to be 33%
higher for combination of broken arc and staggered ribs as
compared with continuous arc shaped roughness.

Refrences

1.5

[1]

1.25
2000

4000

6000

8000

10000

12000

[2]

Reynolds number

Fig. 9: Variation of friction factor ratio with Re for different
values of bꞌ /b
Thermo-hydraulic performance parameter (THPP)
The comparison of THPP for different configurations having
continuous arc shape, combination of broken arc and staggered
ribs having different gap positions are shown in the Fig. 10.
THPP is defined by Lewis [13].The estimation of this
parameter having value higher than unity ensures that it is
favorable to utilize the roughened duct in comparison to smooth
duct. It is indicated from the plots that the value of THPP is
higher for a DPSAH having combination of broken arc and
staggered ribs as compared to that for a DPSAH having
continuous arc ribs. Therefore the roughness geometry having
combination of broken arc and staggered ribs is thermo
hydraulically better as compared to simple arc shaped
roughness. It was found that THPP is highest in case of relative
gap position of (bꞌ /b=0.6), which ranges from 2.09 to 2.46 for
a Re varying from 3000 to 12000. Enhancement in THPP is
estimated to be 33% higher for combination of broken arc and
staggered ribs as compared with continuous arc shape
roughness.
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Conclusion
The conclusions are drawn from the experiments.
1. The maximum value of (Nu) obtained is 122.72 when value
of (bꞌ/b) is 0.6. The maximum enhancement in Nu for a
combination of broken arc and staggered ribs is 49.35% as
compared to a continuous arc shaped roughness.
2. The maximum value of (f) obtained is 0.04077 when value
of (bꞌ /b) is 0.6. The maximum enhancement in f for a
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