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Abstract An indoor standard test procedure is developed to
experimentally investigate the steady state energy and exergy
performance of single-pass flat plate solar air heater (SPF-
PSAH), roughened plate dual-pass solar air heater (RPDP-
SAH), finned plate dual-pass solar air heater (FPDPSAH)
and wire mesh dual-pass solar air heater (WMDPSAH) at
varied mass flow rates and solar intensities. The analytical
solution of the energy balance equations for various elements
of the SPFPSAH, RPDPSAH, FPDPSAH and WMDPSAH
is determined using a MATLAB 8.1 program and correlated
with experimental findings. The analytical and experimen-
tal results show that the energy and exergy performance of
WMDPSAH is superior to FPDPSAH, RPDPSAH and SPF-
PSAH. The pressure drop of WMDPSAH is higher than that
of FPDPSAH, RPDPSAH and SPFPSAH. From the eco-
nomic analysis, WMDPSAH is found economically viable
within the opted conditions compared with FPDPSAH and
RPDPSAH. The analytical and experimental results are in
fairly good agreement.

Keywords Wire mesh · Energy · Exergy · Solar air heater ·
Efficiency · Dual pass

List of symbols

Ac Area of the collector (m2)

Af Total area of the fins (m2)

B Flow channel width (m)
cp Specific heat of air (J/kg K)
dw Wire diameter of wire mesh (m)
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Dh Hydraulic diameter of the flow channel (m)
e Artificial roughness height (m)
E Efficiency increment
H Flow channel height (m)
h Heat transfer coefficient (W/m2 K)

hb Conductive heat transfer coefficient across
the insulation (W/m2 K)

I Incident solar radiation (W/m2)

k Thermal conductivity of air (W/m K)
ki Thermal conductivity of insulating material

(W/m K)
ks Thermal conductivity of fin (W/m K)
L Flow channel length (m)
L f Length of the fin (m)
m Mass flow rate of air (kg/s)
n Number of wire mesh layer
nf Number of the fins
p Artificial roughness pitch (m)
pt Pitch of the wire mesh screen (m)
P Power consumption increment
Pwm Porosity of packed bed
Q Energy output of the solar air heater (W)
t Thickness of the fin (m)
ti Thickness of the insulation (m)
T Average temperature (K)
V Velocity of air in the channel (m/s)
Wf Height of the fin (m)

Abbreviations

FPDPSAH Finned plate dual-pass solar air heater
RPDPSAH Roughened plate dual-pass solar air heater
SAH Solar air heater
SPFPSAH Single-pass flat plate solar air heater
WMDPSAH Wire mesh dual-pass solar air heater
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Greek letters
α Absorptivity
τ Transmissivity
ε Emissivity
μ Dynamic viscosity of air (N s/m2)

ρ Density of air (kg/m3)

η Energy efficiency (%)
η f Fin efficiency (%)
σ Stefan–Boltzmann constant (W/m2 K4)

Subscripts

a Ambient
ab Absorber plate
abro Absorber plate with roughness
c Convection
c1 Cover-1
c2 Cover-2
f Fluid
f1 Fluid flow-1
f2 Fluid flow-2
i Inlet
o Outlet
r Radiation
wm Wire mesh

1 Introduction

Renewable energy sources are extensively used for heating,
cooling and drying applications in developing and developed
countries owing to rapidly increasing oil prices and increased
presence of greenhouse gases [1–3]. Solar air heater (SAH)
using air as working medium reduces the number of sys-
tem components required. Conventional SAHs mainly con-
sist of panel, insulated hot air duct and air blower in dynamic
systems. The panel consists of an absorber plate and trans-
parent cover that affects the SAH efficiency. Major heat
losses from conventional SAH are found to be top losses,
whereas heat losses from the bottom and the sides are neg-
ligible owing to adequate insulation. In order to minimize
the heat losses and to improve the efficiency, dual glassing
was recommended [4,5]. Few researchers suggested the dual-
pass mode to decrease the heat losses, enhancement in heat
transfer rate and efficiency without increasing the heater size
or cost [6–8]. In conventional SAH, the area available for
heat transfer is lesser than the projected area of the absorber
and becomes unnecessarily hot, leading to higher heat losses
[9]. The convective heat transfer rate in flow channel is aug-
mented by increasing the heat transfer surface area and tur-
bulence inside the channel [10–12]. Though the increase in
the absorber plate projected area enhances the heat transfer
rate, pressure drop across the heater and power consumption
also increases [13].

Different modifications were suggested and applied by
earlier researchers who employed various design and flow
arrangements to enhance the heat transfer rate between the
absorber plate and air. Yeh et al. [14] constructed a dual-
flow SAH (upper and lower) having similar flow area and
mass flow rate, reported better thermal efficiency. Naphon
and Kongtragool [15] built analytical models for flat plate
SAH with various flow configurations for predicting the
heat transfer rate and performance. Sahu and Bhagoria [16]
observed augmentation in heat transfer rate while employ-
ing transverse ribs on absorber plate. Karim and Hawlader
[17] attempted flat plate, finned and v-corrugated absorber
plate in single- and dual-pass SAHs analytically and experi-
mentally, who reported a better performance in v-corrugated
dual-pass SAH. Ozgen et al. [6] suggested passing the air
from above and below the absorber plate at the same time in
a dual-flow SAH. The performance investigation of single-
and dual-pass SAH with fins and steel wire mesh as absorber
was attempted by Omojaro and Aldabbagh [18].

Exergy investigation is a dominant tool in design, opti-
mization and performance evaluation of energy systems
[19,20]. Recently, several researchers have undertaken stud-
ies covering exergy investigation of SAHs. The energy and
exergy efficiencies of various flat plate SAHs were deter-
mined by Karsli [21], who opined that solar radiation and
construction of SAH dictate the efficiencies. Gupta and
Kaushik [22] optimized the performance parameters for
achieving maximum exergy delivery in flat plate SAH. Esan
[13] experimentally studied the energetic and exergetic effi-
ciencies of dual-flow SAH with and without obstacles under
broad variety of operating circumstances.

The objectives of this study were as follows: (1) to analyti-
cally and experimentally study the energy and exergy perfor-
mance of SAHs with various absorber plate geometries at var-
ied mass flow rates and solar intensities and (2) to develop an
economically feasible SAH considering efficiency increment
and power consumption increment. These objectives were
approached through a review of relevant literature, design,
construction and testing of various (flat, roughened, finned
and wire mesh) SAHs at steady state condition in a solar
simulator.

2 Analytical Analysis

The steady state energy balance analysis at various compo-
nents of the SPFPSAH, RPDPSAH, FPDPSAH and WMDP-
SAH is attempted for models shown in Figs. 1, 2, 3 and 4,
along with the different heat transfer coefficients at their sur-
faces. The assumptions made are as follows: (1) heat trans-
fer is steady and one-dimensional, (2) heat capacity effects
of covers, enclosed air and absorber plate are negligible, (3)
temperatures of the absorber plate and fluid flow are func-
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Fig. 1 Single-pass flat plate
solar air heater (SPFPSAH)

tions of the flow direction only, (4) there is no air leakage
from the flow channel, (5) physical properties of fluid and
materials are constant and (6) heat loss from edges of SAHs
is considered negligible.

2.1 Energy Balance Equations of SPFPSAH

The energy balance equations for cover-1, cover-2, fluid flow
and absorber plate of the SPFPSAH (Fig. 1) can be written
as below

Cover-1

αc1 I = (hw + hrc1a) (Tc1 − Ta)

+ (hcc1c2 + hrc1c2) (Tc1 − Tc2) (1)

Cover-2

αc2τc1 I = (hrc2c1 + hcc2c1) (Tc2 − Tc1) + hrc2ab (Tc2 − Tab)

+hcc2f1 (Tc2 − Tf1) (2)

Fluid flow-1

Qf1 = mcp (Tf1o − Tf1i) = Achcc2f1 (Tc2 − Tf1)

+Achcabf1 (Tab − Tf1) (3)

Absorber plate

αabτc1τc2 I = hrabc2 (Tab − Tc2) + hcabf1 (Tab − Tf1)

+hb (Tab − Ta) (4)

2.2 Energy Balance Equations of RPDPSAH

The energy balance equations for cover-1, cover-2, first- and
second-pass fluid flow, and absorber plate of the RPDPSAH
(Fig. 2) can be written as below

Cover-1

αc1 I = (hw + hrc1a) (Tc1 − Ta) + hrc1c2 (Tc1 − Tc2)

+hcc1f1 (Tc1 − Tf1) (5)

Fluid flow-1

Qf1 = mcp (Tf1o − Tf1i) = Achcc1f1 (Tc1 − Tf1)

+Achcc2f1 (Tc2 − Tf1) (6)

Cover-2

αc2τc1 I = hrc2c1 (Tc2 − Tc1) + hcc2f1 (Tc2 − Tf1)

+hrc2ab (Tc2 − Tab) + hcc2f2 (Tc2 − Tf2) (7)

Fluid flow-2

Qf2 = mcp (Tf2o − Tf2i) = Achcc2f2 (Tc2 − Tf2)

+Achcabrof2 (Tab − Tf2) (8)

Absorber plate

αabτc1τc2 I = hrabc2 (Tab − Tc2)

+hcabrof2 (Tab − Tf2) + hb (Tab − Ta) (9)

2.3 Energy Balance Equations of FPDPSAH

The energy balance equations for cover-1, cover-2, first- and
second-pass fluid flow, and absorber plate of the FPDPSAH
(Fig. 3) can be written as below

Cover-1

αc1 I = (hw + hrc1a) (Tc1 − Ta)

+hrc1c2 (Tc1 − Tc2) + hcc1f1 (Tc1 − Tf1) (10)

Fluid flow-1

Qf1 = mcp (Tf1o − Tf1i) = Achcc1f1 (Tc1 − Tf1)

+Achcc2f1 (Tc2 − Tf1) (11)

Cover-2

αc2τc1 I = hrc2c1 (Tc2 − Tc1) + hcc2f1 (Tc2 − Tf1)

+hrc2ab (Tc2 − Tab) + hcc2f2 (Tc2 − Tf2) (12)
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Fig. 2 Roughened plate
dual-pass solar air heater
(RPDPSAH)

Fig. 3 Finned plate dual-pass
solar air heater (FPDPSAH)

Fluid flow-2

Qf2 = mcp (Tf2o − Tf2i) = Achcc2f2 (Tc2 − Tf2)

+Achcabf2φ (Tab − Tf2) (13)

Absorber plate

αabτc1τc2 I = hrabc2 (Tab − Tc2) + hcabf2φ (Tab − Tf2)

+hb (Tab − Ta) (14)

where the dimensionless quantity φ and fin efficiency η f are
defined with collector surface area Ac and total surface area
of fins A f as

φ = 1 + (Af/Ac) ηf (15)

Af = 2nf Wf L f (16)

ηf = tanh (MWf)/MWf (17)

M = √
2hcabf/kst (18)

2.4 Energy Balance Equations of WMDPSAH

The energy balance equations for cover-1, cover-2, first and
second pass fluid flow, and absorber plate of the WMDPSAH
(Fig. 4) can be written as below

Cover-1

αc1 I = (hw + hrc1a) (Tc1 − Ta) + hrc1c2 (Tc1 − Tc2)

+hcc1 f 1 (Tc1 − Tf1) (19)

Fluid flow-1

Qf1 = mcp
(
T f 1o − T f 1i

) = Achcc1 f 1 (Tc1 − Tf1)

+Achcc2f1 (Tc2 − Tf1) (20)

Cover-2

αc2τc1 I = hrc2c1 (Tc2 − Tc1) + hcc2f1 (Tc2 − Tf1)

+hrc2ab (Tc2 − Tab) + hcc2f2 (Tc2 − Tf2) (21)
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Fig. 4 Wire mesh dual-pass
solar air heater (WMDPSAH)

Fluid flow-2

Qf2 = mcp (Tf2o − Tf2i) = Achcc2f2 (Tc2 − Tf2)

+ Achcabf2 (Tab − Tf2) + Awmhcwmf2 (Twm − Tf2) (22)

Absorber plate

αabτc1τc2 I = hrabc2 (Tab − Tc2) + hcabf2 (Tab − Tf2)

+hb (Tab − Ta) (23)

2.5 Heat Transfer Coefficient and Pressure Drop

The convective heat transfer coefficient (hw) from the cover-
1 to the ambience is calculated by the following expression
[23] to be valid for a wind speed range 0 ≤ Vw < 5 m/s

hw = 5.7 + 3.8 Vw (24)

where Vw is wind velocity of the ambient air (m/s).
The radiation heat transfer coefficient (hrc1a) from the

cover-1 to ambience is obtained as

hrc1a = σεc1

(
T 2

c1 + T 2
a

)
(Tc1 + Ta) (25)

The radiative heat transfer coefficients between the
absorber plate and cover-2 (hrabc2) and between cover-1 and
cover-2 (hrc1c2) are calculated by the formula of two infinite
parallel plates (i, j):

hri j = σ
(
Ti + Tj

) (
T 2

i + T 2
j

)
/
(
1/εi + 1/ε j − 1

)
(26)

where εi and ε j are the emissivities of the two surfaces.
The conduction heat transfer coefficient (hb) across the

insulation (assuming convection and radiation resistances
from bottom surface of insulation are negligible) is given
by [24]

hb = ki/ti (27)

Due to stagnated air prevailing in enclosure for parallel
plate between cover-1 and cover-2, natural convection heat

transfer coefficient (hcc1c2) for SPFPSAH is determined by
[24]

hcc1c2 = 1.25 (Tc2 − Tc1)
0.25 (28)

The forced convection heat transfer coefficient for the fluid
moving on the cover-2 and absorber plate is calculated by
[25]

hcc2f = hcabf = (k/Dh) 0.018 Re0.8 Pr0.4 (29)

where

Dh = 4H B/2 (H + B) (30)

The convective heat transfer coefficient (hcabrof) between
roughened surface and fluid is estimated by the following
correlation [26]

hcabrof = (k/Dh) 0.08596 (p/e)−0.054 (e/Dh)
0.072 Re0.723

(31)

where Re is the Reynolds number, defined as

Re = 2m/μ (B + H) (32)

The convective heat transfer coefficient (hcwmf) between
wire mesh and fluid is evaluated by [27]

hcwmf = (
JhcpGo

)
/Pr2/3 (33)

where

Jh = 0.647

[
1

n Pwm

(
pt

/
dw

)
]2.104

Re−0.55
p (34)

where Rep is the Reynolds number for the wire mesh channel
and is estimated by

Rep = 4rhGo/μ (35)

where rh and Go are the hydraulic radius for the wire mesh
channel and mass velocity of air, respectively, calculated by

rh = Pwmdw/4 (1 − Pwm), Go = m/Acs Pwm (36)
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The total pressure drop (	P) across the SAH is deter-
mined by

	P = 	Pchannel + 	Pbend (37)

The pressure drop (	Pchannel) across the flow channel is
estimated as

	Pchannel = 2ρ f LV 2/Dh (38)

where f is the friction factor in the channel with fins attached
to the absorber plate for turbulent flow and is calculated by
[28]

f = 0.079 Re−0.25 (39)

Roughened surface friction factor ( fro) is estimated by
the following correlation [26]

fro = 0.245 (p/e)−0.206 (e/Dh)0.243 Re−1.25 (40)

The pressure drop across (	Pchannel) the wire mesh chan-
nel can be determined from the following expression

	Pchannel = fwm LρV 2/2rh (41)

where friction factor in wire mesh ( fwm) is calculated by the
following correlation [27]

fwm = 2.484

[
1

n Pwm

(
pt

/
dw

)
]0.699

Re−0.44
p (42)

The pressure drop (	Pbend) for the 180◦ close return bend
may be calculated as

	Pbend = KρV 2/2 (43)

where K is the coefficient and has the value of 2.2 [29] for
the 180◦ close return bend.

2.6 Energy Analysis

The following expression is applied to evaluate the energy
output (Q) of the SAH [30]

Q = mcp (Tfo − Tfi) (44)

The energy efficiency (η) of the SAH is determined by

η = Q/Ac I (45)

2.7 Exergy Analysis

In the exergy analysis, pressure drop is considered, treating
air as perfect gas, kinetic and potential energy changes are
negligible, and the process is steady state and steady flow.
Figure 5 schematically shows the exergy flows in the SAH.
The general exergy balance can be expressed as [31]

I r = Exdest = Exloss = Exin − (Exfo − Exfi)

= Exin − Exout (46)

Fig. 5 Exergy flows in a solar air heater

where Exin is the exergy supplied to the SAH obtained by
[32]

Exin = (1 − (Tfi/Ts)) Qs (47)

where Ts is the source temperature (K) and Qs is the total
rate of the energy received by the absorber plate from the
source evaluated by [31]

Qs = αabτc1τc2 I Ac (48)

Exergy output (Exout) of the SAH can be calculated by
[33]

Exout = mcp (Tfo − Tfi − Ta ln (Tfo/Tfi))

− (m/ρ) 	P (Ta/Tfm) (49)

where Tfm is mean air temperature of inlet and outlet (◦C).
From Eqs. 46–49, the rate of irreversibility (Ir) in SAH is

obtained as

I r = (1 − (Tfi/Ts)) Qs − mcp (Tfo − Tfi − Ta ln (Tfo/Tfi))

− (m/ρ)	P (Ta/Tfm) (50)

The exergy efficiency (or) second law efficiency (ηex) can
be obtained as

ηex = Exout/Exin (51)

2.8 Analytical Calculation

In order to evaluate analytical value of energy and exergy
efficiency of various types of SAHs at different mass flow
rates and solar intensities, numerical calculations are per-
formed using collector configuration, system properties and
operating conditions. The works reporting numerical tech-
niques for determining the cover temperatures (Tc1 and Tc2),
absorber plate temperature (Tab) and fluid flow temperatures
(Tf1 and Tf2) are sparse. In the present work, the compo-
nent temperatures above the ambient temperature are ini-
tially chosen in order to determine the various heat trans-
fer coefficients using Eqs. 24–34, upon which all the above
parameters depend on and subsequently the new tempera-
tures of various components are determined by Gauss Seidel
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Fig. 6 Flow chart of the program

iteration method using energy balance Eqs. 1–4 (for SPF-
PSAH), Eqs. 5–9 (for RPDPSAH), Eqs. 10–14 (for FPDP-
SAH) and Eqs. 19–23 (for WMDPSAH). The flow chart of
the executed MATLAB program to obtain various parame-
ters is shown in Fig. 6. If the new temperatures differ more
than 0.01 % from their respective initial values, then the new
temperatures will be used as the assumed temperatures for
the next iteration and the process is repeated until an opti-
mum new temperature is obtained within ±0.01 % devia-
tion of their respective input values. In order to obtain the
energy efficiency (Eq. 45) and exergy efficiency (Eq. 51)
numerically, codes are developed in MATLAB 8.1 using
following operating and geometries parameters of SAH:
ti = 0.05 m, ki = 0.025 W/m K, εab = 0.94, εb = 0.94,
εc1 = 0.9, εc2 = 0.9, αab = 0.95, αc1 = 0.06, αc2 = 0.06,
τc1 = 0.84, τc2 = 0.84, I = 500, 550 & 600 W/m2, m =
0.01, 0.02, 0.03 & 0.04 kg/s, L = 2 m, B = 0.46 m, H =
0.025 m, σ = 5.67 × 10−8 W/m2 K4, Vw = 1.5 m/s, t =
0.00095 m, nf = 17, L f = 1.98 m, ks = 50.2 W/m K,
Wf = 0.025 m, dw = 0.0003 m, e = 0.0015 m, p =
0.015 m, Pwm = 0.9953, pt = 0.0025 m.

3 Experimental Setup and Procedure

The top plane of the collector (glass cover) is uniformly
heated by an incident radiation using solar simulator. An
indoor solar simulator test facility is photographically and
schematically shown in Figs. 7 and 8, respectively. In solar

Fig. 7 Photographic view of experimental setup

simulator, 20 halogen bulbs (each 300 W) are fixed on a
frame having similar area of the collector, placed 1 m above
the glass cover such that the utmost average radiation of
645 W/m2 is attained at full load conditions. During experi-
mentation, incident radiation was adjusted by the input power
to the bulbs, being controlled by two AC variacs (4.5 kW
each). The incident radiation was measured at the surface of
the glass cover by using solarimeter (KIMO SL-100) cali-
brated by a standard pyranometer.

The single-pass flat plate and dual-pass SAHs with rough-
ness, fins and wire mesh are schematically illustrated in
Figs. 1 and 2, 3 and 4, respectively. In single-pass SAH,
air passes between absorber plate and cover-2, whereas in
dual-pass SAH, air passes between cover-1 and cover-2 and
then flows between the absorber plate and cover-2. The SAHs
consist of the two glass covers, absorber plate and an insu-
lated container. Normal window glass (4 mm thickness) was
used as glazing, and the absorbers were constructed using
black-painted low carbon steel. The dimensions of all the
SAH absorber plates were maintained as 2 m, 0.46 m and
1 mm (length, width and thickness, respectively). Roughened
absorber surface was fabricated with a mild steel wire of
diameter (e) 1.5 mm and pitch (p) 15 mm (Fig. 9a). Finned
absorber surface is fabricated with 17 longitudinal fins made
of mild steel whose dimensions are 1.98, 0.025 and 0.001 m
(length, height and thickness), respectively (Fig. 9b). Dis-
tance between the two adjacent fins is 0.025 m. Steel wire
mesh (0.3 mm diameter) consists of 2.5 mm × 2.5 mm in
cross-sectional opening. Single layer wire mesh painted with
black is assembled in a transverse v-corrugated shape whose
angle and height are 60◦ and 2.5 cm, respectively (Fig. 9c).
The depth of each flow channel of SAHs is 2.5 cm and
wrapped with polystyrene to curtail the losses to the ambi-
ence.

A variable speed centrifugal blower, capable of delivering
a 180 m3/h, is employed to suck the air through the SAH.
The flow rate was maintained by varying the blower speed
using AC variac (1.5 kW). Forced convection was generated
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Fig. 8 Schematic line diagram
of the experimental setup with
solar simulator

Fig. 9 Schematic diagram of
various absorber plate
configurations
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around the SAH with a velocity of 1.5 m/s by an electri-
cal fan (60 W). The absorber plate temperature and inlet and
outlet temperatures of air are measured employing calibrated
copper–constantan thermocouples (T-type) with digital tem-
perature indicator. The velocity of flowing air is measured by
hot wire anemometer (KIMO VT100), and the pressure drop
across the SAH was measured by digital manometer (HT-
1891). The steady state inlet and outlet temperatures of air
and absorber plate temperatures were noted. The mass flow
rate and solar intensity of SAH were varied from 0.01 to
0.04 kg/s and 500 to 600 W/m2, respectively, and the results
are reported.

4 Uncertainty Analysis

Uncertainty analysis is a dominant tool, in planning and
design of experiments. An uncertainty estimated quantity,
Y depends on independent variables such as x1, x2 . . . xn . The
errors in the independent variables are (∂x1/x1) , (∂x2/x2) . . .

(∂xn/xn), and then, the uncertainty of dependent variable Y
is calculated by [17]

∂Y/Y =
[
(∂x1/x)2 + (∂x2/x2)

2 . . . (∂xn/xn)2
]0.5

(52)

The maximum possible errors in various measured inde-
pendent variables, namely inlet and outlet temperatures of
air, velocity of air, solar intensity and pressure in the chan-
nel, are estimated from the maximum values of output and
accuracy of the instrument. In this study, accuracy of instru-
ments, viz. T-type thermocouple 0.1 ◦C, hot wire anemome-
ter ±3 %, digital manometer ±0.3 % and solarimeter ±1 %,
was used. From the above measured independent variables,
energy efficiency and mass flow rate were calculated. Equa-
tion for energy efficiency is

η = mcp (Tfo − Tfi)/Ac I (53)

In Eq. 53, if Ac and cp are considered constants, Eq. 53 is
modified as

η = f (Tfo, Tfi, I, m) (54)

Equation for mass flow rate is

m = ρ AV (55)

As density of air ρ is dependent on pressure pr and tem-
perature T , following relationship can be estimated

m = f (V, T, pr) (56)

From Eq. 52, the uncertainty of mass flow rate can be
obtained as

∂m/m =
[
(∂pr/pr)

2 + (∂V /V )2 + (∂T /T )2
]0.5

(57)

Similarly, the uncertainty of energy efficiency can be writ-
ten as

∂η/η =
[
(∂m/m)2 + (∂Tfo/Tfo)2 + (∂Tfi/Tfi)2 + (∂ I/I )2

]0.5

(58)

The uncertainties of dependent variables, viz. mass flow
rate of air and energy efficiency, were calculated by Eqs. 57
and 58, respectively. Using these equations, estimated uncer-
tainty values of mass flow rate and energy efficiency were
±3.18 % and ±3.55 %, respectively.

5 Statistical Analysis

The root mean square percent deviation (q) is evaluated to
compare the analytical and experimental results, using the
following expressions [34]

q =
√

� (qi )
2/N (59)

qi = [(Ei − Fi )/Ei ] × 100 (60)

where Ei is the experimental data, Fi is the theoretical data,
and N is the number of experiments.

6 Relative Energy Efficiency Increment

The relative efficiency increment of RPDPSAH (ERPDPSAH),
FPDPSAH (EFPDPSAH) and WMDPSAH (EWMDPSAH) is
defined relative to SPFPSAH as [35]

ERPDPSAH = (ηRPDPSAH − ηSPFPSAH)/ηSPFPSAH (61)

EFPDPSAH = (ηFPDPSAH − ηSPFPSAH)/ηSPFPSAH (62)

EWMDPSAH = (ηWMDPSAH − ηSPFPSAH)/ηSPFPSAH (63)

in which ηSPFPSAH, ηRPDPSAH, ηFPDPSAH and ηWMDPSAH

denote the energy efficiencies of SPFPSAH, RPDPSAH,
FPDPSAH and WMDPSAH, respectively.

7 Relative Power Consumption Increment

The necessary instantaneous fan power required (U ) for forc-
ing a certain rate of air through the SAH is calculated by [36]

U = Fflow/ηfanηmotor (64)

where ηfan and ηmotor are fan and motor efficiencies, respec-
tively

The pumping power (Fflow) is estimated by the following
relation [28]

Fflow = m	P/ρ (65)

The relative power consumption increment of RPDP-
SAH (PRPDPSAH), FPDPSAH (PFPDPSAH) and WMDPSAH
(PWMDPSAH) is defined with respect to SPFPSAH as [24]
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PRPDPSAH = (URPDPSAH − USPFPSAH)/USPFPSAH (66)

PFPDPSAH = (UFPDPSAH − USPFPSAH)/USPFPSAH (67)

PWMDPSAH = (UWMDPSAH − USPFPSAH)/USPFPSAH (68)

where USPFPSAH, URPDPSAH, UFPDPSAH and UWMDPSAH

represent the power consumption for SPFPSAH, RPDPSAH,
FPDPSAH and WMDPSAH, respectively.

8 Results and Discussion

The energy and exergy performance of the SPFPSAH,
RPDPSAH, FPDPSAH and WMDPSAH was investigated
analytically and experimentally at constant wind velocity
(Vw = 1.5 m/s), varied mass flow rate (0.01–0.04 kg/s) and
solar intensities (500–600 W/m2). Figure 10 shows the tem-
perature rise of air versus mass flow rate of air for WMDP-
SAH, FPDPSAH, RPDPSAH and SPFPSAH. The temper-
ature rise of air decreases with mass flow rate of air for
all attempted SAHs and is consistent with Velmurugan and
Kalaivanan [31]. The heat removal capacity of air enhances
with mass flow rate and consequently absorber plate temper-
ature decreases. As seen from the Fig. 10, the temperature
rise of air of WMDPSAH (both enhanced turbulence and heat
transfer area) is higher than that of FPDPSAH (enhanced
heat transfer area), than that of RPDPSAH (enhanced tur-
bulence) and also than that of SPFPSAH (without enhanced
turbulence and heat transfer area). Augmented turbulence
and heat transfer area contribute to the higher temperature
rise of air for WMDPSAH. Moreover, the temperature rise
of air for dual-pass SAHs is higher than single-pass SAH
due to the preheating of the air through the first pass and then
reheating in the second pass. The highest temperature rise
of air obtained in this study is 25.2 ◦C for WMDPSAH at
m = 0.01 kg/s.

Fig. 10 Variation of temperature rise of air with mass flow rate

Fig. 11 Variation of energy efficiency with mass flow rate

Figure 11 shows the variation of energy efficiency with
mass flow rate for WMDPSAH, FPDPSAH, RPDPSAH
and SPFPSAH. Experimental result shows that energy effi-
ciency of all four SAHs increases with mass flow rate
as the heat transfer rate between absorber plate and flow-
ing air is more and reduced energy losses to ambience as
reported by Karim and Hawlader [17]. It is clear from Fig. 11
that the WMDPSAH is more efficient than FPDPSAH,
RPDPSAH and SPFPSAH. Experimental results proved
that WMDPSAH is 13.71–22.86 %, 9.47–12.37 % and 5.44–
8.29 % more efficient than SPFPSAH, RPDPSAH and FPDP-
SAH, respectively. The introduction of wire mesh in WMDP-
SAH increases the effective heat transfer area per unit vol-
ume of packed (wire mesh) channel, and therefore, the vol-
umetric heat transfer coefficient between wire mesh and air
increases to result in higher energy efficiency. Further, in
WMDPSAH, not only the absorber plate but also the wire
mesh works as the absorber of solar radiation. Therefore, the
heat energy due to absorption of solar radiation is distributed
over the wire mesh and absorber plate, which is dissipated
more effectively to the flowing fluid on account of very large
surface area compared with FPDPSAH, RPDPSAH and SPF-
PSAH. In addition, the dual-pass SAHs energy efficiencies
are higher than single-pass SAH following the reduction in
the heat losses from the top cover (preheating of air). Due to
the above reasons, energy efficiency in case of packed (wire
mesh) SAH is better than other variants. In this study, maxi-
mum energy efficiency of 76.46 % is obtained at m = 0.04
kg/s for WMDPSAH. The statistical expressions for efficien-
cies of SPFPSAH, RPDPSAH, FPDPSAH and WMDPSAH
are determined using linear regression statistical technique
employing least square fitting of the experimental data given
by

ηSPFPSAH = 710.2X + 26.67 (69)
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Fig. 12 Variation of exergy output with mass flow rate

ηRPDPSAH = 919.7X + 28.63 (70)

ηFPDPSAH = 920.4X + 33.31 (71)

ηWMDPSAH = 1017.2X + 38.43 (72)

It is observed from Figs. 10 and 11 that analytical and
experimental values are in fairly good agreement with each
other. The root mean square percent deviations (Eq. 59)
between analytical and experimental results are 7.4 % (for
SPFPSAH), 6.7 % (for RPDPSAH), 6.6 % (for FPDPSAH)
and 6.1 % (for WMDPSAH). The deviations between exper-

imental and analytical results are due to uncertainties in the
correlations used in calculating various heat transfer coeffi-
cients. Heat capacities of glass covers and absorber plate are
not considered in the analytical analysis this being another
source for deviation.

From Fig. 12, it is evident that the exergy output decreases
with mass flow rate for all SAHs as the temperature rise
of air is lower at higher mass flow and is consistent with
Sun et al. [33]. The maximum exergy output for SPFPSAH,
RPDPSAH, FPDPSAH and WMDPSAH is determined as
32.27, 40.96, 48.04 and 58.82 W, at m = 0.01 kg/s. Gupta
and Kaushik [22] proved that the maximum exergy output is
achieved at lower mass flow rate. WMDPSAH yields higher
exergy output for all mass flow rates (Fig. 12) than FPDP-
SAH, RPDPSAH and SPFPSAH following more quality of
energy transfer between absorber plate and air. The root mean
square percent deviations (Eq. 59) between analytical and
experimental results of exergy output are 13.5 % (for SPFP-
SAH), 12.3 % (for RPDPSAH), 11.9 % (for FPDPSAH) and
9.9 % (for WMDPSAH).

When the mass flow rate is increased, energy effi-
ciency increases, while the second law efficiency decreases
for WMDPSAH, FPDPSAH, RPDPSAH and SPFPSAH
(Fig. 11; Table 1). Second law efficiencies were observed
to be maximum at lower mass flow rate (m = 0.01 kg/s),
whereas energy efficiencies reach maximum value at higher
mass flow rate (m = 0.04 kg/s) due to quality of energy trans-
fer is higher at lower mass flow rate and quantity of energy
transfer is maximum at higher mass flow rate. Further, the

Table 1 Exergy analysis of SAHs with varied geometries at I = 600 W/m2

Solar air heaters Mass flow
rate (kg/s)

Exergy inlet
(Exin) (W)

Exergy outlet
(Exout) (W)

Irreversibility
(Exdest) (W)

Exergy loss (%) Second law
efficiency (%)

Exp. Ana. Exp. Ana. Exp. Ana. Exp. Ana. Exp. Ana.

FPSPSAH 0.01 257.8 257.8 32.3 31.6 225.5 226.2 87.48 87.75 12.52 12.25

0.02 257.5 257.5 30.1 26.9 227.4 230.6 88.30 89.54 11.70 10.46

0.03 257.8 257.8 28.5 24.3 229.4 233.5 88.96 90.56 11.04 9.44

0.04 257.6 257.6 25.5 20.3 232.2 237.4 90.12 92.11 9.88 7.89

RPDPSAH 0.01 258.2 258.2 40.9 38.6 217.2 219.6 84.14 85.04 15.86 14.96

0.02 258.2 258.2 39.7 36.9 218.5 221.2 84.62 85.68 15.38 14.32

0.03 258.3 258.3 38.5 34.2 219.7 223.9 85.10 86.74 14.90 13.26

0.04 258.1 258.1 36.1 29.7 222.1 228.3 86.05 88.48 13.95 11.52

FPDPSAH 0.01 257.7 257.7 48.1 44.5 209.7 213.2 81.36 82.73 18.64 17.27

0.02 257.8 257.8 46.8 42.3 210.9 215.5 81.83 83.61 18.17 16.39

0.03 257.8 257.8 43.7 38.2 214.1 219.6 83.03 85.17 16.97 14.83

0.04 257.9 257.9 39.7 33.3 218.1 224.5 84.58 87.07 15.42 12.93

WMDPSAH 0.01 257.5 257.5 58.8 54.2 198.7 203.3 77.16 78.94 22.84 21.03

0.02 257.3 257.3 57.3 53.2 200.1 204.1 77.74 79.34 22.26 20.66

0.03 257.4 257.4 54.5 49.1 202.9 208.4 78.83 80.93 21.17 19.07

0.04 257.5 257.5 46.8 40.5 210.6 217.1 81.80 84.29 18.20 15.71
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Fig. 13 Variation of temperature rise of air with solar intensity

Fig. 14 Variation of energy efficiency with solar intensity

analytical and experimental exergy loss or irreversibility of
WMDPSAH is lower than FPDPSAH, RPDPSAH and SPF-
PSAH for all attempted mass flow rates (Table 1).

Figure 13 shows that the temperature rise of air increases
with radiation intensity for all SAHs. It is evident that the
WMDPSAH is more effective in increasing the temperature
rise of air compared with SPFPSAH, RPDPSAH and FPDP-
SAH at all solar intensities owing to more efficient absorption
of radiation and heat transfer between absorbing surface and
air inside the WMDPSAH. Figure 14 compares the analytical
and experimental energy efficiency for SPFPSAH, RPDP-
SAH, FPDPSAH and WMDPSAH at varied solar intensity
(I = 500–600 W/m2). WMDPSAH exhibits better energy
efficiency than SPFPSAH, RPDPSAH and FPDPSAH at dif-
ferent solar intensities. Also, it can be seen that radiation
intensity has tiny effect on the energy efficiencies of all SAHs

Fig. 15 Variation of exergy output with solar intensity

considered in this study. The root mean square percent devia-
tions (Eq. 59) between analytical and experimental results of
temperature rise of air and energy efficiency are 11.2 % (for
SPFPSAH), 8.6 % (for RPDPSAH), 8.3 % (for FPDPSAH)
and 8.2 % (for WMDPSAH).

Figure 15 shows the influence of solar intensity on the
exergy output for SPFPSAH, RPDPSAH, FPDPSAH and
WMDPSAH. It was revealed from Fig. 15 that the exergy out-
put increases with solar intensity for all conditions owing to
increase in the absorber plate temperature and consequently,
higher the quality of energy transfer to the air. WMDPSAH
exhibits more exergy output than SPFPSAH, RPDPSAH and
FPDPSAH for all solar intensities (Fig. 15). The root mean
square percent deviations (Eq. 59) between analytical and
experimental results of exergy output are 14.8 % (for SPFP-
SAH), 15.1 % (for RPDPSAH), 12.8 % (for FPDPSAH) and
13.1 % (for WMDPSAH).

The variations of pressure drop in each SAH with mass
flow rate are given in Fig. 16. When mass flow rate increases,
flow velocity increases and consequently pressure drop
increases in all conditions (Fig. 16). The maximum pres-
sure drops were 34.6 N/m2 in WMDPSAH, 28.2 N/m2 in
FPDPSAH, 26.4 N/m2 in RPDPSAH and 6.8 N/m2 in SPF-
PSAH for m = 0.04 kg/s. It is obvious that the pressure drop
through the WFDPSAH is considerably higher than FPDP-
SAH, RPDPSAH and SPFPSAH due to the increased friction
while employing wire mesh and 180◦ close return bend. El-
khawajah et al. [37] studied the performance of dual-pass
SAH with wire mesh and transverse fins in the second chan-
nel and opined that pressure drop increases with mass flow
rate and is in agreement with this study. The root mean square
percent deviations (Eq. 59) between analytical and exper-
imental results of pressure drop are 8.1 % (for SPFPSAH),
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Fig. 16 Variation of pressure drop with mass flow rate

Fig. 17 Variation of E/P ratio with mass flow rate

4.7 % (for RPDPSAH), 4.9 % (for FPDPSAH) and 2.9 % (for
WMDPSAH).

Figure 17 schematically illustrates the economic analysis
of RPDPSAH, FPDPSAH and WMDPSAH by considering
(E/P)RPDPSAH, (E/P)FPDPSAH and (E/P)WMDPSAH with
respect to mass flow rate of air. The value of (E/P)RPDPSAH,
(E/P)FPDPSAH and (E/P)WMDPSAH increases up to m =
0.02 kg/s and then decreases with increasing mass flow
rate owing to larger power consumption increment. An eco-
nomic mass flow rate of 0.02 kg/s is obtained in this study.
The WMDPSAH is more economical than RPDPSAH and
FPDPSAH due to the higher ratio of useful energy gain
enhancement to power consumption increment at varied mass
flow rate of air. The root mean square percent deviations
(Eq. 59) between analytical and experimental results of E/P
are 10.29 % (for RPDPSAH), 10.29 % (for FPDPSAH) and
10.07 % (for WMDPSAH).

9 Conclusion

This paper presents the analytical and experimental results
of four different models of SAHs. The temperature rise of
air decreases, whereas the energy efficiency increases with
increasing mass flow rate of air. For WMDPSAH, a maxi-
mum efficiency of 76.46 % is obtained at m = 0.04 kg/s.
The highest temperature rise of air obtained from this study
is 25.2 ◦C for WMDPSAH at m = 0.01 kg/s. The intro-
duction of v-corrugated wire mesh layer in the second pass
of dual-pass mode creates turbulence intensity, enlarges the
heat transfer area, increases the path length and reduces the
top heat losses from the covers, thereby enhancing energy
efficiency and temperature rise of air. The exergy output
decreases and pressure drop increases with mass flow rate of
air. The WMDPSAH exhibits better exergy output and higher
pressure drop than other conditions. In addition, the temper-
ature rise of air and exergy output increases with solar inten-
sity (500–600 W/m2), whereas energy efficiency is almost
constant for all experimental conditions. The WMDPSAH is
economically feasible compared with RPDPSAH and FPDP-
SAH. The analytical and experimental results are in fairly
good agreement.
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