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Abstract This paper presents the outdoor experimental results for ther-
mal performance analysis of artificially roughened solar air heaters (SAHs).
Circular wire ribs have been arranged to form arc shape geometry on the
absorber plates and have been tested for two configurations of SAHs named
as arc shape apex-downstream flow and arc shape apex-upstream flow SAH.
Roughness parameters have been taken as relative roughness pitch in the
range of 8–15, angle of attack 45◦–75◦, and for fixed relative roughness
height of 0.0454, duct width to duct height ratio of 11. During the ex-
perimental analysis the mass flow rate varied from 0.0100 to 0.0471 kg/s.
Based on the experimental results it was found that roughness with apex-
upstream flow SAH is having higher value of thermal efficiency, heat removal
factor and collector efficiency factor as compared to roughness with apex-
downstream flow SAH and simple absorber plate SAH. In the range of the
operating parameters investigated the maximum of thermal efficiency, heat
removal factor, and collector efficiency factor have been found.
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Nomenclature

Ac – surface area of absorber plate, m2

Ao – area of orifice of orifice plate, m2

Cpa – specific heat of air, J/kg
Cd – coefficient of discharge for orifice meter
D – hydraulic diameter of duct, m
E – roughness height, m
g – acceleration due to gravity, m/s2

G – mass flow rate of air per unit collector area, kg/s m2

h – heat transfer coefficient, W/m2K
hw – convective heat transfer coefficient due to wind, W/m2K
H – depth or height of solar air heater duct, m
I – intensity of global solar radiation (insolation), W/m2

Ka – thermal conductivity of air, W/m K
Kg – thermal conductivity of glass cover, W/m K
Ki – thermal conductivity of glass wool insulation, W/m K
L – length of solar air heater duct, m
L1 – spacing between glass cover and absorber plate,m
Lg – thickness of glass cover, m
Ṁ – mass velocity of air, kg/s m2

Ng – number of glass covers
ṁ – mass flow rate of air, kg/s
∆P – pressure drop across the collector duct, N/m2

∆PD – pressure drop across test section, N/m2

∆Po – pressure drop across orifice meter, N/m2

P – roughness pitch, m
Pm – pumping power, W
pa – atmospheric pressure, N/m2

Qu – useful heat gain, W
∆T – rise in air temperature, ◦C
Tsun – sun temperature, K
∆T/I – temperature rise parameter, ◦C m2/W
Tg – cover glass temperature, K
Tfo – outlet air temperature, K
Ts – sky temperature, K
Tfi – air inlet temperature, K
Ta – ambient temperature, K
Tpm – mean absorber plate temperature, K
Tfm – mean air temperature in the duct, K
Tbm – mean temperature of bottom plate, K
UL – overall heat loss coefficient, W/m2K
Ub – bottom loss coefficient, W/m2K
Us – side loss coefficient, W/m2K
Ut – top loss coefficient, W/m2K
V – average velocity of air through the duct, m/s
Vw – wind velocity, m/s
W – width of solar air heater duct, m
Ẇp – pumping or mechanical power, W
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Dimensionless parameters
d/w – relative gap position
e/D – relative roughness height
f – friction factor
FR – collector heat-removal factor
F ′ – collector efficiency factor
Fo – collector heat removal factor referred to outlet air temperature
G′ – heat transfer function
Nu – Nusselt number
P/e – relative roughness pitch
Pr – Prandtl number
R – roughness function
Ra – Rayleigh number
Re – Reynolds number
Re+ – roughness Reynolds number
St – Stanton number
W/w – relative roughness width
W/H – aspect ratio of collector duct
1r – one side roughness
3r – three sides roughness

Greek symbols
µ – absolute viscosity of air, Ns/m2

ρ – air density, kg/m3

α – angle of attack, degree
σ – Stefan-Boltzman constant, W/m2 K4

δi – insulation thickness, m
β – tilt angle of collector surface, degree
ν – kinematic viscosity of air, m2/s
ηth – thermal efficiency
(ταp)e – effective transmittance-absorptance product
α/90 – relative angle of attack
αc – absorptivity of the glass cover
εp – emissivity of absorber plate
εb – emissivity of bottom plate
εg – emissivity of glass cover
αp – absorptivity of absorber plate
βR – ratio of orifice diameter (D2) to pipe internal diameter (D1)
τ – transmissivity of glass cover

1 Introduction

Among all the available free non-conventional energy sources, solar energy
is the source of energy which is freely available on the earth’s surface. Solar
energy reached on the earth surfaces in the form of solar radiations which is
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utilized for the various mankind and industrial applications by converting
this into other useful forms of energy, i.e., thermal energy through using
various solar thermal systems. Flat plate solar collectors (SC) i.e. solar wa-
ter heaters (SWH) and solar air heaters (SAH) are the majorly used as
solar thermal energy conversion systems. Different thermal energy conver-
sion systems are found to be lower thermal efficiencies due to poor heat
transfer rate or interaction between the heated surfaces and flowing flu-
ids. Several researchers have made their efforts towards enhancing the heat
transfer rate in SAH duct by using different methods.

Prasad and Saini firstly who studied the effect and application of thin
circular wires as artificial roughness in the form of different roughness pa-
rameters, i.e., relative roughness height (e/D) and relative roughness pitch
(P/e) with the arrangement of roughness geometry named as ‘transverse’
in the rectangular duct of SAH [1]. They reported maximum enhancement
in the Nusselt number as 2.38 times and on the friction factor as 4.25 times
with respect to the smooth absorber plate SAH. After that, several au-
thors have used artificial roughness (with thin circular diameter wires) in
the absorber plate with different arrangement of wires to form roughness
geometries like Gupta et al. [2] investigated continuous inclined; Aharwal
et al. [3] investigated continuous inclined with gap, Momin et al. [4] in-
vestigated continuous V-shape, ribs, Hans et al. [5] investigated multiple
V-shape wire roughness geometry. Kumar et al. [6] investigated experi-
mentally the effect of the gap in multiple V-shape ribs, Lanjewar et al.
[7] performed an experimental investigation for discrete W-shaped wire rib
geometry.

Lanjewar et al. [8] explored the effect on heat transfer and friction factor
of a SAH for different orientations of W-shaped roughness geometry, i.e.,
W-up and W-down. Singh et al. [9] carried out experimental investigations
for multiple arc-shape wire rib roughness geometry.

An experimental investigation has been carried out by Pandey et al. [10]
to analyze the effect of the multiple arc-shaped roughness with gaps on
heat transfer and friction factor of a SAH. Hans et al. [11] carried out an
experimental investigation to study the effect of broken arc rib roughness
on thermal and frictional characteristics of SAH duct. Gill et al. [12] car-
ried out the study of SAH roughened by broken arc ribs combined with
a staggered rib piece. All authors have used wire ribs as roughness element,
its geometries on the absorber plate in order to perform their experimental
investigations. On the basis of their experimental data they have also de-
veloped the correlations for heat transfer in terms of the Nusselt number
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(Nu) and friction characteristics. These correlations are used to predict the
performance of those SAHs under various roughness parameters and oper-
ating conditions and will help to design an optimal solar air heater. Saini
and Saini experimentally studied the effect of relative roughness pitch (p/e),
relative roughness height (e/D) and relative arc angle (α/90) for the circu-
lar wire ribs in arc shape geometry [13]. Various performance analysis and
optimization [14–17] have been carried out for the arc shape by using the
developed correlations given by [13].

From the literature survey, it was found that few performance inves-
tigation have been performed in actual outdoor conditions for roughened
SAHs. Although various modifications have been introduced like creating
gaps, combining staggered pieces with gap, etc. little have been carried out
for arc shape wire rib roughness [9–12]. It is reported that different shapes
of roughness elements and orientations of roughness elements also affect
the heat transfer and friction factor significantly [18, 19].

As per author’s best knowledge, no detail work has been carried out in
order to investigate the effect of different orientation, i.e., apex-downstream
and apex-upstream flow of arc shaped wire ribs on thermal performance,
heat transfer, friction factor and pressure drop of a SAH duct.

In present work an experimental investigation has been carried out with
an aim to investigate the thermal performance enhancement of SAHs using
commercially available galvanized iron (GI) wires of circular in shape of
parallel arcs as artificial roughness with (i) apex-upstream and (ii) apex-
downstream on the air flow side of the absorber plate by [20]. The exper-
iments have been conducted in actual outdoor conditions for the specified
values/range of operating system and roughness parameters. The experi-
mental results of [20] have been presented in this paper.

The thermal efficiencies of the solar air heaters with the above mentioned
two geometries of the wire-roughness have been evaluated using the exper-
imental data and their comparative performances have been studied and
reported in this article. Table 1a shows the comparison of different rough-
ness and operating parameters between present investigation and research
have been carried out by Saini and Saini for arc shape roughness [13].

2 Details of experimental setup

The experimental setup has been designed and fabricated as per the
ASHRAE standards for operation of the solar air heaters in an open loop
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system [21]. The complete setup was installed on the roof of Mechani-
cal Engineering Department at National Institute of Technology, Jamshed-
pur (India) which is at a geographical location of 22◦48′ N, and 86◦11′ E.
Figure 1 shows the photograph of experimental setup which consists of
wooden rectangular duct with entry, test and exit sections and GI pipe
equipped with discharge measuring instruments each for the roughened and
smooth absorber plate SAHs. A 5 HP Centrifugal blower with a 3.5 kW elec-
tric motor has been provided in the setup to suck air from the atmosphere
through the test sections.

Figure 1: Photograph of experimental setup.

The rectangular duct is having dimensions of 2150 mm × 330 mm × 30 mm
in which the length of the test section is 1200 mm and lengths of entry and
exit sections are 650 mm and 300 mm, respectively. The test section of one
of the ducts consists of the roughened absorber plate while the parallel test
section consists of a smooth absorber plate. The aspect ratio, the width to
the height (W/H), of the duct is 11.

It may be noted that the minimum lengths of entry and exit sections
of the duct are taken equal to 5

√
(WH) and 2.5

√
(WH) respectively for

the turbulent flow of air in the duct as per ASHRAE standard 93–77,
consequently, the flow can be assumed to be fully developed turbulent in
the entire length of the test section. Exit section is required to provide with
the test section to minimize the end effects in the test section. The entry
section is made with a bell-mouth shape at the inlet side to avoid loses
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at the entry. The bottom and sides of the duct are made of good quality
wooden plywood of 19 mm thickness. Each test section contains a glass
cover of 4 mm thickness at the top and a back plate of 3 mm thick GI sheet
in the bottom. The absorber plate, back plate and two wooden side walls
form the duct through which air is made to flow.

Glass wool insulation of 50 mm thickness has been used between the back
plate and plywood to prevent loss of heat through the bottom. A control
valve was provided to control the flow in both the ducts. Figure 1 shows
the photograph of the facility whereas its details are shown in Fig. 2.

Figure 2: Test sections for roughened and smooth plate solar air heaters (all dimensions
are in mm).

2.1 Instrumentation

2.1.1 Measurement of mass flow rate of air across the test
section

The mass flow rate of air was measured by means of a calibrated orifice me-
ter connected to the GI pipe. The orifice plate and flange taps have been
designed and fabricated according to specifications given in reference [18]
for a pipe diameter of 66 mm outside diameter (OD). The orifice plate is so
adjusted between the flanges of the pipe that the plate holes remain con-
centric with the pipe. The U-tube manometer is connected to the pressure
taps fixed at a distance of 25 mm upstream and downstream of the orifice
plate.

The manometric reading (∆h) was recorded with a U-tube manometer
(of 300 mm scale with water as a manometric fluid) fitted across the orifice
meter. This value of (∆h) was used to calculate the pressure drop (∆Po)
and finally the mass flow rate of air (ṁ) through the test section. Figure
3a shows the details of orifice plate and flange.
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(a)

(b)

(c)

Figure 3: a) Orifice meter and flange construction. b) Location of pressure taps in the
test-section of SAH duct. c) Locations of digital thermocouples on entry and
exit sections and on absorber plate. All dimensions are in millimeters.
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2.1.2 Measurement of pressure drop of air across the test section

The pressure drop across the test section (∆PD) was measured with the
help of a U-tube micromanometer having least count of 0.01 mm of water
column. To measure the static pressure, drop across the test section, two
pressure taps, each of 6 mm diameter, have been provided at the bottom
side of the duct, along the length of the test sections. Location of pressure
taps along the length of the test section is shown in Fig. 3b. This value of
pressure drop was used to measure the friction factor (f) and the pumping
power expended in the duct during the flow of air through it.

2.1.3 Measurement of absorber plate and air temperatures across
the test section

Digital thermocouples were used to measure the air temperature at inlet
and outlet of the test section and absorber plate temperatures at various
locations, as shown in Fig. 3c, for both test sections.

2.1.4 Measurement of intensity of solar radiation

The intensity of solar radiation (insolation) on horizontal surface was mea-
sured with the help of a digital pyranometer system.

3 Roughness geometry and ranges

Two GI sheets of size 1200 mm × 330 mm × 1 mm have been used each
for smooth and roughened absorber plates. A wire of 2 mm diameter has
been used as the roughness element. The wires have been provided on the
roughened absorber plate at its air flow-side in the form of a parallel arc
to create turbulence in the flow passage. Figures 4a and 4b show pictorial
views of roughened absorber plates having arc shaped wire roughness with
apex-downstream and apex-up stream respectively.

The values/range of geometrical parameters of solar air heater duct,
roughness parameters and experimental conditions, e.g., mass flow rate,
wind velocity, insolation, etc. used during experimentation have been given
in Tab. 1b.
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Table 1a: Comparison of different roughness and operating parameters between present
experimental work and Saini and Saini [13].

No. Parameter Values/Range
Saini and Saini [13] Present Work Units

1 Mode of
experiment – Indoor Actual outdoor –

2 Roughness
parameters

Relative roughness
pitch (P/e) 10 8–15 –

Relative roughness
height (e/D) 0.0213–0.0422 0.0454 –

Angle of attack (α) 0.3333–0.6666 45–75◦ –
Duct aspect ratio (W/H) 12 11 –

3 Operating Mass flow rate (ṁ) Not reported 0.0100–0.0471 kg/s
parameters Reynolds number (Re) 2000–17000 2983–13955 –

4
Arrangement
of roughness
geometry
(arc-shape)

Apex-downstream
flow

Apex-upstream
and

Apex-downstream
flow

Table 1b: Details of present experimental setup and operating conditions.

No. Parameter Values/Range Units

1 Duct parameters

Entry length 650 mm
Test section length (L) 1200 mm
Exit length 300 mm
Width (W ) 330 mm
Height (H) 30 mm
Duct aspect ratio (W/H) 11 –
Hydraulic diameter (D) 55 mm
Glass cover thickness (Lg) 4 mm
Glass wool insulation thickness (δi) 50 mm
Distance between top glass cover 30 mmand absorber plate (L1)

2 Roughness parameters

Roughness height (e) 2 mm
Relative roughness pitch (P/e) 8, 10, 15 –
Relative roughness height (e/D) 0.0454 –
Angle of attack (α) 45◦, 60◦, 75◦ –

3 Operating parameters
mass flow rate (ṁ) 0.0100–0.0471 kg/s
Reynolds number (Re) 2983–13955 –

4 Experimental conditions
Solar insolation (I) 600–900 W/m2

Ambient temperature (Ta) 19.5–40.0 ◦C
Wind velocity (Vw) 0.3–4.5 m/s
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(a)

(b)

Figure 4: Photographic view of arc shape wire roughened absorber plate a) with apex-
down stream flow, b) with apex-up stream flow.

3.1 Experimental procedure and data collection

Before starting the actual experiment, all the components of the setup
and measuring instruments were checked for its proper operation. Before
starting the experiment, the glass covers fitted on the heater test sections
were properly cleaned. The control valves were kept closed before switching
on the blower. The blower was switched on to ensure no leakage anywhere
in the joints. The mass flow rate in the duct is adjusted using a control
valve by observing the reading of U-tube manometer. Once the mass flow
rate of air is fixed, all the readings are taken, when the system attains
quasi-steady state, i.e., the temperatures do not change appreciably for at
least 30 min of operation.

Test data were taken in outdoor condition in clear sky days between
10.30 to 14.30 hours at an interval of 30 min during the months of February
to April, 2017.
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The readings were recorded for all values of roughness parameters men-
tioned in Tab. 3 and six values of mass flow rate of air as mentioned in
Tab. 2 in order to cover the entire range of Reynolds number (Re). A wide
range of experimental data for 60 numbers of test runs with 6 different sets
of roughened absorber plates and 1 smooth absorber plate was collected
simultaneously.

Table 2: Values of mass flow rate (ṁ) and mass flow rate per unit area (G) of air used
in the experimental investigation.

No. ∆h
(mm of water column)

ṁ
(kg/s)

G
(kg/sm2)

Reynolds number
Re

1 8 0.0100 0.0252 2983

2 20 0.0159 0.0401 4717

3 50 0.0252 0.0636 7459

4 80 0.0319 0.0805 9435

5 120 0.0390 0.0984 11556

6 175 0.0471 0.1189 13955

Details of 60 numbers of experimental test runs of roughened and smooth
absorber plate SAHs have been given in Tab. 3.

Table 3: Details of experimental test runs conducted for roughened and smooth absorber
plate SAHs (for ṁ = 0.01–0.047 kg/s).

Run Arrangement Mass flow rate Relative Relative Angle of
No. number of arc shaped ṁ (kg/s) roughness roughness attack,

wire roughness pitch, P/e height, e/D α

1 1–6 Apex-downstream 0.01–0.047 10 0.0454 45◦

2 7–12 Apex-upstream 0.01–0.047 10 0.0454 45◦

3 13–18 Apex-downstream 0.01–0.047 10 0.0454 60◦

4 19–24 Apex-upstream 0.01–0.047 10 0.0454 60◦

5 25–30 Apex-downstream 0.01–0.047 10 0.0454 75◦

6 31–36 Apex-upstream 0.01–0.047 10 0.0454 75◦

7 37–42 Apex-downstream 0.01–0.047 8 0.0454 60◦

8 43–48 Apex-upstream 0.01–0.047 8 0.0454 60◦

9 49–54 Apex-downstream 0.01–0.047 15 0.0454 60◦

10 55–60 Apex-upstream 0.01–0.047 15 0.0454 60◦
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The parameters measured (for both SAHs ducts) during experimentation are:

(a) pressure drop across orifice plate,

(b) inlet air temperature,

(c) outlet air temperature,

(d) temperature of absorber plate,

(e) pressure drop across the test section,

(f) solar radiation intensity,

(g) ambient temperature.

3.2 Data reduction

The experimental data, such as pressure drops across orifice plate and test
section, inlet and outlet temperatures of air and temperatures of the ab-
sorber plate at various locations in the duct were recorded in clear sky
days.

The mass flow rate has been calculated as follows:

ṁ = CdAo

√
2ρ∆Po
1 − β4

R

, (1)

where: Cd – coefficient of orifice discharge, Ao – area of orifice, ∆Po –
pressure drop across orifice meter and βR – ratio of orifice diameter (D2)
to flow pipe internal diameter (D1). In the present investigation the value
of Cd has been taken as 0.60.

The pressure drop ∆Po across the orifice meter has been calculated by
using the manometric reading (∆h)

∆Po = ρg∆h
(
ρm
ρ

− 1
)
, (2)

where: ρm – density of manometric fluid (water), g – gravitational acceler-
ation.

For collector area (Ac) of 0.396 m2 (1.2 m × 0.33 m) the value of mass
flow rate per unit area of the collector (G) was computed. The values of
mass flow rate (ṁ), and mass flow rate per unit collector area (G) have
been listed in Tab. 2.
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The heat gained by air and heat transfer coefficient have been calculated
using the following equations:

Qu = ṁCpa (Tfo − Tfi) , (3)

and
h = Qu

Ac(Tpm − Tfm) , (4)

where Ac is the heat transfer area (area of absorber plate), Tfm and Tpm
are average values of air and absorber plate temperatures, respectively

Tpm = T1 + T2 + T3 + T4 + . . .+ T15
15 , (5)

Tfm = Tfi + Tfo
2 . (6)

3.3 Representation of thermal performance and evaluation
of performance parameters

As discussed in earlier, the thermal efficiency of a solar air heater drawing
air at ambient temperature (Tfi = Ta) can be expressed as

ηth = Fo

[
(ταp)e − UL

(Tfo − Tfi)
I

]
. (7)

The thermal efficiency can also be expressed by another equation in terms
of temperature rise of working fluid as

ηth = GCpa
(Tfo − Tfi)

I
= GCpa

∆T
I

. (8)

Thus, a single plot with efficiency ηth, as ordinate and temperature rise pa-
rameter (∆T/I), as abscissa can be used to represent Eqs. (7) and (8). This
is considered to be the most appropriate representation of the thermal per-
formance of such solar air heaters. In order to obtain complete information
with regard to the thermal performance of solar air heaters, it therefore
becomes necessary to conduct tests over a wide range of mass flow rate
with each flow rate yielding its own efficiency curve [22, 23]. For solar air
heaters that sucks air directly from the atmosphere (Tfi = Ta), Eq. (7)
becomes irrelevant, since abscissa is always zero, if Tfi = Ta. Therefore, to
obtain complete design information for such systems, a single performance
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plot (ηth versus ∆T/I) representing Eqs. (7) and (8) for different mass flow
rates can be drawn.

In view of the above, performance plots for arc-shaped apex-upstream
and apex-downstream and also for plane solar air heaters have been pre-
pared by using experimental data.

A sample plot as shown in Fig. 7 represents a plot of efficiency against the
temperature rise parameter (Tfo−Tfi)/I using Eq. (7) which represents the
best fit lines of the efficiency data points for various operating parameters
at a given set of system parameters for arc shaped roughened and smooth
plate SAH and using Eq. (8) which shows the plot of efficiency for given
mass flow rate and for a given values of roughness parameters.

3.4 Evaluation of overall loss coefficient, collector heat
removal factor and collector efficiency factor

The overall loss coefficient (UL), for the collector can be evaluated using
the values of the parameters Fo(ταp)e and FoUL obtained from the corre-
sponding performance plot and with the use of suitable value of the effective
absorptance-transmittance product (ταp)e for the collector.

Using experimental values of parameter Fo(ταp)e and FoUL from the
thermal performance characteristics curves the values of performance pa-
rameters FR and F ′ for a given mass flow rate of air can be obtained
from [18, 23]

FR(ταp)e = Fo(ταp)e

[
GCpa

GCpa + FoUL

]
, (9)

FRUL = FoUL

[
GCpa

GCpa + FoUL

]
. (10)

The collector efficiency factor (F ′), at a given mass flow rate of air can be
evaluated using the corresponding values of collector heat removal factor
(FR), and overall loss coefficient (UL)

F ′UL = −GCpa ln
[
1 − FRUL

GCpa

]
. (11)
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3.5 Test for validation

The Nusselt number (Nu) and friction factor (f) for the collector test sec-
tions were calculated by using the following relationships:

Nu =
[
hD

Ka

]
, (12)

D = 2WH

(W +H) , (13)

f = 2ρ(∆PD)D
4LfṀ2 , (14)

where: ∆PD – pressure drop across the duct, Lf – the distance between

two pressure taps in the duct, Ṁ =
(

ṁ

WH

)
– mass velocity of air.

The Reynolds number is

Re = ṀD

µ
. (15)

To validate experimental data, the experimental values of Nusselt num-
ber and friction factor for smooth duct were computed and compared with
the values obtained by using Dittus–Boelter equation [24] and modified
Blasius equation [25, 33] for Nusselt number and friction factor, given re-
spectively as:

Nus = 0.024Re0.8Pr0.4, (16)

fs = 0.085Re−0.25. (17)

The experimental values and predicted values of Nusselt number and fric-
tion factor as a function of Reynolds number have been plotted in Figs. 5a
and 5b respectively, for smooth absorber plate SAH.

The experimental values of Nusselt number have been compared to that
obtained by using Dittus–Boelter equation, which shows a very little devi-
ation of ±2.3%.

Similarly, in the plot of friction factor versus Reynolds number in Fig. 5b
for experimental and predicted values, shows a very small deviation. Thus,
a reasonably good agreement between the experimental and predicted re-
sults is obtained, which ensures the accuracy of the data collected.



Experimental investigation of augmented thermal and performance. . . 163

(a)

(b)

Figure 5: Comparison of experimental values and predicted values: a) of Nusselt number
for smooth absorber plate duct, b) of Friction factor for smooth absorber plate
duct.

4 Results and discussion

The results obtained from experimentation on the thermal performance
of apex-upstream and apex-downstream flow roughened SAHs have been
presented and discussed. The performance characteristics of these heaters
have been compared with the smooth absorber plate solar air heater under
similar geometrical and operating conditions.
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The effect of roughness parameters, i.e., relative roughness pitch and
angle of attack on the thermal performance, collector heat removal factor,
collector efficiency factor and pressure drop has been discussed.

4.1 Thermal performance of collector

Figures 6 to 11 shows the plots of experimental values of thermal efficiencies
as a function of temperature rise parameter (∆T/I) of arc-shaped apex-
upstream, apex-downstream roughened and plane absorber plate SAHs for
various values of relative roughness pitch (P/e) and constant values of
e/D = 0.0454 and α = 60◦. Each line of these figures has been obtained
from the linear regression fit of the data for the corresponding P/e for
roughened and plane SAHs.

The values of thermal efficiencies for apex-upstream, apex-downstream
and smooth absorber plate SAHs at the two extreme mass flow rates in
terms of Reynolds number (Re = 2983 and 13955) obtained from the cor-
responding regression lines have been listed in Tab. 4. The corresponding
enhancement has also been given in this table.

4.1.1 Effect of relative roughness pitch

Figure 6 shows the thermal efficiency as a function of temperature rise pa-
rameter (∆T/I) with different mass flow rates for arc-shaped wire rough-

Figure 6: Thermal performance plot of arc-shaped wire roughened with apex-upstream
SAH with P/e = 10, e/D = 0.0454, and α = 60◦.
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ness with apex-upstream SAH, for P/e = 10, e/D = 0.0454, and α = 60◦.
It can be seen from Fig. 6 that the thermal efficiency of a smooth absorber
plate solar air heater increases from 27.2% to 41.2% as Reynolds number in-
creases from Re = 2983 (ṁ = 0.010 kg/s) to Re = 13955 (ṁ = 0.047 kg/s).
The corresponding value of thermal efficiency for Apex-Upstream rough-
ened SAH has been obtained as 46.7% to 69.2%. For mass flow rate of
0.010 to 0.047 kg/s (Re = 2983 to 13955), the regression fit line shows an
enhancement in thermal efficiency in the range of 44.3–71.6% as compared
to plane SAH, which has also been tabulated in Tab. 4.

Figures 7 and 9 shows the effect of relative roughness pitch on the ther-
mal efficiency of arc-shaped wire roughened with apex-upstream and apex-
downstream SAHs respectively as a function of temperature rise parameter
(∆T/I). The curves show that the thermal efficiency of solar air heater
increases appreciably with the use of artificial roughness on the absorber
plates.

Figure 7: Thermal performance plot of arc-shaped wire roughened with apex-upstream
SAH for different P/e.

It can also be seen from Figs. 6 to 9 and Tab. 4 that the thermal efficiency
of both roughened SAHs decreases with an increase in relative roughness
pitch for fixed values of e/D and α. It is observed that for both roughened
SAHs thermal efficiency is maximum corresponding to the relative rough-
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Figure 8: Thermal performance plot of arc-shaped wire roughened with apex-downstream
SAH with e/D = 0.0454, P/e = 8, and α = 60◦.

Figure 9: Thermal performance plot of arc-shaped wire roughened with apex-downstream
SAH for different P/e.

ness pitch P/e = 8 and thermal efficiency decreases with increasing P/e
from 8. It is due to the fact that flow separation occurs downstream of an
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attached rib and the reattachment of the free shear layer may not occur if
P/e value is less than 8 and maximum heat transfer always occurs in the
vicinity of reattachment point and if the value of P/e is more than 8 then
the formation in the number of reattachment points decreases as the gap
between the roughness element increases which results in less heat transfer.
This result agrees with the result of Varun et al. [26], Aharwal et al. [27],
Hans et al. [5], and Singh et al. [28].

Arc-shaped wire with apex-upstream SAH is having higher value of ther-
mal efficiency because there is more dispersion of flow in this case as com-
pared to arc-shaped wire with apex-downstream flow, which causes more
turbulence in the flow.

4.1.2 Effect of angle of attack

Figures 10 and 11 show the effect of different values of angle of attack (α)
on thermal performance of apex-upstream and apex-downstream roughened
SAHs respectively as a function of temperature rise parameter (∆T/I).

Figure 10: Thermal performance plot of apex-upstream roughened SAH for different an-
gle of attack.

It has been observed from these figures and Tab. 5, that for both roughened
SAHs thermal efficiency is maximum corresponding to angle of attack α =
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Figure 11: Thermal performance plot of Apex-Downstream roughened SAH for different
angle of attack.

60◦ and thermal efficiency having lower values for other values of angle of
attack (i.e., α = 45◦ and α = 75◦) as compared to α = 60◦. The strength
of secondary flow across the rib roughness changes with change in angle
of attack. This variation in heat transfer, thereby, the thermal efficiency is
caused by interaction of secondary-flow along the rib and boundary layer
on flow upstream side of the wire rib. The boundary layer is due to main
flow with the roughened surface and originates from the flow reattachment
point between the ribs up to the succeeding downstream rib.

The possible reason for attaining thermal efficiency, maximum at the
value corresponding to α = 60◦ is that the separation of secondary flow
due to the presence of roughness elements (at this value of inclination)
and the movement of vortices combining together, maximum occurs at this
value of angle of attack. This result agrees with the result of Momin et al.
[4], Aharwal et al. [27], Lanjewar et al. [8], and Singh et al. [29].

Another important point worth-noting that emerges from the result of
Figs. 6–13 is the linear relationship between thermal efficiency and temper-
ature rise parameter at a given mass flow rate exists.
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4.2 Collector heat removal factor and collector efficiency
factor

4.2.1 Effect of relative roughness pitch

The values of parameters Fo(ταp)e and FoUL obtained from the intercept
and slope respectively of the performance curves obtained from the exper-
imental results have already been given in Tab. 6 for the three collectors.
The values of performance parameters; the heat removal factor and col-
lector efficiency factor, were plotted for different values of P/e and α as
a function of mass flow rates for all three collectors in Figs. 12 to 16.

Figure 12 shows the comparison of heat removal factor and collector
efficiency factor for both roughened and smooth plate SAHs. The fixed

Figure 12: Plots of heat removal factor and collector efficiency factor as a function of
mass flow rate for all three collectors.
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roughness parameters were taken as e/D = 0.0454, P/e = 8, and α =
60◦. It can be observed that FR and F ′ increase with mass flow rates in
general. The values of FR and F ′ are higher for apex-upstream flow SAH
as compared to those for apex downstream and plane SAHs.

Figures 13 and 14 show the effect of different P/e and comparison on
the collector heat removal factor and collector efficiency factor for apex-
upstream and apex-downstream roughened SAHs, respectively. It can be
seen from these figures that both FR and F ′ have been found to increase
with a decrease in the values of P/e from 15 to 8 and increasing the mass
flow rate for fixed values of roughness parameters as e/D = 0.0454 and
α = 60◦.

Figure 13: Effect of P/e on heat removal factor (FR) and collector efficiency factor (F ′)
for apex-upstream and smooth plate SAHs.

In this range, the heat removal factor for apex-upstream roughened collector
has been found to be higher by a factor of 1.67, 1.60 and 1.46 with respect
to a smooth plate SAH for P/e of 8, 10 and 15, respectively.
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Figure 14: Effect of P/e on heat removal factor (FR) and collector efficiency factor (F ′)
for apex-downstream and smooth plate SAHs.

Furthermore, for apex-down roughened SAH, FR is higher by a factor of
1.54, 1.47 and 1.31 as compared to smooth SAH for relative roughness pitch
of 8, 10 and 15 respectively.

4.2.2 Effect of angle of attack

Figures 15 and 16 show the effect of different values of angle of attack and
comparison of heat removal factor and collector efficiency factor for both
roughened and smooth plate SAHs. It can be observed that FR and F ′

increase with mass flow rates in general. The values of FR and F ′ for apex-
upstream is higher as compared to apex downstream and smooth absorber
plate SAHs. Furthermore, it can also be concluded from these figures that
for both roughened SAHs, FR and F ′ are maximum corresponding to α =



174 M.K. Sahu, M.M. Matheswaran and P. Bishnoi

60◦ among the three values of angle of attack (α = 45◦, 60◦, and 75◦) used
in the present investigation.

Figure 15: Effect of angle of attack (α) on heat removal factor (FR) and collector efficiency
factor (F ′) for apex-upstream and smooth plate SAHs.

Figure 17 shows the thermal efficiency comparison of present apex-upstream
SAH with P/e = 8, e/D = 0.0454 and α = 60◦ with some other artificial
roughened and smooth plate SAHs efficiencies which have been analyzed
on actual outdoor experimental conditions and reported in the literature.
The thermal efficiency of present SAH is greater than 1-sided transverse
wire SAH used by Prasad [31, 32] and 1-sided transverse wire SAH used
by Behura et al. [23]. It can also be seen from the figure that present SAH
have higher thermal efficiency over 3-sided transverse wire SAH used by
[23] for (∆T/I > 0.010).

This may because in 3-sided SAH, the wires in the 3 sides of the plates
enhances the heat transfer area as well as heat transfer coefficient more than
the 1-sided rough and the smooth SAH. Furthermore present results holds
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Figure 16: Effect of angle of attack (α) on heat removal factor (FR) and collector efficiency
factor (F ′) for apex-downstream and smooth plate SAHs.

Figure 17: Thermal efficiency comparison of present apex-upstream SAH as function of
temperature rise parameters (∆T/I) with some SAHs available in the litera-
ture.
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a good agreement between the previous experimental values and makes the
perfection of present data collected through experimentation.

5 Conclusions
Based on the experimental results of the arc shaped wire roughened for
apex-upstream and apex-downstream geometries, the following main con-
clusions were drawn

1. Thermal efficiency of the roughened and simple smooth plate SAHs
increases with the increasing values of mass flow rate and decreases
with an increase in the relative roughness pitch (P/e) for fixed values
of relative roughness height (e/D) and angle of attack (α).

2. Apex-upstream roughened SAH is having higher value of thermal
efficiency, collector heat removal factor (FR) and collector efficiency
factor (F ′) as compared to apex-downstream roughened and simple
smooth plate SAHs.

3. For the range of mass flow rate from 0.010 kg/s to 0.047 kg/s, both
the apex-upstream and downstream configurations designs, the rela-
tive roughness pith P/e = 8 and angle of attack α = 60◦ yields the
maximum thermal efficiency of 69.2% and 61.9% respectively.

4. Maximum enhancement in thermal efficiency has been found to be
71.6% for apex-upstream whereas for apex-downstream SAH it was
obtained as 55.8% as compared to the simple plane SAH with the
range, values of geometric, roughness and operating parameters which
have been used for present analysis.

Received 17 May 2019
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APPENDIX-A

UNCERTAINTY ANALYSIS

A methodology of estimating the uncertainty in experimental results has
been suggested by Kline and Mc Clintock, which is used in this work. The
procedure is listed as below [30]:

The uncertainty analysis as proposed [30] was used to calculate the un-
certainty associated with experimental results, based on the observations
in the measured values used in calculating the result.

If a parameter is calculated using certain measured quantities as,

Y = y(x1, x2, x3, . . . , xn) ,

then uncertainty in the measurement of ‘y’ is given as follows:

δy

y
=
[(

∂y

∂x1
δx1

)2
+
(
∂y

∂x2
δx2

)2
+
(
∂y

∂x3
δx3

)2
+ . . .+

(
∂y

∂xn
δxn

)2]0.5

.

Table A1: Error for different measurements.

No. Measurement and symbol Instrument Least count Error

1 Length, L Linear scale 1 mm ±1 mm
2 Duct height, H Vernier scale 0.05 mm ±0.05 mm
3 Duct width, W Linear scale 0.05 mm ±0.05 mm
4 Diameter of orifice meter, D2 Vernier scale 0.05 mm ±0.05 mm
5 Atmospheric pressure, Patm Mercury barometer 0.1 mm ±0.1mm
6 Temperature measurement Digital thermometer ±0.25◦C
7 Pressure drop across orifice meter (∆Po) U-tube manometer 1 mm of water ±1 mm
8 Insolation (I) Pyranometer 1 W/m2 ±1 W/m2

(1) Hydraulic diameter of duct (D)

D = 2WH

(W +H) ,
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δD

D
=
[(

δA

A

)2
+
(
δP

P

)2]0.5

=
[
(1.67 · 10−3)2 + (3.34 · 10−3)2

]0.5
= 3.73 · 10−3 or 0.003740.

(2) Area of orifice meter (Ao)

Ao = π

4D
2
2 ,

δAo
Ao

=
[2 δD2
D2

]
,

δAo
Ao

=
[2 · (0.05)

38

]
= 2.631 · 10−3 or 0.002631.

(3) Density (ρ)

ρ = Patm
R · Tfo

,

δρ

ρ
=
[(

δPatm
Patm

)2
+
(
δTo
To

)2]0.5

,

δρ

ρ
=
[(0.1

99

)2
+
( 0.25

38.03

)2
]0.5

= 6.6509 · 10−3 or 0.006650.

(4) Mass flow rate (ṁ)

m = CdAo

√
2ρ(∆Po)
1 − β4

R

,

δm

m
=
[(

δCd
Cd

)2
+
(
δAo
Ao

)2
+
(

2δρ
ρ

)2
+
(
δ(∆Po)
(∆Po)

)2(2 · β3
R · δβR

1 − β2
R

)]0.5

,
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δm

m
=
[(0.005

0.60

)2
+ (0.002631)2 + (2 · 0.006650)2

+
( 0.5

490.5

)2
(

2 · (0.6)0.3 · (0.0015)
1 − 0.64

)]0.5

= 0.0315 or 3.157%.

(5) Velocity of air test section (V )

V = ṁ

ρ · (WH) ,

δV

V
=
[(

δm

m

)2
+
(
δρ

ρ

)2
+
(
δW

W

)2
+
(
δH

H

)2]0.5

,

δV

V
=
[
(0.00876)2 + (0.00650)2 +

(0.05
330

)2
+
(0.05

30

)2
]0.5

= 0.01997 or 1.99%.

(6) Reynolds number (Re)

Re = ρV D

µ
,

δRe
Re =

[(
δV

V

)2
+
(
δρ

ρ

)2
+
(
δD

D

)2
+
(
δµ

µ

)2]0.5

,

δRe
Re =

[
(0.01997)2 + (0.00650)2 + (0.0166)2 +

(0.001
1.87

)2
]0.5

= 0.0210 or 2.10%.

(7) Useful heat gain (Qu)

Qu = ṁCpa · ∆T,

δQu

Qu
=

(δm
m

)2
+
(
δCpa
Cpa

)2

+
(
δ(∆T )

∆T

)2
0.5

,
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δQu

Qu
=
[
(0.0315)2 +

( 1.0
1008

)2
+
(0.25

7.7

)2
]0.5

= 0.0452 or 4.52%.

(8) Thermal efficiency (ηth)

ηth = Qu
IAc

,

δηth
ηth

=
[(

δQu
Qu

)2
+
(
δI

I

)2
+
(
δ(∆Ac)

∆Ac

)2]0.5

,

δηth
ηth

=
[
(0.0452)2 +

( 1
882

)2
+ (0.0008469)2

]0.5

= 0.046 or 4.6%.
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