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Abstract: To enhance the thermal performance of solar air heaters (SAHs), protrusion ribs on the
absorber are considered to be an attractive solution due to their several advantages. These ribs
do not cause a significant pressure drop in the SAH duct and help to enhance the heat transfer to
flowing air. On the other hand, a degree of roughness of the protrusion rib on the absorber can
be produced by pressing the indenting device without adding additional mass. In this paper, the
thermo-hydraulic performances of different roughnesses of the conical protrusion rib on the absorber
plate have been evaluated by the mutual consideration of thermal as well as hydraulic performance
in term of net effective efficiency. Therefore, an analytical technique has been exploited to predict
the characteristics of the net effective efficiency under various operating conditions, such as the
flow Reynolds number, temperature increase parameter and insolation. The effects of the conical
protrusion rib roughness—namely the relative rib pitch (p/e) and relative rib height e/D) in the
ranges of 6–12 and 0.200–0.044, respectively—have been evaluated. The highest value of net effective
efficiency of 70.92% was achieved at a p/e of 10 and e/D of 0.0289. The optimization of the rib
parameters has been carried out in different ranges of temperature increase parameters for the highest
values of net effective efficiency. A unique combination of rib parameters—a p/e of 10 and e/D
of 0.044—are observed to lead to the best performance when operating a solar air heater with a
temperature increase parameter of more than 0.00789 K·m2/W.

Keywords: conical protrusion rib; artificial roughness; thermo-hydraulic performance; solar air heater

1. Introduction

Energy demand is growing rapidly due to industrialization and urbanization, with
social and cultural development leading to a large amount of energy consumption per
capita. Mostly, energy is produced from conventional energy sources such as crude oil,
natural gas, coal and nuclear power, and the contributions of these fuel sources globally are
large, at 34%, 24%, 27% and 10%, respectively [1]. These sources are reserved in the Earth
and will be exhausted in a few years. Therefore, researchers are exploring alternatives to
these fuels to replace them. Solar energy is most appropriate source of energy and has
a great deal of potential as it is omnipresent and provides a pollution-free environment
during operation [2]. Solar energy may be exploited in different forms depending on the
application, such as electricity generation, water distillation, heating/cooling and cooking,
etc. [3]. Solar air heaters (SAHs) are known as the most suitable solar thermal system to
exploit solar energy in the easiest and most convenient way. The absorber is the principal
component of an SAH, which exploits solar energy and converts it into thermal energy
in the form of air. However, it has been observed that the heat transfer capabilities of
smooth absorbers are low due to the low convective heat transfer coefficient, which is
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responsible for inadequate performance. In order to make SAH more efficient and eco-
nomical, roughened absorber surfaces are gaining importance [4]. The heat transfer and
flow characteristics of various artificial roughnesses of different shapes and sizes on the
absorber plate have been investigated in depth. Past studies have been conducted on wire
rib roughnesses of different designs/orientations; i.e., transverse wire rib roughness [5,6],
angle wire rib roughness [7], V wire rib roughness [8], multi V rib roughness [9], discrete
wire rib roughness [10], multi V rib roughness with a gap [11], L-shaped wire rib rough-
ness [12], multi-arc wire rib roughness with a gap [13] and S-shaped wire rib roughness
with a gap [14]. Amalgamations of rectangular ribs with a groove [15,16] and chamfered
ribs with a groove [17,18] have also been investigated to determine the characteristics of
SAHs. These roughnesses increased the heat transfer in the vicinity of the ribs.

Furthermore, a large rib height helps to extend the heat transfer area and turbulence in
the flow; however, low-circulation regions are created. Perforations in such ribs could also
improve the heat transfer significantly due to the elimination of the hot zones as jets caused
by perforation can strike these zones; however, large pressure drops have been reported due
to perforation [19–21]. Saini and Verma [22] experimentally investigated dimpled ribs as an
artificial roughness in SAH ducts. A relative roughness pitch and relative roughness height
in the range of 8–12 and 0.018–0.037, respectively, were chosen. Based on the extensive
experimental results, significant heat transfer was reported without a great pressure drop
penalty. Sethi et al. [23,24] investigated the heat transfer and friction factor of dimple ribs
in an arc shape. Variations of the arc angle, relative rib pitch and relative rib height were
considered in the range of 45–75◦, 10–20 and 0.021–0.036, respectively. Considerable heat
transfer was reported, which may be attributed to flow separation, vortex generation and
vortex shading. Bhushan and Singh [25] investigated spherical dimpled ribs and studied
the effect of the relative print diameter, relative long-distance length and relative short-
distance length of the spherical dimple ribs. The results indicated that the friction factor
and Nusselt number were enhanced by up to 2.2 and 3.2 times in comparison with a smooth
duct. In another study, dimpled ribs were tested for varying mass flows of air in the range
of 0.009–0.028 kg/s. The outlet air temperature was reported to be 4.6 ◦C greater due to the
dimpled-rib SAH in comparison to the smooth SAH at 0.009 kg/s [26]. Yadav et al. [27]
investigated the effect of semi-spherical protrusion ribs on the absorber in an SAH. The
effects of the relative rib pitch (12 ≤ p/e ≤ 24), relative rib height (0.015 ≤ e/D ≤ 0.03) and
angle of attack (40◦ ≤ e/D ≤ 75◦) on the performance were studied. In a previous work
by the authors [28], new conical protrusion ribs roughness were investigated numerically
regarding the friction factor and Nusselt number. The study included the effect of the
relative rib pitch (6 ≤ p/e ≤ 12) and relative rib height (0.020 ≤ e/D ≤ 0.044). The results
indicated that the protrusion conical rib roughness enhanced the Nusselt number in the
vicinity of ribs while keeping the friction factor low. Considerable thermal efficiency was
reported, while the friction factor was neglected. Kamlakar [29] conducted a review of
various artificial rib roughnesses and reported that dimpled ribs on the absorber represent
an attractive solution. The advantages of dimpled rib include the fact that it does not result
in a high friction factor and does not add extra mass to the absorber plate. The fabrication
of dimpled ribs on the absorber plate is an easy and quick process. A dimpled impression
on the absorber may be produced by applying pressure on the indenting device.

The literature shows that the performance of protrusion rib roughnesses has been
studied based on the useful heat gain, Nusselt number and friction factor enhancement,
all of which do not determine the roughness and operating parameters for best perfor-
mance. In the view of the above, it is necessary to evaluate the overall performance or
thermo-hydraulic performance with the mutual consideration of useful heat gain and
pumping power to propel the air through the SAH simultaneously. In this present study,
the net effective efficiencies of conical protrusion rib roughnesses have been evaluated
to meet the following objectives: firstly, to evaluate the net effective efficiency of conical
protrusion rib roughnesses using correlations of the friction factor and Nusselt number at
various kinds of insolation, as published in a previous study [28]; secondly, to optimize the
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conical protrusion rib roughness to obtain the best effective efficiency in different ranges of
temperature increase parameters.

2. Conical Protrusion-Roughened SAH

An SAH is a well-known solar thermal system which is utilized to heat the air by
absorbing the available insolation. The performance of an SAH depends on the intensity
of insolation, the concentration ratio of the collector, the heat transfer capability of the
absorber plate to air, the absorptivity and emissivity of the absorber plate and measures
taken to keep the heat losses at a minimum, especially from the top glass cover. An SAH
consists of a flat absorber plate parallel to the air flow passage where air is to be heated. In
order to eliminate the heat loss from the absorber, a glass cover is employed to minimize
the top heat losses, and insulation is employed to eliminate the back and side heat losses.
The absorber absorbs solar insolation when it is struck through the glass cover and heats
the flowing air in the passage, as shown in Figure 1.
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Figure 1. Schematic diagram of an SAH.

When aiming to design the optimum collector, temperature variation, convective
heat transfer coefficient and friction factor for an absorber, the heat removal factor and
useful heat gain play a dominant role in understanding the heat extraction rate from the
absorber to air. Previously, a surface with conical protrusion rib roughness (Figure 2a) has
been analyzed to predict the heat transfer coefficient, friction factor and thermal efficiency.
Higher heat transfer due to the sharp apex corner of the conical protrusion ribs has been
attributed to high turbulence with a strong re-attachment point in the vicinity of the rib,
which helps to disturb the sub-laminar layer, as presented in Figure 2b [28].

The energy conservation for various principal components of an SAH—i.e., the glass
cover, absorber plate and air—have been discussed and attributed to the evaluation of the
net effective efficiency. The following assumptions have been made during the analysis;
(i) the thermo-physical properties of the glass cover, absorber plate and air remain equal;
(ii) there is no effect of climatic parameters such as humidity and climatic variation; and
(iii) there is no effect caused by the sun’s location and the location of interest (latitude and
longitude). A simplified thermal network of an SAH (presented in Figure 1) is shown
in Figure 3, in which the thermal resistance is evaluated on the basis of convective and
radiative heat transfer coefficients between the absorber plate and air, the absorber plate
and the glass cover and the glass cover and the sky. The absorber plate absorbs solar
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insolation and distributes this into useful heat gain to the air; however, top heat loss,
bottom heat loss and side-edge heat loss are also present.
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Heat exchange between the absorber and glass cover:

qloss,p−c = hc,c−p ·
(
Tp − Tc1

)
+

σ·(T4
p−T4

c )
1

εp +
1
εc −1

=
(
hc,p−c + hr,p−c

)
·
(
Tp − Tc

)
(1)

where

hr,p−c =
σ ·
(

T2
p + T2

c

)
·
(

Tp + T
)

1
εp

+ 1
εc
− 1

R2 = 1
(hc,c−p+hr,c−p)

The convective heat transfer between the absorber and cover is calculated as given below:

hc,p−c =
Nu · k

L
(2)

where

Nu = 1 + 1.44 · [1− 1708/Ra · Cosβti]
+ ·
{

1− 1708(sin1.8βti)
1.6/Ra · Cosβti

}
+
[
(Ra · Cosβti/5830)0.33 − 1

]
Ra =

g · β′ · (Tp − Tc) · L3

ν · α
The radiation resistance from the top cover is calculated to account for the radia-

tion exchange with the sky at temperature, Ts, the radiation heat transfer coefficient is
given below:

hr,c−a =
σ·εc ·(Tc+Ts)·(T2

c +T2
s )·(Tc−Ts)

(Tc−Ta) (3)

R1 =
1

(hr,c−a + hw)
(4)

The resistance to the surroundings and the top loss coefficient from the collector to
ambient air is calculated as

Ut =
1

(R1 + R2)
(5)

The edge loss coefficient and back heat loss coefficient are calculated as

Ue =
1

(R4)
=

(U · A)edge

Ap
and Ub =

1
(R3)

=
Kins

ti
(6)

The useful heat gain to fluid is as follows:

Qu =
[
I · (τα)−Uo ·

(
Tp − Ta

)]
· Ap (7)

where the overall heat loss coefficient is

Uo = Ut + Ub + Ue

where (τα) is the transmittance–absorptance product of the absorber.
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The thermal efficiency of the collector is

ηth =
Qu

Ap · I
(8)

Furthermore, the thermo-hydraulic efficiency in terms of the net effective efficiency [30]
is calculated as given below:

The net effective efficiency of the collector is

ηnet =
Qu − Pm

C
Ap · I

(9)

where C (=0.18) is the conversion factor of the thermal energy converted from mechani-
cal power.

Pm is the mechanical power needed to drive the fan/blower to cause the air to flow at
a predetermined level, given as

Pm =
m · (∆P)d

ρa

The pressure drop (∆P)d can be evaluated by determine the friction factor value, which
is given below:

(∆P)d =
2 · f · ρ · L ·V2

Dh

3. Steps to Calculate the Thermo-Hydraulic Performance

Characteristics of the thermo-hydraulic performance (net effective efficiency) of the
conical protrusion rib roughened surface of an SAH have been evaluated under similar
operating conditions to those available in the literature [25]. The rib parameters were
selected from the authors’ previous study [28]. All systems, ribs and operating parameters
are listed in Table 1.

Table 1. Values/ranges of parameters.

Parameter Value

System Parameters
Tilt angle (βti) 30◦

Emissivity of absorber plate (εp) 0.9
Emissivity of transparent glass cover (εg) 0.88

Transmittance–absorptance product 0.8
Thickness of collector edge (te) 0.1 m

Thickness of glass cover (tg) 0.002 m
Thickness of back insulation (ti) 0.05 m

Thermal conductivity of insulation (ki) 0.037 W/m·K
Collector length (L) 1.0 m

Gap between collector and glass cover (Lg) 0.025 m
Collector duct height (H) 0.025 m

Number of glass covers (N) 1
Collector width (W) 0.3 m

Relative rib height (e/D) 0.020–0.044
Relative rib pitch (p/e) 6–12
Operating parameters

Ambient temperature (Ta) 285 K
Wind velocity (Vw) 1.0 m/s

Temperature rise parameter (∆T/I) 0.002–0.030 K·m2/W
Insolation (I) 600 W/m2–1000 W/m2

In order to evaluate the net effective efficiency of the conical protrusion rib roughened
surface in an SAH, it was compared with a smooth-duct SAH. However, the convective heat
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transfer coefficient and friction factor of the conical protrusion rib roughened surface were
exploited and evaluated with regard to their respective correlations. The rib parameters of
the conical protrusion rib roughened surface were exploited to predict the thermo-hydraulic
performance. The steps taken in the procedures are given below:

1. The rib parameters—i.e., the relative rib pitch and relative rib height—were identified
in the entire study for which the characteristic of the net effective efficiency needed to
be evaluated. System parameters of the SAH and operating parameters such as the
solar insolation, inlet air temperature, ambient temperature, sky temperature, mass
flow rate and wind speed needed to be kept fixed;

2. The outlet temperature of air was determined using insolation and temperature increase
parameters, while the inlet air temperature was considered as ambient temperature:

To =

(
∆T

I

)
· I + Ti (10)

Then, the thermo-physical properties of air were considered as a function of tempera-
ture and evaluated based on the mean temperature of air;

3. The overall heat loss coefficient was the sum of the back cover heat loss coefficient,
side-edge heat loss coefficient and top heat loss coefficient, which were evaluated in
the following manner:

Uo = Ut + Ub + Ue (11)

The top heat loss coefficient was determined by the proposed correlation of Akhtar
and Mullick [31]:

1
Ut

=

σ ·
(

T2
pm + T2

g

)
·
(
Tpm + Tg

)(
1
εp

+ 1
εg
− 1
) +

(
ka · Nu1

Lg

)−1

+
[
σ · εg ·

(
T2

g + T2
a

)
·
(
Tg + Ta

)
+ hw

]−1
+

tg

kg

The mean plate temperature was approximated as 10 ◦C above the mean air tempera-
ture. The back cover heat loss coefficient and side edge heat loss coefficient were evaluated
in the following manner:

Ub =
ki
ti

, Ue =
(L + W) · te · ki

L ·W · ti

where

F1 =

[
12× 10−8(Ta + 0.2 · Tp

)3
+ hw

]−1
+ 0.3 · tg[

6× 10−8 ·
(
εp + 0.028

)
·
(
Tpm + 0.5 · Ta

)3
+ 0.6 · L−0.2

g ·
{(

Tpm − Ta
)
· Cosβti

}0.25
]−1

Tg =

(
F1 · Tpm + c · Ta

1 + F1

)
Ts = 0.0522 · (Ta)

1.5

c =
[
(Ts/Ta) + (hw/3.5)

1 + hw+3.5

]
Nu = 1 + 1.44 · [1− 1708/Ra · Cosβti]

+
{

1− 1708(sin1.8βti)
1.6/Ra · Cosβti

}
+
[
(Ra · Cosβti/5830)0.33 − 1

]
Ra = Gr · Pr
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and

Gr =
g·β′·

(
Tpm − Tg

)
·L3

g

υ2

4. Useful heat gain was estimated by determining the overall heat loss coefficient. Then,
the Reynolds number of air was evaluated in the following manner:

Qu1 =
[
I · (τα)−Uo ·

(
Tpm − Ta

)]
· AP, m =

Qu1

Cp · ∆T
, Re =

m · Dh
µ · (W · H)

(12)

5. The Nusselt number was estimated by the correlation of the conical protrusion rib
roughness in the air passage [28]; then, the convective heat transfer of the absorber
plate was estimated as follows:

Nu = 2.29× 10−4 · Re0.984 · (e/D)0.280 · (p/e)4.085 · e[−0.922·{ln(p/e)}2] (13)

(∆Pd) =
2 · f · L · ρ ·V2

Dh
(14)

h =
Nu.k
Dh

(15)

6. Again, the heat gain by air was determined by estimating the heat removal factor and
collector fin efficiency as follows [32]:

Qu2 = Ap · F[I · (τα)−Ul · (To − Ta)] (16)

where

Fo =
m · CP
AP ·Ul

[
exp
{

F′ · AP ·Ul
m · CP

}
− 1
]

, F
′
=

h
h + Uo

7. Qu1 and Qu2 were compared; if these values deviated from each other, the new value
of Tpm was determined using the value of heat gain, Qu2, from Equation (17). Iterations

continued until the values of Qu1 and Qu2 became nearly equal
(

i.e., Qu1−Qu2
Qu1

< 1%
)

:

Tpm = Ta +

[
I · (τα)−Qu2/Ap

Ul

]
(17)

8. The friction factor was estimated by the correlation of the conical protrusion rib
roughness [28]. Then, the pressure drop and mechanical power needed to propel the
air through SAH were calculated:

f = 2.19× 104 · Re−0.352 · (e/D)5.839 · e[0.739·{ln(e/D)}2] · (p/e)1.860 · e[−0.523·{ln(p/e)}2] (18)

where, Pm =
m · (∆P)d

ρ
and (∆Pd) =

2 · f · L · ρ ·V2

Dh

Finally, the net effective efficiency was estimated for the conical protrusion rib rough-
ened SAH by Equation (9). The process was performed for different sets of rib and operating
parameters. The flow chart of this methodology is presented in Figure 4.
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4. Result and Discussion

The net effective efficiency of the conical protrusion rib roughened surface of an
SAH was evaluated according to methodology discussed in the previous section. The
distribution of the net effective efficiency showed that an indirect comparison of useful
heat gain to air and the pumping power of air could be made for various conical protrusion
rib parameters as a function of the Reynolds number and temperature increase parameter.
Prior to starting the discussion on net effective efficiency, the behavior of the useful heat
gain, absorber temperature and pumping power need to be understood; therefore, the
respective plots of useful heat gain, pumping power requirements and mean collector
temperature are presented as a function of the Reynolds number for an e/D of 0.0289, p/e
of 10 and I of 1000 W/m2, as shown in Figure 5.
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It can be seen from the plots that the mean temperature of the absorber plate decreased
with the Reynolds number and became nearly constant. Contrary to this, the heat gain
increased with the Reynolds number and became nearly flat for a high Reynolds number,
implying that a lower plate temperature exhibited low heat loss through the glass cover
and resulted in a high heat extraction rate by air from the absorber. On the other hand, the
pumping power increased slightly with the Reynolds number, but the increment rate was
not significant.

4.1. Effect of Relative Height

The net effective efficiency of the conical protrusion rib roughened absorber of an
SAH was evaluated for all possible combinations of relative rib heights and relative pitches
with 600 W/m2, 800 W/m2 and 1000 W/m2 of insolation. The net effective efficiency of a
smooth SAH was also evaluated for comparison purposes. In Figure 6, the net effective
efficiencies are plotted for fixed conical rib parameters (e/D = 0.0289, P/e = 10) at 800 W/m2

of insolation. It is observed from the plots that the net effective efficiencies increased with
increases in the temperature increase parameter and then decreased continuously for
all relative rib heights. However, the peaks of net effective efficiency were observed at
different temperature increase parameters depending on the relative rib height. The range
of temperature parameters at which a higher net-effective efficiency was observed is listed
in Table 2. It is observed that a smooth SAH offered the best net effective efficiency when
the temperature increase parameter was less than 0.00369 K·m2/W. The relative rib height
parameter was dominant as the temperature rise parameter increased. Different relative rib
heights of 0.020, 0.0289 and 0.036 exhibited the best net effective efficiency in the following
ranges of temperature rise parameters: 0.00369 < ∆T/I < 0.00463 K·m2/W, 0.00463 < ∆T/I
< 0.00608 K·m2/W and 0.00608 < ∆T/I < 0.00691 K·m2/W. A relative rib height of 0.044
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exhibited the best net effective efficiency at a temperature increase parameter of more than
0.0069 K·m2/W. Figure 7 shows the variation of the net effective efficiencies with Reynolds
number for fixed conical rib parameters (P/e = 10) at 800 W/m2 of insolation. It can be
seen from the plots that net effective efficiencies increased with increases in the Reynolds
number, reached a peak and then decreased continuously with increases in the Reynolds
number. The peak of the net-effective efficiency was observed at different Reynolds number
values depending on the relative rib height. Similarly, for maximum net effective efficiency,
the ranges of the Reynolds number for different relative rib heights are listed in Table 2.
The SAH without roughness (smooth duct) exhibited the best net effective efficiency with a
value of the Reynolds number of more than 21,640. At a Reynolds number below 21,640,
the conical protrusion rib roughness exhibited the best efficiency. Relative rib heights of
0.020, 0.0289 and 0.036 exhibited the best net effective efficiency in the following ranges of
Reynolds numbers: 16,812 < Re < 21,640, 12,253 < ∆T/I < 16,812 and 11,095 < ∆T/I < 12,253.
At a Reynolds number below 11,095, a relative height of 0.044 offered the best net-effective
efficiency. The enhancement factors of net effective efficiency due to the conical protrusion
rib roughness surface are listed in Table 3 for different relative rib heights.
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Table 2. Ranges of temperature increase parameters and Reynolds numbers.

I = 800 W/m2 and p/e = 10

Roughness
Parameter

Optimized Value
of Parameter

Ranges of Temperature
Increase Parameters

(∆T/I)

Ranges of Reynolds
Numbers (Re)

Relative rib height
(e/D)

Smooth ∆T/I < 0.00369 21,640 < Re

e/D = 0.020 0.00369 < ∆T/I < 0.00463 16,812 < Re < 21,640

e/D = 0.0289 0.00463 < ∆T/I 0.00608 12,253 < Re < 16,812

e/D = 0.036 0.00608 < ∆T/I 0.00691 16,812 < Re < 21,640

e/D = 0.044 0.00691 < ∆T/I Re < 11,095
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Table 3. Enhancement in effective efficiency at different relative rib heights.

P/e = 10, I = 800 W/m2 e/D = 0.020 e/D = 0.0289 e/D = 0.036 e/D = 0.044

Enhancement
factor in
effective
efficiency

(ηeff/ηeffs),

∆T/I = 0.005 1.064 1.069 1.061 1.049
∆T/I = 0.010 1.172 1.199 1.209 1.217
∆T/I = 0.015 1.267 1.310 1.333 1.353
∆T/I = 0.020 1.353 1.432 1.486 1.52
∆T/I = 0.025 1.413 1.559 1.629 1.69
∆T/I = 0.030 1.437 1.677 1.797 1.900

4.2. Effect of Relative Pitch

Similarly, the net effective efficiency of conical protrusion rib roughnesses for different
relative pitches are plotted with temperature increase parameters at 800 W/m2 of insolation,
as shown in Figure 8. It is observed from the plots that the net effective efficiencies at differ-
ent relative pitches increased with increases in the temperature increase parameter, reached
a peak and then decreased with further increases in the temperature increase parameter.
The peak of the net effective efficiency was observed at different temperature increase
parameters depending on the relative rib pitch. The range of temperature parameters in
which a higher net-effective efficiency was observed for a particular relative rib pitch are
listed in Table 4. It can be seen that a smooth SAH offered the best net effective efficiency
when the temperature increase parameters were less than 0.00365 K·m2/W. The relative
rib height parameter was dominant when the temperature increase parameter increased
beyond 0.00365 K·m2/W. A relative rib pitch of 12 exhibited the best net effective efficiency
in the range of temperature increase parameters of 0.00365 < ∆T/I < 0.00562 K·m2/W. A
relative rib pitch of 10 exhibited the best net. effective efficiency when the temperature
increase parameter was more than 0.00562 K·m2/W. Figure 9 shows the variation of net
effective efficiencies with Reynolds numbers for a fixed relative rib height (e/D = 0.00289)
at 800 W/m2 of insolation. It is observed that the net-effective efficiencies increased with
an increase in the Reynolds number, reached a peak and then decreased continuously
with increase in Reynolds number. The peak of net-effective efficiency has been observed
at different Reynolds number values depending on the relative rib height. Similarly, for
maximum net effective efficiency, the ranges of Reynolds numbers for different relative
rib heights are listed in Table 4. A relative rib pitch of 10 of the conical protrusion rib
exhibited the best net effective efficiency with a Reynolds number less than 13,520. A
relative rib pitch of 10 exhibited the best net effective efficiency when the SAH operated
at the range of Reynolds numbers of 13,520 < Re < 21,780. Beyond a Reynolds number
of 21,780, the SAH duct without roughness (smooth duct) offered the best net effective
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efficiency in comparison to protrusion rib roughness in the SAH. Additionally, it can be
seen from the plots that pitches of 6 and 8 did not contribute to a significant performance
change. Enhancement factors for the net effective efficiency due to the conical protrusion
rib roughness surface are also listed in Table 5 at different relative pitches.
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I = 800 W/m2 and e/D = 0.0289

Roughness
Parameter

Optimized Value of
Parameter

Ranges of Temperature
Increase Parameters

(∆T/I)

Ranges of Reynolds
Numbers (Re)

Relative rib pitch
(p/e)
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Table 5. Enhancement factor for effective efficiency at different relative rib pitches.

e/D = 0.0289, I = 800 W/m2 p/e = 6 p/e = 8 p/e = 10 p/e = 12

Enhancement
factor in
effective
efficiency

(ηeff/ηeffs),

∆T/I = 0.005 1.046 1.063 1.069 1.072
∆T/I = 0.010 1.157 1.197 1.199 1.189
∆T/I = 0.015 1.241 1.306 1.31 1.286
∆T/I = 0.020 1.308 1.425 1.432 1.388
∆T/I = 0.025 1.335 1.548 1.559 1.471
∆T/I = 0.030 1.29 1.641 1.677 1.533

4.3. Effect of Solar Insolation

In order to show the effect of solar insolation, the net effective efficiency of the
conical protrusion rib roughness in the SAH was also evaluated for various kinds of solar
insolation. Figure 10 shows the plots of net effective efficiency for a fixed roughness
parameter (p/e = 10, e/D = 0.0289) at different insolations of 600 W/m2, 800 W/m2 and
1000 W/m2. Similar plots are observed to those discussed in the previous sub-section. The
peaks of the plots of net effective efficiency were found for different temperature increase
parameters. The net effective efficiency rose with increases in the temperature increase
parameter; thereafter, it decreased with further increases in the temperature increase
parameter. Suddenly, the net effective efficiency began to decrease, indicating that there is
large pumping power requirement. The rate of the decrement in net effective efficiency
at 1000 W/m2 was higher compared to the net effective efficiencies at 600 W/m2 and
800 W/m2. This is due to the fact that a higher plate temperature is achieved due to higher
insolation, leading to high top heat loss and consequently lower net effective efficiency.
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Figure 10. Effect of solar insolation on net effective efficiency.

The results of the net effective efficiency due to conical protrusion rib roughness
have been compared with the results for a semi-spherical dimpled rib roughness [23]
and semi-spherical protrusion rib roughness [27] available in the literature. In Figure 11,
the maximum net effective efficiencies of semi-spherical dimpled rib and semi-spherical
protrusion rib roughness are plotted corresponding to their rib parameters (parameters
of semi-spherical dimple rib p/e = 10, e/D 0.036 and α = 60◦ and parameter of semi-
spherical protrusion rib p/e = 12, e/D 0.030 and α = 60◦). The trend of the net effective
efficiency of the conical protrusion rib roughness is similar to that of the trend of the
semi-spherical protrusion rib roughness and semi-spherical dimpled rib roughness. The
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net effective efficiency with a conical protrusion rib roughness was greater than the net
effective efficiency with a semi-spherical protrusion rib roughness at a low Reynolds
number. Thereafter, the net effective efficiency with a semi-spherical protrusion rib was
dominant and surpassed the net effective efficiency of the conical protrusion rib roughness.
This occurs due to the dominance of the higher friction factor of the conical protrusion
rib roughness, which leads to a large pumping power requirement. The sharp corners of
conical ribs contribute to higher turbulence in comparison to the semi-spherical protrusion
rib. As an effect of the large pumping power requirement, the net effective efficiency of the
conical protrusion rib roughness decreases sharply below the net effective efficiency of the
semi-spherical protrusion rib roughness at higher Reynolds numbers.
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5. Optimization of Conical Protrusion Roughness Parameters

Ranges of temperature increase parameters for various optimum rib parameters corre-
sponding to the maximum net-effective efficiency have also been computed for insolations in
the range of 600 W/m2 to 1000 W/m2. Optimum values of the relative rib height of the conical
protrusion rib roughness for various insolations (600, 800 and 1000 W/m2) are presented in
Figure 12. It was observed that a relative rib height of 0.044 was found to be optimum when
the temperature increase parameter was more than 0.00789 K·m2/W for all insolations, while
a smooth duct yielded the best effective efficiency when the temperature increase parameter
was less than 0.00362 W/m2.K for all insolations. Furthermore, the optimum relative rib
height of conical protrusion ribs was a function of insolation when the temperature increase
parameter was in the following range: 0.00362 K·m2/W < ∆T/I < 0.00789 K·m2/W.

Similarly, values of the optimum relative rib pitch for various temperature increase pa-
rameters are presented in Figure 13 for all insolations. It can be seen clearly that the smooth
duct offered the highest effective efficiency over the conical protrusion rib roughness with
all possible combination of rib parameters for all insolations when the temperature rise
parameter was less than 0.00355 K·m2/W. However, a relative rib height of 10 offered
the best effective efficiency when the temperature increase parameter was more than
0.00602 K·m2/W.
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The optimum rib parameters can be determined from Figures 12 and 13 for given
insolation and temperature rise parameters. Furthermore, the unique optimum combi-
nation of rib parameters was found when ∆T/I > 0.00789 K·m2/W, and this optimum
combination comprised a relative pitch ratio of 10 and relative rib height of 0.044 for all
values of insolation.

6. Conclusions

An analytical study has been conducted to predict the characteristics of the net effective
efficiency of a conical protrusion rib-roughened absorber surface in an SAH. In order to
evaluate the enhancement factor, the net effective efficiency of a roughened absorber
has also been compared to the net effective efficiency of a smooth absorber operating
under similar conditions. On the basis of the results obtained, the conical protrusion rib
parameters have been optimized for maximum net effective efficiency. Key findings of this
study are given below.
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1. A conical protrusion rib roughness significantly affects the net effective efficiency of
an SAH duct. An effective efficiency increase of up to 70.92% was obtained at an e/D
of 0.0289 and p/e of 10;

2. Net effective efficiency is observed to depend strongly on the Reynolds number: a
higher Reynolds number always results in a relatively low value of effective efficiency
irrespective of roughness parameters because of the very high frictional power re-
quirements. Furthermore, in the lower Reynolds number range, the actual value of
rib parameter determines the value of the effective efficiency;

3. Net effective efficiency is also observed to be a function of insolation. The maximum
effective efficiency increased from 69.82% to 70.92% when the insolation increased
from 600 W/m2 to 1000 W/m2;

4. A set optimum values of conical protrusion rib parameters exists that corresponds
to specified operating conditions, resulting in maximum effective efficiency. The
optimum relative rib heights have been found to be 0.020, 0.0289, 0.036 and 0.044 for
temperature increase parameter ranges of 0.00369 < ∆T/I <0.00463 K·m2/W, 0.00463 <
∆T/I 0.00608 K·m2/W, 0.00608 < ∆T/I 0.00691 K·m2/W and 0.00691 < ∆T/I K·m2/W,
respectively. Similarly, ranges of temperature increase parameters of 0.00365 < ∆T/I <
0.00562 K·m2/W and 0.00365 < ∆T/I K·m2/W have been found in which relative rib
pitches of 12 and 10, respectively, exhibit the best net effective efficiency;

5. Optimum values of the relative rib pitch and relative rib height vary with the tem-
perature increase parameter, and ranges of the temperature increase parameter for
optimum roughness parameters change slightly with insolation;

6. A unique combination of an optimum relative rib height of 0.44 and relative rib pitch
of 10 are observed regardless of the insolation value when ∆T/I > 0.00789 K·m2/W.

Thermo-hydraulic performance analysis has been carried out to arrive at the optimum
values of conical rib protrusion rib parameters that result in maximum net useful gain for the
given operating conditions. The characteristics of net effective efficiency will help designers
to determine conical protrusion rib parameters under different operating conditions.
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Nomenclature

βti Tilt angle, ◦

β′ Coef of thermal expansion of air, 1/K
εg Emissivity of glass cover
εp Emissivity of absorber plate
ηth Thermal efficiency
ηnet Net effective efficiency
ρ Density of air, kg/m3

σ Stefan–Boltzmann Constant, W/m2.K4
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τ Trasnmissivity of glass cover
µ Dynamic viscosity of air, Kg/m·s
υ Kinematic viscosity of air, m2/s
(τα) Transmittance-absorbent product of glass cover
Ap Area of absorber plate, m2

Cp Specific heat of air at constant pressure, J/Kg.K
D Duct height, mm
e Rib height, mm
e/D Relative rib height
F′ Flat efficiency factor,
Fo Heat removal factor
f Friction factor of roughened duct
fs Friction factor of smooth duct
h Heat transfer coefficient, W/m2.K
hr Radiative heat transfer coefficient, W/m2.K
hc Convective heat transfer coefficient, W/m2.K
hw Wind convective heat transfer coeff., W/m2.K
Gr Grashoff number,
I Solar insolation, W/m2

Lg Air gap b/w absorber plate and glass cover, m
ka Thermal conductivity of air, W/m/K
kg Thermal conductivity of glass, W/m/K
m Mass flow rate, Kg/s
N Number of glass cover
Nu Nusselt number of roughened duct
Nus Nusselt number of smooth duct
P Pitch of ribs, mm
Pm Pumping power, W
P/e Relative pitch ratio
Pr Prandtl number
Qu Useful heat gain, J
R Thermal Resistance, K/W
Ra Rayleigh number
Re Reynolds number
Ta Ambient temperature, K
Ti Inlet temperature, K
To Outlet temperature of air, K
Tpm Average plate mean temperature, K
Ts Sun temperature, K
∆T Air temperature rise, K
∆T/I Temperature rise parameter, K.m2/W
ti Thickness of insulation, mm
tg Thickness of glass cover, mm
tg Height of collector edge, mm
Ub Back heat loss coefficient, W/m2.K
Ue Edge heat loss coefficient, W/m2.K
Ut Top heat loss coefficient, W/m2.K
V Air velocity, m/s
Vw Wind speed, m/s
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