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a b s t r a c t

In this work, a new hybrid duct configuration of solar air heater is analytically investigated to improve
the thermal performance of the system. The proposed design consists of parallel pass air flow paths with
rectangular and triangular cross sections at upper and lower sides of the absorber plate. Both the sides of
the absorber plates are roughened with inclined shape ribs. The roughness parameters are configured
with relative roughness pitch at the bottom of the plate (Pb/eb) of 4e16, relative roughness height of e/Dh

ranges from 0.021 to 0.050 and relative angle of arc of (a/60) 0.5e1. Based on the analytical results it is
concluded that the maximum effective efficiency is 80.1% for roughness pitch of 8, relative roughness
height of 0.021 and relative angle of arc of (a/60) 0.5, at the mass flow rate of 0.045 kg/s at the upper and
lower duct. The effect of the mass flow fraction (i) on the thermal performance of the solar air heater is
also analyzed. The system improves the thermal and effective efficiency by 22.4% and 18.1% when
compared to conventional rectangular duct parallel pass SAH. The design plots are developed to find the
optimum values of roughness parameters with respect to ambient conditions.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Among the available solar thermal energy conversion devices,
solar air heaters are simple in design, widely used and require
lesser maintenance. Due to its own merits it is used for the appli-
cations like space heating, drying of industrial and agricultural
products. And also, it is used to improve the performance of
desalination system and heat pumps. Even though it contains its
usefulness still the thermal performance of the solar air heater
(SAH) is poor due to its adverse effect of thermo physical properties
of air, which leads to decrease the convective heat transfer coeffi-
cient between the absorber plate and moving air. Various re-
searchers reported different methodologies to overcome the
drawback and to improve the efficiency. One of the effective tech-
nique is by flowing air on both the side of the absorber plate which
increases the surface area and the rate of heat transfer [1]. Yeh et al.
[2] develops an analytical model and experimental work to eval-
uate the performance of parallel pass double duct SAH (PPDDSAH).
. Sivakandhan), arjun_nivi@
.M. Matheswaran).
From the analysis, it is concluded the system is more efficient than
the device with a single flow path.

El-sebaii et al. [3,4] compares the thermo hydraulic performance
of PPDDSAH with PPDDSAH attached with v-corrugated plates and
PPDDSAH with fins. They reported that there is an improvement in
performance about 11e14% with former and 9.3e11.9% with later.
Dhaiman et al. [5] carried out the analytical and experimental
performance analysis of parallel flowpacked bed SAH and study the
effects of bed porosity at the upper duct on the thermal perfor-
mance. The system improves the performance about 10e20% when
compared with PPDDSAH. Further comparison is carried out be-
tween the parallel flow packed bed SAH with counter flow packed
bed SAH and it is reported that parallel flow SAH is more efficient at
higher flow rates [6]. The thermo hydraulic performance of parallel
pass jet impingement solar air heater is investigated analytically
and the result shows that the jet diameter has a higher influence on
the thermal performance of SAH. Further, it improves the effective
efficiency by 21.2% [7,8]. From the ref. [1e8] it is known that parallel
pass SAH are effectively improving the performance at higher flow
rates.

On the other hand, researchers are also used artificial roughness
on the absorber plate for improving the effective efficiency. The
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Nomenclature

Ap Absorber plate area (m2)
Cp Specific heat of air (J/kgK)
Dh Hydraulic diameter of air flow channel (m)
e Relative roughness height
e/Dh Relative roughness height ratio
eþ roughness Reynolds number¼ e=Dhð

ffiffiffiffiffiffiffiffi
f =2

p
ÞðReÞ

f Friction factor of duct
g Acceleration due to gravity (m2/s)
G Total mass flow rate (kg/s) ¼(mu þ ml)
hc heat transfer co efficient occurs due to convection

(W/m2K)
hr heat transfer co efficient occurs due to Radiation (W/

m2 K)
hw heat transfer coefficient happens due to wind, (W/

m2K)
hgu-gl Free convective heat transfer co efficient between

upper and lower glass cover (W/m2K)
L Length of the solar air heater duct (m)
m Mass flow rate of air (kg/s)
Nu Nusselt number
Pm Pumping Power (W)
QU Useful heat gain (W)
Rea Reynolds Number inside the duct
I Solar radiation (W/m2)
i Mass flow fraction
T Temperature (K)
Ub Bottom loss coefficient (W/m2K)
Vw Wind Velocity (m/s)
W Width of the collector (m)

Z2 Height of the rectangular duct (m)
Z3 Distance between the glass covers
t Transmissivity of glass cover
ma Viscosity (kg/ms)
Pb/eb Relative roughness pitch at bottom of absorber plate
DP Pressure drop at air flow channel (N/m2)
a Absorptivity
k Thermal conductivity (W/mK)
f Tilt angle (�)
ra Density of air (kg/m3)
s Stefan’s Boltzmann constant (W/m2K4)
hI Thermal Efficiency (%)
heff Effective (or) Thermo hydraulic Efficiency
a/600 Relative angle of arc

Subscripts
am Ambient air
b Back plate
gu Upper glass cover
gl Lower glass cover
in Insulation
a Air in the channel
ao outlet
p Absorber plate
sky Sky
1 Upper flow path (or) back plate number
2 Lower flow path (or) back plate number
l Lower
u Upper
i inlet
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presence of roughness breaking the laminar sub layer formulation
at turbulent flow regions. It also separates the flow into primary
and secondary flow regions, during at reattachment points the
boundary layer thickness are nullified and increases the rate of heat
transfer [9]. Gupta et al. [10] investigate the thermo hydraulic
performance of inclined rib roughed SAH and optimize the
roughness dimensions. The thermal performance of V-down
discrete ribs SAH is analyzed analytically and the system improves
the performance up to the mass flow rate per unit area of the
collector is equal to 0.045kg/sm2 [11]. The enhancement is ranges
from 12.5 to 20% when compared with conventional parallel pass
SAH [12]. Gawande et al. [13] suggested the angled square ribs for
SAH and found that the inclination angle of 20� provides better
performance. Bhushan et al. [14] uses protruded roughness ge-
ometry and suggested the design plots for finding the maximum
effective efficiency of the SAH for obtaining the desired tempera-
ture rise values. The analytical investigation for analyzing the arc
shape rib roughened SAH by Sahu et al. [15] by varying the height to
the hydraulic diameter ratio and flow angle of attack. The results
also compared with other roughness designs and optimum oper-
ating conditions are reported. Thakur et al. [16] numerically analyze
the hyperbolic rib geometry and compare the results with rectan-
gular, triangular and semicircular ribs. The optimum conditions are
identified at the Re of 6000, roughness height of 1mm and
roughness pitch of 10mm. Kumar et al. [17] carried out the
experimental investigation on three-sided dimple roughened SAH
at actual ambient condition. The influences of roughness parameter
on heat transfer and pressure drop are formulated in terms of
Nusselt number and friction factor correlation. The Nusselt number
improves 3.94 times and friction factor raises about 2.56 times
when compared with single side roughed SAH. Kumar and Layek
[18] carried out the experimental analysis at indoor working con-
ditions of SAH with twisted tape ribs to evaluate the roughness
parameters on the enhancement of heat transfer. The enhancement
in heat transfer is measured in terms of thermohydraulic perfor-
mance is 2.13 times superior than conventional SAH [19]. SAH with
square wave profiled transverse ribs is analyzed in ANSYS
FLUENT15.0 for the relative roughness pitch of 4e30, Reynolds
number of 3000e15000 and for fixed roughness height ratio 0.043.
The results show that the thermohydraulic performance is 1.43 for
the relative roughness pitch of 10 and, Reynolds number of 12000
[20]. A newV rib roughness design is proposed by the Jain et al. [21]
and concluded that the placement of staggered rib in front of the
opening enhances the heat transfer and friction factor. Gabhane
et al. [22] carried out experimental analysis on PPSAH attached
with c type roughness and also the statistical correlation is devel-
oped to predict the Nusselt number and friction factor with 12% of
accuracy.

From the ref. [8e22] it is concluded that using of artificial
roughness improves the heat transfer and friction factor. The
increment in friction factor, increases the pumping power con-
sumption and decreases the thermohydraulic performance at
desired flow rates. To overcome these limitations, researchers are
developing triangular duct solar air heater. Triangular cross-
sectional duct offers less friction factor when compared with any
other cross-sectional ducts [23]. The effect of apex angle and
dimple roughness parameter on the performance of triangular duct
SAH had reported by Goel [24]. It is concluded that at the apex
angle of 60� the dimple roughened SAH performs better. Further
the dimple, and circular shape rib roughened absorber plates are
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attached to a smooth curve triangular duct SAH had analyzed that
enhances the heat transfer by a maximum of 110% [25,26]. Kumar
et al. [27] had carried out the experimental and numerical study on
dimple roughened SAH and reported the influence of smooth
curves on all three corners. The smooth curve increases the velocity
at the centre of the duct, which enhances the heat transfer. The CFD
analysis is carried out for triangular duct solar air heaters which are
combined with circular, square and chamfered rib roughness and
enhances the performance about 1.99,1.97 and 1.19 times respec-
tively when compared with conventional SAH [28e30]. Bharadwaj
et al. [31] had experimentally carried out the performance of in-
clined rib roughened triangular duct SAH and identify the optimum
design conditions of relative roughness pitch of 12, relative
roughness height of 0.043 and angle of attack of 60�.

From the above literature, it is concluded that SAH perfor-
mances are improved by using a parallel pass flow arrangement,
using artificial roughness and by modifying the cross section of the
duct into triangular shape. As per the author’s knowledge, no work
is attempting to combine all these techniques to improve the per-
formance. Therefore, in this work all these three methods are in-
tegrated and proposed a new configuration SAH is called parallel
pass hybrid duct solar air heater. In the proposed model consist of
upper air flow path with rectangular and lower air flow path with
triangular cross section. Further improving the efficiency, the in-
clined shape rib roughness are attached at the top and bottom of
the absorber plate. The objectives of the present work are: (I) To
evaluate the thermal and thermo hydraulic performance of the
proposed configuration of the solar air heater by developing a
mathematical model. (ii) To optimize the rib roughness parameters
as an effective pitch ratio at the bottom of the absorber plate (Pb/
eb), effective height ratio (e/Dh), the effective angle of arc (a/60) and
mass flow fraction (i) for yielding maximum effective efficiency.
(iii) Then suggesting the design plots to identify the rib roughness
parameters which yields the maximum effective efficiency for
obtaining the desired temperature rise.
2. Mathematical modeling

The schematic layout of parallel pass hybrid duct solar air heater
with inclined ribs is shown in Fig.1 a. It consist of two air flow paths
on upper and lower sides of the absorber plate. The lower glass
cover is attached at Z2 distance from the top side of artificially
roughened absorber plate. This formulates the upper flow air flow
path with rectangular cross section. The triangular cross-sectional
lower air flow path is made up of two back plates and lower sur-
face of the absorber plate. The upper glass cover is attached over
the lower glass cover at a distance of Z3 for minimizing the top heat
loss. The side and bottom plates are well insulated to reduce the
heat loss to the ambient. Fig. 1 c. Shows the design details of in-
clined shape artificial rib roughness parameters. By considering the
subsequent assumptions the energy balance equation for each
component of SAH is developed [32].

I. The mathematical model is developed and analyzed under
steady state operating conditions

II. The temperature variation happens only along the length of
the air heater is considered and on other two dimensions are
negligible.

III. The energy stored in solar air heater components (upper and
lower glass cover, Roughened absorber plate, inclined back
plates and insulation) is negligible.

IV. For all the wavelength of radiation, sky is assumed as black
body and its temperature is equal to the ambient
temperature.
V. It is assumed that the upper and lower ducts are completely
free from air leakage.
2.1. Energy balance for upper glass cover

The basic parameters which are required to formulate the
mathematical model are shown in Fig. 1 b. Eqn. (1) expresses the
energy balance happens at top glass cover. The left-hand side terms
of the equation show the energy input to the upper glass cover from
solar insolation and lower glass cover through convection and ra-
diation mode of heat transfer. The right-hand side terms, express
that energy loss from the glass cover.

aguSþ hr; gl�gu

�
Tgl�TguÞþhc; gl�gu

�
Tgl�Tgu

�
¼hw

�
Tgu

� Tam
�
þhr; g�s

�
Tgu�TskyÞ (1)

2.2. Energy balance for lower glass cover

The lower glass cover receives energy from top surface of the
absorber plate and solar radiation passed through the upper glass
cover. Then the part of energy released with the top glass cover and
the remaining energy is taken by flowing air at the upper duct. This
energy transfer phenomena are as stated

agltguSþhr;p�gl

�
Tp�Tg1Þ¼hr;gl�gu

�
Tgl � Tgu

�
þhc;gl�gu

�
Tgl

� Tgu
�
þ hc;gl�a1

�
Tgl�Ta1

�
(2)

Energy balance in the air flowing at upper duct.
The air flowing at upper rectangular duct receives energy from

artificially roughened absorber plate and lower glass cover. The
energy balance equation for flowing air can be written as

hc; p�a1

�
Tp � Ta1

�
þhc; gl�a1

�
Tgl�Ta1Þ¼ qu1 (3)

In the eqn. (3) Ta1 ¼ ðTa1i þTa1oÞ=2 and
qu1 ¼ 2 _muCpðTa1 �Ta1iÞ=Ap exemplifies the mean air temperature
and worthwhile energy gain at upper rectangular air flow path.

2.3. Energy balance for absorber plate

The artificially roughened collector plate obtains energy from
direct solar radiation, which is passed through upper and lower
glass cover. The received energy then distributed to flowing air at
upper and lower ducts, and other components of the solar air
heater. This energy transfer phenomena can be stated as

aptgltguS¼hr;p�gl

�
Tp � Tgl

�
þhr;p�b1

�
Tp�Tb1Þ

þhr;p�b2

�
Tp�Tb2

�
þhc;p�a1ðTp�Ta1Þ

þhc;p�a2ðTp�Ta2Þ
(4)

2.4. Energy balance in the air flowing at lower duct

The air flowing at lower triangular duct receives heat from
absorber plate and another two back plates. The energy balance
equation for flowing air can be written as



Fig. 1. (a) Schematic lay out of PPHDSAH (b) Energy balance for PPHDSAH (c) Roughness parameters with absorber plate.
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hc; p�a2
�
Tp

� Ta2
�þhc; b1�a2

�
Tb1�Ta2Þþhc; b2�a2

�
Tb2�Ta2Þ¼ qu2 (5)

In the eqn. (5) Ta2 ¼ ðTa2i þTa2oÞ=2 and qu2 ¼ 2 _mlCpðTa2 �Ta2iÞ=
Ap exemplifies the mean air temperature and worthwhile energy
gain at lower triangular air flow path.
2.5. Energy balance for back plates

The lower triangular duct consists of two back plates which
receive energy from absorber plate and transfer the energy to the
air flowing at lower duct. The remaining heat is lost to the ambient
due to the temperature difference. It can be stated as follows.

For back plate: 1

hr;p�b1

�
Tp�Tb1Þ¼hc; b1�a2

�
Tb1�Ta2ÞþUbðTb1�TamÞ (6)

For back plate: 2

hr;p�b2

�
Tp�Tb2Þ¼hc; b2�a2

�
Tb2�Ta2ÞþUbðTb2�TamÞ (7)
2.6. Determination of temperature of various solar air heater
components

To determine the temperature of solar air heater components
the Eqns. (1)e(7) are rearranged as follows

Tgu ¼
aguSþ

�
hr; gl�gu þ hc; gl�gu

�
TglþhwTam þ hr; gu�skyTsky�

hw þ hr; gu�sky þ hr; gl�gu þ hc; gl�gu

�
(8)

Tgl ¼
tguaglSþ

�
hr; gl�gu þ hc; gl�gu

�
Tgu þ hc;gl�a1Ta1 þ hr;p�glTp�

hr;p�gl þ hc;gl�a1 þ hr; gl�gu þ hc; gl�gu

�
(9)

Ta1 ¼
hc;gl�a1Tg1 þ hc;p�a1Tp þ

�
2mcp
WL

�
Ta1i�

hc;p�a1 þ hc;gl�a1

�
þ
�
2mcp
WL

� (10)
Tp ¼
tgutglapSþ hr;p�glTgl þ hc;p�a1Ta1 þ hc;p�a2Ta2 þ hr;p�b1Tb1 þ hr;p�b2Tb2�

hr;p�gl þ hr;p�b1 þ hr;p�b2 þ hc;p�a1 þ hc;p�a2

� (11)
Ta2 ¼
hc;p�a2Tp þ hc;b1�a2Tb1 þ hc;b2�a2Tb2 þ

�
2mcp
WL

�
Ta2i

�
hc;p�a2 þ hc;b1�a2 þ hc;b2�a2

�þ �
2mcp
WL

� (12)
Tb1 ¼
hr;p�b1Tp þ hc;b1�a2Ta2þUb1Tam�

hr;p�b1 þ hc;b1�a2 þ Ub1

� (13)

Tb2 ¼
hr;p�b2Tp þ hc;b2�a2Ta2þUb2Tam�

hr;p�b2 þ hc;b2�a2 þ Ub2

� (14)

2.7. Heat transfer coefficients

The convective heat transfer coefficient occurs between the
upper glass cover to the ambient due to blowing air is calculated
using the empirical correlation as follows [7].

hw¼ 2:8þ 3:3Vw (15)

The radiative heat transfer coefficient between the upper glass
cover and sky is given by

hr; gu�sky ¼ sεgu
�
Tgu þ Tsky

��
T2gu þ T2sky

�
(16)

In the eqn. (16) the sky temperature is given by

Tsky ¼0:0552T1:5am (17)

The radiative heat transfer coefficient between the upper and
lower glass cover can be calculated using the relationship as follows
[33].

hr; gl�gu ¼
s
�
T2gl þ T2gu

��
Tgl þ Tgu

�
1
εgl

þ 1
εgu

� 1
(18)

The natural convective heat transfer coefficient occurs between
the upper and lower glass cover is calculated as follows [7].

hc; gl�gu ¼
ka
Z3

Nuc;gl�gu (19)

Nuc;gl�gu ¼1þ 1:44

"
1�1708ðsin1:8 fÞ1:6

Ra cosf

#�
1� 1708

Ra cosf

�þ

þ
"	

Ra cos f

5830


1=3

� 1

#þ

(20)

In the eqn. (20) the term f represents a collector tilt angle. The
validity of the above correlation ranges from 0� to 60� of the col-
lector tilt angle. The 3rd and 4th term of the above equation is
considered only if it yields the positive value. The Rayleigh number
(Ra) is calculated by

Ra¼
gb

�
Tgl � Tgu

�
Z3

an
(21)
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The radiative heat transfer coefficient between the top surface of
artificially roughened absorber plate and bottom surface of the
lower glass cover can be calculated using the relationship as follows
[33].

hr; p� gl ¼
s
�
T2p þ T2gl

��
Tp þ Tgl

�
1
εp
þ 1

εgl
� 1

(22)

The forced convective heat transfer coefficient occurs between
the absorber plate and flowing fluid in the upper rectangular
channel is calculated by

hc; p�a1 ¼
k

Dh1
Nuc;p�a1 (23)

The Nusselt number (Nuc, p-a1) in the above equation is calcu-
lated using the following relationships.

When the system operates with smooth plate [34].
Nuc;p�a2 ¼ 3:1� 10�3ðRea2Þ1:0972
� a

60

�0:0792	Pb
eb


1:0832	 e
Dh2


�1:9854

exp
h
� 0:1908

h
ln
� a

60

�i2i

exp

"
� 0:246

�
ln
	
P
e


�2# (31)
Nuc;p�a1 ¼5:4þ
0:00190

	
ReaPr

�
Dh1
L

�
1:71

1þ 0:00563
	
ReaPr

�
Dh1
L

�
1:17

0
BB@ < Rea2300

1
CCA
(24)

Nuc;p�a1 ¼0:116
�
Re2=3a �125

�
Pr1=3

þ

2
641þ �

Dh1
L

�2
3

3
75� m

mw

�0:140B@2300 < Rea < 6000

1
CA

(25)

Nuc;p�a1 ¼0:018Re0:8a Pr0:4 ðRea > 6000Þ (26)

When the system operates with inclined rib artificially rough-
ened plate [10].

For eþ<35

Nuc;p�a1 ¼2:4� 10�3ðRea1Þ1:084
	

e
Dh1


0:001	W
Z2


�0:06

exp
h

� 0:04
h
1�

� a

60

�i2i
(27)

For eþ>35
Nuc;p�a1 ¼7:1�10�3ðRea1Þ0:88
	

e
Dh1


�0:24	W
Z2


�0:028

exp
h

� 0:475
h
1�

� a

60

�i2i
(28)

In the above equations from 23 to 28 the hydraulic diameter
(Dh1) of upper rectangular channel having the width of the W and
depth of Z2 can be calculated as

Dh1 ¼
4WZ2

2ðW þ Z2Þ
(29)

In the same way that the forced convective heat transfer coef-
ficient occurs between the artificially roughened absorber plate and
flowing fluid in the lower triangular channel is calculated by

hc; p�a2 ¼
k

Dh2
Nuc;p�a2 (30)
For smooth plate, it is considered that for finding the value of
Nuc, p-a2 the correlations listed from eqn. (24)e(26) are used.

When the system operates with inclined rib artificially rough-
ened plate [31].

where the hydraulic diameter (Dh2) of the lower triangular duct is
calculated as

Dh2 ¼
0:866W

3
(32)

The radiative heat transfer coefficient between the absorber
plate and bottom plates can be calculated using the relationship as
follows [33].

hr; p� b1 ¼
Fp�b1s

�
T2p þ T2b1

��
Tp þ Tb1

�
1
εp
þ 1

εb1
� 1

(33)

hr; p� b2 ¼
Fp�b2s

�
T2p þ T2b2

��
Tp þ Tb2

�
1
εp
þ 1

εb2
� 1

(34)

The convective heat transfer coefficient occurs between the back
plates and flowing air in the lower triangular duct is calculated by

hc; b1�a2 ¼
ka
Dh2

Nuc;b1�a2 (35)

In the above equation, it is considered that for finding the value
of Nuc, b1-a2 and Nuc, b2-a2 the correlations listed from eqn.
(24)e(26) are used.

The back-loss coefficient is calculated as
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Ub1 ¼Ub2 ¼ kin
din

(36)

The thermo physical properties of air are linearly variedwith the
average temperature of the air (T�C). To calculate the properties the
following correlations are used [35,37].

Specific heat

Cp¼0:000066ðT �27Þ þ 1:0057 (37)

Density

ra ¼0:00359ðT �27Þ � 1:1774 (38)

Thermal Conductivity

ka ¼0:0000758ðT �27Þ þ 0:02624 (39)

Viscosity

ma ¼ ½1:983þ0:00184ðT �27Þ� � 10�5 (40)
2.7.1. Expenditure of mechanical pumping power for PPHDSAH
To propel the air into the solar air heater it consumes pumping

power to overwhelm the resistance along the length of solar air
heater channel [7].

Pm ¼ð _mu þ _mlÞ � ðDPu þ DPlÞ
ra

(41)

In the above equation the pressure drop occurs at upper rect-
angular and lower triangular duct are calculated by means of the
relationship

DPu ¼2fuLV2
ura

Dh1
(42)

DPl ¼
2flLV

2
1ra

Dh2
(43)

In the above eqns. (42) and (43) the friction factors occur in the
upper and lower ducts are calculated using following relations.

For smooth plate [10].

fu ¼ fl ¼ 0:079ðReaÞ�0:25 (44)

For inclined rib roughened absorber plates [10,31].
fl ¼ 11:845ðRea2Þ�0:693
� a

60

�0:0418	Pb
eb


1:1389	 e
Dh2


0:3365

exp
h
� 0:1686

h
ln
� a

60

�i2i

exp

"
� 0:2644

�
ln
	
P
e


�2# (45)
2.8. Thermal and effective efficiency of PPHDSAH

2.8.1. Thermal efficiency
The thermal efficiency of the solar air heater is defined as the

ratio between the useful heat gained by the flowing air to the total
amount energy supplied by solar insolation. As per first law of
thermodynamics it is calculated as [36].

hI ¼
Qu

Ap � I
¼ _muCpaðTo1a � Ti1aÞ þ _m1CpaðTo2a � Ti2aÞ

Ap � I
(46)

2.8.2. Effective efficiency of PPHDSAH
The actual performance of the SAH is to be calculated by

considering additional energy consumption for flowing the air
against the friction. The existence of artificial roughness at above
and below the absorber plate further increases the pumping power.
This mechanical pumping power is divided by conversion factor Cr
for calculating the actual pumping power consumption. The
effective efficiency is calculated by means of the following rela-
tionship [8].

Cr ¼ hThhfrhmhf (47)

heff ¼
Qu �

"
Pm
Cj

#

I � Ap
(48)

In the above equation the value of Cr is equal to 0.2.

2.9. Solution procedure for evaluating the temperature and thermal
performance of PPHDSAH

The analytical calculations are carried out for evaluating the
temperature of solar air heater components and thermal perfor-
mance of various configurations of the system. The equations from
8 to 14 are solved simultaneously by using the matrix inversion
technique. To solve the equations and analyzing the influence of
design and operating conditions a suitable computer code is
developed in MATLAB [7].

I. During the execution of the code the fixed parameters like L,
W, Z2, Z3, I, T1ai, m, i, f, ap, εp, s, agu, agl, etc. are initialized.

II. The initial temperature of glass covers, absorber plate, back
plates, and air flow paths are assumed that its values are
equal to the ambient temperature (Tam). Further the prop-
erties of the air are evaluated by using the relationship from
37 to 40.

III. Using the initial inputs, the further parameters like Dh1, Dh2,
Re, hw, hr gl-sky, hc, gl-gu, hr, gl-gu, hr, gl-p, hc, p-a1, hr, b1-p, hc, p-a2, hr,

b2-p are calculated.
IV. These values are substituted in the eqns. (8)e(14) the new

temperature values are calculated. Then the new values are
compared with, initially assumed values and if the difference
is greater than 0.001 �C then the previously assumed values
are replaced by new values. Further, if the condition is
satisfied the temperature values are finalized and these
values are used to find the thermal performance of the solar
air heater.



Table 1
Details of design and operating conditions considered for evaluating the perfor-
mance of PPHDSAH.

Parameters Base Values

Fixed Dimensions and functional conditions of SAH
Length of solar air heater duct, L 1.5m
Width of solar air heater duct, W 0.290m
Height of the collector, Z2¼H 0.025m
Distance between the upper and lower glass cover (Z3), 0.05m
Insulation thickness, din 0.05m
Thermal conductivity of insulation ki 0.037W/mK
Absorber plate - Emissivity, εp 0.9
Bottom plate - Emissivity, εb 0.9
Glass cover -Emissivity εgc 0.88
Effective transmittance absorptance product, tap 0.8
Ambient temperature, Ta 300 K
Wind velocity, Vw 1.5m/s
Relative roughness pitch at top of absorber plate (Pt/et) 10
Variable dimensions and functional conditions of SAH
Mass flow rate (m) 0.01e0.09 kg/s
Relative roughness height at top and bottom of absorber plate

(e/Dh)
0.021e0.05

Relative roughness pitch at bottom (Pb/eb) 4e16
Relative angle of arc at top and bottom of absorber plate (a/600) 0.5e1
Solar Intensity, (I) 500e1000W/

m2

Mass flow fraction(i) 0.1e0.9
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3. Results and discussion

The thermal performance of parallel pass hybrid duct parallel
pass solar air heater is analyzed analytically and the values of
roughness parameters are optimized. The material properties, fixed
and variable design parameters, and functional conditions of the
SAH are revealed in the Table 1. During the performance evaluation
the mass flow rate at upper and lower duct are maintained equal
(mu¼ml). Then the influence of mass flow fraction (i) on the per-
formance of SAH is analyzed and the detailed outcomes are as
follows.

3.1. Validation of theoretical model

To analyze and optimize the proposed system performance and
Fig. 2. Validation of analytical model of paral
its design configurations, it is very much essential to validate the
proposed model and its solution procedure code developed in
MATLAB.

Therefore, the experimental results reported by Dhaiman et al.
[6] for rectangular duct parallel pass solar air heater are compared
with simulation results on the basis of thermal energy gain and
effective efficiency are shown in Fig. 2. The deviation between the
experimental and simulation results are calculated by using a
Relative percentage error method has been defined as

RPE¼ j €X � _Xj
_X

[49]

The relative percentage error for thermal energy gain and
effective efficiency is about 10.2% and 9.3% respectively. Thus, from
the Fig. 2 and RPE values it is observed that the present model has
good agreement with experimental results and it is reliable for
further analysis of solar air heater.
3.2. Effect of hybrid duct design configuration on thermal
performance of SAH

The performance improvement achieved due to utilization of
hybrid duct parallel pass smooth plate SAH and hybrid duct parallel
pass SAH with inclined ribs are compared with conventional rect-
angular duct parallel pass SAH is shown in Fig. 3. From the fig, it is
observed that the thermal efficiency of all the three SAHs increases
with the increase in mass flow rate. Then this value is getting
flattened and there is no further appreciable rise in thermal effi-
ciency of SAHs. The fact which influence behavior of SAH is that
when increasing the mass flow rate of air increases the flow ve-
locity, heat capacity and heat transfer coefficient between absorber
plate and flowing fluid.

The effective efficiency of the SAHs is initially increasing at
lower mass flow rates. Then further improvement in mass flow rate
reduces the effective efficiency due to increase in pressure drop and
pumping power required for propelling the air. The energy balance
between the useful thermal energy gain and pumping power
consumption by the SAH is shown in the Fig. 4. At higher mass flow
rates, there is less appreciable improvement in useful energy gain.
At the same time the pumping power consumed by the SAH
lel pass rectangular duct solar air heater.



Fig. 3. Thermal performance comparison between solar air heaters.
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increases exponentially. At a particular operating condition, the
energy converted by the SAH is equal to pumping power and the
effective efficiency approaches to zero. The hybrid duct parallel
pass smooth plate SAH and hybrid duct parallel pass SAH with
Fig. 4. Influence of mass flow rate on thermal o
inclined ribs are improving the thermal efficiency by 21.3% and
22.4% when compared to conventional rectangular duct parallel
pass SAH. It is also improving the effective.

Efficiency by 13.1% and 18.1% respectively. The fact which
r useful energy gain and pumping power.



Fig. 6. Effective efficiency as a function of Temperature rise parameter and relative
roughness height (e/Dh).
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influence the improvement of SAH performance is that when using
the triangular duct at lower path increases the surface area which
enhances the convective heat transfer coefficient. Further attaching
the inclined ribs at the top and bottom of the absorber plate breaks
the laminar sublayer creation and also enhances the vicinity of
reattachment points. Therefore, due to these combined effects
improves the rate of heat transfer and enhances the thermal per-
formance of proposed SAH.

3.3. Effect of relative height ratio (e/Dh)

The influence of the relative height ratio (e/Dh) on the effective
efficiency of PPHDSAH with inclined ribs is shown in Figs. 5 and 6.
The relative height ratio ranges from 0.021 to 0.050. From the Fig. 5
it is revealed that for all the values of relative height ratios the
effective efficiency increases and attains its peak value for the
critical mass flow rate. The critical values of mass flow rate for each
relative height ratios are ranging from 0.0425 to 0.0475 kg/s. Then
further increment in mass flow rate leads to declines the thermo
hydraulic performance.

From the figure it is also known that the relative height ratio of
(e/Dh) 0.050 produces better performance at when the mass flow
rate attains up to 0.03 kg/s. This is due to the fact that at lower mass
flow rates the higher rib height improves the convective heat
transfer rate by breaking the laminar sublayer. Then further
increasing the mass flow rate beyond at 0.045 kg/s relative height
ratio of (e/Dh) 0.023 accomplishes better performance. This is due
to that at higher mass flow rates this higher roughness height offers
more resistance and increases the pumping power consumption.
Therefore, at higher flow rates lower value of e/Dh yields better
performance. The figure also reveals that when mass flow rate in-
creases beyond the value of 0.06 kg/s the PPHDSAH with smooth
plate over comes the performance of PPHDSAH with inclined ribs.
This happens due to the fact that during this condition the inclined
ribs consumes considerable amount of energy for overcome the
friction.

Fig. 6 exemplifies the interrelationship among the temperature
rise parameter (TRP) (DT/I) and thermohydraulic efficiency as a
function of the relative height ratio (e/Dh) at constant solar radia-
tion of 1000W/m2. From the figure it is detected that when the
(TRP) DT/I< 0.0028 Km2/W the PPHDSAHwith smooth plate yields
highest effective efficiency. Beyond this value once the DT/I is
ranges from 0.0028 to 0.0035 Km2/W the e/Dh of 0.023 produces
maximumperformancewhen comparedwith other values. Further,
Fig. 5. Effective efficiency as a function of mass flow rate and relative roughness height
(e/Dh).
when the DT/I> 0.0049 Km2/W the e/Dh value of 0.05 have pro-
duced better performance.
3.4. Effect of relative angle of attack (a/60)

The effective efficiency of PPHDSAH with inclined ribs varies
with respect to mass flow rate, Temperature rise parameter and
relative angle of attack are presented in Figs. 7 and 8. During the
analysis the relative angle of attack ranges from 0.5 to 1 and all
other roughness parameters are remaining constant. The higher
value of effective efficiency is found for relative angle of attack (a/
60) of 1 for the rate of air flow less than 0.0325 kg/s. Further
increment in flow rate of air yields the highest effective efficiency
for the relative angle of attack (a/60) of 0.5. This happens due to
that during lower air flow rates higher inclination angle generates
more secondary flow separation and during the reattachment with
a primary flow which improves the heat transfer rate. While
increasing the mass flow rate this behavior is reversed and the
lower value of a/60 creates more secondary flow. For all the values
of the relative angle of attack considered in this analysis follows the
similar trend. That is initially the thermal performance is increased
and reaches its peak value, then it follows a declining trend at
further increment in mass flow rate. The overall maximum
Fig. 7. Effective efficiency as a function of mass flow rate and relative angle of arc (a/
60).



Fig. 8. Effective efficiency as a function of Temperature rise parameter and relative
angle of arc (a/60).
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performance is given by the relative angle of attack (a/60) of 0.5.
Fig. 8 also shows the identical trend, that the effective efficiency

increases with an increase in the temperature rise parameter (DT/I)
then it starts to decrease after attains its maximum value. The
PPHDSAH with smooth plate yields maximum efficiency at when
the (TRP) DT/I< 0.0028 Km2/W. Then a further raise in the TRP the
relative angle of attack (a/60) of 0.5 have performed better up to
0.00410 Km2/W.Beyond this range of temperature rise parameter
(DT/I) the relative angle of attack (a/60) of 1 have dominant per-
formance when compared with other values.
3.5. Effect of relative roughness pitch (Pb/eb)

Fig. 9 shows the relation between the mass flow rate and
effective efficiency as a function of relative roughness pitch (Pb/eb)
at the bottom side of the absorber plate. Throughout the analysis
the relative roughness pitch at the top of the absorber plate is equal
to 10 and at bottom it ranges from 4 to 16. The relative roughness
pitch (Pb/eb) of 8 produces the maximum effective efficiency when
compared with other values over the entire range of mass flow rate
are considered. When the relative roughness pitch (Pb/eb) increases
from 4 to 8 the effective efficiency is increased. Then a further in-
crease in relative roughness pitch (Pb/eb) reduces the thermal
Fig. 9. Effective efficiency as a function of mass flow rate and relative roughness pitch
(pb/eb).
performance.
This happens due to the fact that at lower values of roughness

pitch increases the number of roughness surfaces that improves the
heat transfer. But it also consumes the higher pumping power to
overcome the friction occurs inside the duct. Therefore, the effec-
tive efficiency is decreased. During at higher values of roughness
pitch, decreases the number of roughness surfaces which degraded
the secondary flow separation and reattachment. Therefore, at Pb/
eb value of 8 having optimum performance with better enhance-
ments in heat transfer with reasonable consumption of pumping
power.

The variation of relative roughness pitch (Pb/eb) on the effective
efficiency as a function of temperature rise parameter (TRP) (DT/I)
is shown in Fig. 10. When the TRP-DT/I< 0.0028 Km2/W PPHDSAH
with smooth plate performs better beyond this value the relative
roughness pitch (Pb/eb) of 8 yields maximum performance over the
entire range of operating conditions.
3.6. Effect of mass flow fraction on effective efficiency (i)

The variation of effective efficiency of PPHDSAH with mass flow
fraction at various values of total mass flow rate (G) is shown in
Fig. 11. The mass flow fraction is defined as the ratio between the
amount of airflow at upper rectangular duct to total mass flow rate.
The figure shows that when increasing the total mass flow rate the
effective efficiency also increased for all the values of mass flow
fractions (i) considered in this analysis. At lower mass flow rates
(m< 0.035 kg/s) the ‘i’ value of 0.9 yields dominant performance.
For higher values (m> 0.04 kg/s) the ‘i’ value shifted to 0.5.

The maximum value of effective efficiency increases gradually
when increasing the value of the mass flow fraction (i) up to 0.5.
Then a further increase in the mass flow fraction (i) decreases the
performance. Therefore, the optimum value of i¼ 0.5 with
maximum effective efficiency of 80.12%. This happens due to the
fact that at when the flow is equal on both the sides of the absorber
plate, the PPHDSAH enhances the heat transfer and also consumes
less pumping power. If flow rate is higher at upper side it improves
the heat transfer with the penalty of pumping power. In the same
way that the air flow at lower duct is increased which reduces the
pumping power and also reduction in heat transfer. Therefore, both
the conditions lead through decreases the effective efficiency.
Fig. 10. Effective efficiency as a function of Temperature rise parameter and relative
roughness pitch (pb/eb)).



Fig. 11. Effective efficiency as a function of total mass flow rate and mass flow fraction
(i).

C. Sivakandhan et al. / Renewable Energy 147 (2020) 2345e23572356
3.7. Thermal performance comparison between proposed SAH with
literature

The thermal performance of the proposed solar air heater is
compared with experimental values obtained for parallel pass and
packed bed parallel pass SAHs analyzed by Dhaiman et al. [6].
Fig. 12 shows the comparison which is carried out in similar oper-
ating conditions with identical collector dimensions.

The comparison result clearly shows that the PPHDSAH have
better performance at all the flow rates, which is considered in the
analysis. It improves the effective efficiency by 16.2% and 14.3%
when compared to parallel pass and packed bed parallel pass SAH
respectively.

3.7.1. Design plots for optimizing the roughness parameters
To evaluate the optimum values of PPHDSAH roughness pa-

rameters based on the highest values of effective efficiency the
design plots are shown in Figs. 13e14. The design plots are plotted
as a function of the temperature rise parameter. The variation of the
relative roughness height ratio (e/Dh) for three different solar
Fig. 12. Thermal performance-based comparison between PPHDSAH with roughness
against SAH available in literature [6].
isolations of 500W/m2, 750W/m2 and 1000W/m2 is shown in
Fig. 13. The figure exemplifies that when the temperature rise
parameter is< 0.0038 Km2/W, relative roughness height ratio (e/
Dh) of 0.021 yields an optimum value and the value shift to 0.050
when the TRP (DT/I)> 0.005 Km2/W. When the TRP is in between
in the rage of 0.0038e0.005 Km2/W various values of the relative
roughness height ratio (e/Dh) provide optimumvalue and this value
follows an increasing trend when the solar radiation is increased.

In the same manner the design plot for relative angle of attack
(a/60) as a function of solar radiation is shown in Fig. 14.

The optimumvalue of the relative angle of attack (a/60) is 0.5 for
the temperature rise parameter lesser than 0.0039 Km2/W and 1
for DT/I> 0.0049 Km2/W. The temperature rise parameters are in
between 0.0039 and 0.0049 Km2/W the optimum values are as a
function of solar insolation (I). From the Fig. 10 it is known that the
optimum value of the relative pitch ratio is (P/e) 8 for all the
operating conditions. Therefore, the separate design plot is not
essential for expressing this optimized value.

4. Conclusion

In this work, the mathematical model for parallel pass hybrid
duct solar air heater with inclined ribs is developed and its thermal
performance is evaluated. Based on the previous results and dis-
cussions the following conclusions are summarized as.

� The parallel pass hybrid duct solar air heater with inclined ribs
enhances the thermal and effective efficiency by 22.4% and 18.1%
when compared to conventional rectangular duct parallel pass
SAH.

� With the increase in mass flow rate enhances the effective ef-
ficiency and reaches its maximum value, then follows a
decreasing trend with further increase in mass flow rate. Based
on the effective efficiency it is concluded that the parallel pass
hybrid duct solar air heater with inclined ribs is suitable to
operate up to the mass flow rate of 0.06 kg/s. Over the range of
mass flow rate the parallel pass hybrid duct solar air heater with
smooth plate performs better.

� During this analysis, it is identified that the optimum values of
roughness parameters are relative roughness height (e/Dh) of
0.021, relative roughness pitch (Pb/eb) of 8 and relative angle of
arc (a/60) of 0.5 which yields the maximum effective efficiency
of 80.12%.

� The effect of the mass flow ratio (i) on the thermal performance
of the proposed solar air heater is evaluated and it is found that
Fig. 13. Optimum value of relative roughness height at different values of insolation
and temperature rise parameter.



Fig. 14. Optimum value of angle of arc at different values of insolation and tempera-
ture rise parameter.
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when the i¼ 0.5 the maximum value of effective efficiency is
achieved.

� The design plots are prepared and intended for identifying the
optimal configurations of roughness parameters of SAH, which
yields the maximum effective efficiency with required temper-
ature rise parameter.
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