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Abstract

The present work seeks to address the forced convection heat transfer behaviour of a double-pass solar air heater system
(DPSAHS) provided with asymmetric channel flow configuration used for solar drying of agro-products. Outdoor
experiments were performed on a DPSAHS having a constant channel depth ratio of 1.5. Thermal response of the DPSAHS
under different influencing parameters such as flow rate, channel depth, and thermophysical properties of the working fluid
was experimentally determined. The influence of ambient parameters such as solar intensity, ambient temperature, wind
speed, and relative humidity on the thermodynamic behaviour of the DPSAHS was also investigated. Among which, solar
intensity and ambient temperature were found to be the major parameters influencing the energy and exergy efficiency
followed by wind speed. Relative humidity was found to have the least percentage contribution towards the thermal
characteristics of the system. Overall thermal efficiency and exergy efficiency were found to vary in the range of 20-41%
and 5.6-18% at two different mass flow rates of 0.02 kg s~' and 0.03 kg s~ ', respectively. The results also inferred that
the influence of thermophysical property variation on the thermodynamic performance depends upon the operating tem-
perature range and on the nature of working fluid. Air temperature in the lower channel was found to be an average 3 °C
higher than that of upper channel passage corresponding to two different mass flow rates. Hence, the thermodynamic
behaviour of DPSAHS was found to be strongly influenced by the variation in channel depth, ambient parameters, and
mass flow rate. The obtained experimental results were also compared with the available literatures.
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€ Product of transmittance—absorptance
1 Dynamic viscosity (Pa s)

p Density (kg m™)

¢ Stefan—Boltzmann constant

T Transmissivity

n  Efficiency

Subscripts

a Ambient

avg Average
Bottom plate

Collector
Edge

en  Entry

ext Exit

f Fluid

g Glazing cover

ins  Insulation
p Absorber plate

s Sun or sides
w Wind
1 Overall energy analysis

11 Exergy analysis

Introduction

Solar air heating systems are getting wide acceptance in
domestic as well as commercial applications in the recent
times. These systems are simple in design, cost-effective,
flexible for design improvements and have reasonable good
performance efficiency. Over the last many decades, sev-
eral authors presented vast amount of literatures stating the
advantageous of solar air heaters (SAH). Suzuki [1] dis-
cussed a general form of theoretically based exergy anal-
ysis rooting from the fundaments concepts and applicable
to solar air collector systems. Hossein et al. [2] developed
an integrated mathematical model relating optical and
thermal parameters to analyse the exergetic characteristics
of a single-pass air heater system. The results concluded
that the exergy analysis was superior to optimize the per-
formance  than conventional energy analysis.
Hernandez et al. [3] developed two analytical models to
evaluate the performance of a double-pass solar air heater
system based on two flow configurations. Thermal perfor-
mance of a double-pass parallel and counter-flow systems
were analysed. Velmurugan and Kalaivanan [4] developed
an analytical model to compute the energy and exergy
efficiencies of a multi-pass solar air heater system. The
obtained result agreed with the previous literature findings,
and established the significance of provision of multi-pass
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configurations to improve the overall efficiency of the air
heater system.

Hollands and Shewen [5] analysed the effect of geom-
etry of the flow channel passages on the overall heat
transfer coefficient in solar air heating systems. The results
inferred that, as the channel length becomes shorter
(< 1 m), there was a maximum improvement in heat
transfer coefficient. Verma et al. [6] developed a mathe-
matical model to study the effect of channel depth and flow
rate on different air heater configurations. The analysis
revealed that double-pass air heater with single glazing
cover yielded better performance. Mortazavi and Ameri [7]
based on two configurations (conventional flat plate as well
as one with a provision of a thin metal sheet) performed
conventional as well as advanced exergetic analysis. The
effect of parameters such as solar intensity, channel depth,
and Reynolds number on the exergy annihilation was
analysed. Gupta and Kaushik [8] presented a detailed
performance and parametric investigation on a conven-
tional flat plate solar air collector. The effect of optimum
channel depth and aspect ratio of the solar collector on the
maximum efficiency of the system was theoretically eval-
uated. The results concluded that the channel depth had a
significant effect on the performance of solar collector
system. An analytical formulation was developed to opti-
mize the channel geometry of conventional solar air col-
lectors by Hegazy [9]. Based on the results obtained, an
optimum depth to length ratio (D/L) was proposed for flat
plate SAH systems. Sun et al. [10] performed a CFD-based
analysis to evaluate the performance of various configu-
ration of SAH system with different channel depths. The
obtained results concluded that the ratio of upper to lower
channel depths in SAH should be a minimum value of one.
Kalogirou et al. [11] presented a brief review on exergy
analysis and its significance in performance evaluation and
optimization of solar collectors in a wide variety of
applications solar drying, energy storage, hybrid systems,
power generation, etc.

The literature cited above states the conventional ther-
modynamic analysis performed over solar air heater sys-
tems based on analytical and numerical models. In the
present work, an attempt was made to compute the energy
and exergy of a double-pass solar air heater system using a
fabricated novel experimental test facility comprising of
asymmetric channel flow passages. Outdoor experiments
were performed at NIT Calicut. The dependence on
DPSAHS performance characteristics on the account of
various influencing parameters was elaborately discussed.
A detailed parametric study was also conducted to under-
stand the effect of ambient conditions on the thermal
behaviour of DPSAHS. Design modifications were also
suggested for the fabricated DPSAHS for its overall
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performance improvement, based on the obtained experi-
mental results.

Experimental study
Geographical location

The south Indian peninsular state of Kerala lies in the
tropical zone and the northern parts of this state receive a
monthly average of 6.25 kWh m~> day~" of solar radia-
tion, even during the winter months of November and
December. An annual average of 2344 sunshine hours was
recorded based on the previous year’s data analysed. The
experimental setup was installed at the Solar Energy Centre
under the Department of Mechanical Engineering at NIT
Calicut (latitude: 11.32°N, longitude: 75.93°E). The
ambient temperature varied in the range of 22-34 °C and
an average wind speed of 10 km h™' was recorded at this
location. A minimum of three experimental trials were
carried out to ensure the accuracy of each of the obtained
experimental results.

Test facility

A double-pass solar air heater system (DPSAHS) consists
of a single glazing (transparent) cover made of 4 mm thick
common glass cover, an absorber plate made of 1 mm thick
copper sheet, a bottom plate made of 0.46 mm thick G.I.
sheet and double-channel passages of distinct depths. The
absorber and the bottom plate is painted black to ensure
maximum absorption of the transmitted radiation from the
glazing cover. It is to be noted that both surfaces are flat
and no roughness geometries or fins are incorporated to
enhance the thermal performance of the described system.

Figure 1 represents the schematic diagram of the
experimental test system. A divergent section is provided at
the upstream end of the upper channel passage (rectangu-
lar) to ensure the uniformity of flow throughout the system.
In addition, a convergent section is provided at the
downstream end of the passage to facilitate easier flow exit
from the DPSAHS. Table 1 describes the geometrical
configuration of the various components as described. A
single inlet centrifugal air blower with 1H.P. capacity and
2800 rated rpm is used to drive the ambient air inside the
DPSAHS. The air blower is then connected to the
DPSAHS through an orifice meter, U-tube manometer and
a manually operated gate valve. The pressure variation
across the orifice is measured using a U-tube manometer.
In order to control the mass flow rate of air into the
DPSAHS, a manual gate valve is used. To ensure maxi-
mum solar incidence over the collector surface, a tilt angle
of 10.18° with respect to horizontal [12] is provided to the

overall system and is installed facing south. All the three
sides (namely, bottom, left and right surfaces) of the
DPSAHS are thermally insulated using 50 mm thick
polyurethane foam (PUF). Table 2 lists out the component-
wise optical parameters of the overall system used for the
present analysis.

Instrumentation

An air blower (I H.P, 2800 rpm) is used to drive the
ambient air through the solar air heater asymmetric channel
passages. Mass flow rate is varied using a manually oper-
ated gate valve. A differential U-tube manometer with
water as the manometric fluid connected at an optimum
entrance length (upstream to the blower) is used to measure
the variation in flow rate. In addition, the differential
pressure measurements are computed with the help of a
differential manometer provided at the inlet and outlet ends
of the DPSAHS. The average value of coefficient of dis-
charge (Cy) of the orifice meter after calibration is found to
be 0.64.

Instantaneous solar radiation incident over the collector
surface is recorded using an industrial standard pyra-
nometer with a nominal accuracy of =5 W m~2. The
ambient temperature, wet bulb temperature, dew point
temperature, and relative humidity are monitored and
recorded using a weather station installed at the Solar
Energy Centre of NIT Calicut. The nominal accuracy of the
listed parameters in the weather station is + 0.5 °C for
temperatures and £ 3% for relative humidity. The ambient
wind speed is measured using a cup-type anemometer
integrated within the weather station. The nominal accu-
racy of the anemometer is in the range of & 1 m s .
Temperature sensors (K-type thermocouples) with an
accuracy of = 0.5 °C are positioned at eighteen different
locations within the DPSAHS, as shown in Fig. 2. The
outlet velocity of the air mass from the DPSAHS is also
measured with a vane-type anemometer having a nominal
accuracy of & 0.01 m s~'. All the measurements are fre-
quently monitored and recorded every minute in the com-
puter database using a data logging system (Envada,
16-channel data logger).

Experimental procedure

A major challenge faced during the design and fabrication
of the described DPSAHS was to obtain a leak-proof
working model for carrying out the present analysis. Using
simple conventional methods, a leak test was performed
and the constructed model was found to be satisfactory to
carry out the present experimental analysis. Experiments
were carried out during the months of November and
December 2017. The obtained data were used to compute
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Thermocouple connections

Fig. 1 Schematic representation of experimental setup

Table 1 Description of the geometrical features of various
components
Parameter Dimensions/mm

1380 x 650 x 4
1250 x 670 x 1
1500 x 670 x 0.46
1500 x 670 x 150
1500 x 670 x 100

Glazing cover
Absorber plate

Bottom plate

Upper channel passage
Lower channel passage

Table 2 Optical properties of various components of the test facility

(7]

Optical parameters Values
Emissivity of glass, & 0.88
Emissivity of absorber, ¢, 0.95
Emissivity of bottom plate, &, 0.95
Absorptivity of absorber surface, o, 0.95
Transmissivity of glazing cover, 7, 0.92

the thermodynamic efficiencies (#; and #y;) of the DPSAH
test facility. The experiments performed within the
DPSAHS were entirely based on the test standards sug-
gested by ASHRAE [13]. The experimental investigation
was performed corresponding to two different mass flow
rates of 0.02 kg s™' and 0.03 kg s™', respectively. For
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Adsorber plate

Divergent section

U-tube
manometer

Flow control

Air outlet

Air inlet

each variation in flow rate, the experiments were performed
consecutively, until a minimum of 3 days with relat-
able ambient environmental conditions was obtained.
Among which, 2 days of experimental data (6th December,
2018 and 8th December, 2018) with relatable meteorolog-
ical conditions (mainly, solar intensity, ambient tempera-
ture, wind speed and relative humidity) was selected for
comparison, corresponding to both flow rates. All the
measurements are monitored and recorded as explained in
Sect. 2.3. The experiments were started from 7:00 am and
continued up to 17:00 pm (IST). However, the data
recorded between 8:00 am to 17:00 pm were used for the
present analysis. A one-hour time gap was initially pro-
vided to allow the preheating of various components
enclosed within the overall DPSAHS.

Uncertainty analysis

In order to assure the accuracy of the obtained results from
the experiments performed on the DPSAHS, an uncertainty
analysis was carried out. The deviation of the measured
data from the true value can be either due to the sensi-
tiveness of the measuring equipment is used or may be due
to the measurement errors. Detailed descriptions of nomi-
nal accuracies of various instruments are reported in
Sect. 2.3. The factors which influence the performance of
the overall system includes solar intensity, ambient tem-
perature, wind speed, mass flow rate and the temperature
gained by the air mass. Based on a linearized fractional
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Fig. 2 Location of temperature sensors within the DPSAHS

approximation, the uncertainties associated with air flow
rate, energy gained, overall efficiency and exergy effi-
ciency are calculated using the following Egs. (1)-(4) as
described.

Wi WVae : wr, : Wwp, 2

) () () "
wq [ wa\2, [(w, 2 fwna\’ )
T G () +(5) @
w wm\2  /w 2 rwg\ 2

) () () 8
() () () )
N m T; Tout T, Ap G

(4)

It can be noted that the factors influencing both energy
and exergy efficiencies are obtained based on Egs. (41) and
(52), given in Sect. 4. The results obtained indicate that the
uncertainties associated with temperature, air mass flow
rate, overall and exergy efficiencies were 0.0215, 0.0376,
0.0762, and 0.0842, respectively. Table 3 describes the

Table 3 Uncertainties associated with output parameters

Parameters Range Uncertainty/%
Temperatures (Ti, and Toy) 28-51 + 2.15
Mass flow rate 0.015-0.03 + 3.76
Overall efficiency 2041 + 7.62
Exergy efficiency 5-18 + 8.42

operating range and the corresponding uncertainties
attributed with each parameter.

Modelling of solar air heaters

In the present analysis, it is mandatory to understand the
effect of ambient parameters such as ambient temperature,
solar intensity, wind speed, and relative humidity on the
overall thermodynamic characteristics of DPSAHS. Para-
metric response of the system due to variation in these
ambient environmental conditions is studied using tools
such as artificial neural network (ANN) and analysis of
variance (ANOVA). A detailed description of these tech-
niques is provided in this section.

Artificial neural network (ANN)

ANN tool makes use of experimental observations to for-
mulate prediction models by adopting training and learning
strategy. Thermal responses of the DPSAHS such as
overall thermal efficiency and exergy efficiency were
found to be affected by ambient factors such as solar
intensity, ambient temperature, wind speed and relative
humidity. These ambient factors were chosen as the input
network parameters whereas the thermal efficiency and the
exergy efficiency were considered to be the output (re-
sponse) parameters. Experiments were conducted during
the selected period of 25 days in the months of November
and December in 2017. To train the ANN network, four
hundred and sixty-four data sets obtained per day from the
experiments were utilized. The predicted values were then
compared with the experimental observations obtained
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under clear sky conditions (06.12.2017 and 08.12.2017) to
test the accuracy of the developed ANN model network.
A feed-forward back propagation (FFBP) algorithm is
the most widely used ANN algorithm for modelling of
solar air heater system [14-16]. Hence, FFBP algorithm
with 25 hidden neurons in the hidden layer, four neurons in
the input layer and two neurons in the output layer was
used for the present analysis. Figure 3 shows the ANN
network architecture used for the present analysis. The
number of hidden neurons is optimized using Eq. (5) [17].

Number of hidden neurons

= 0.5(input neurons -+ output neurons) (5)

+ /No of training data

For the present experimental analysis, ANN tool was
only used to obtain the required outputs to perform the
ANOVA analysis. ANN modelling was performed in
MATLAB® using NN toolbox. Several combinations of
training variants namely, LM (Lavenberg—Marguardt),
SCG (Scaled Conjugate Gradient) and CGP (Conjugate
Gradient Pola—Ribiere) along with activation functions
such as Log-Sigmoidal and Tan-Sigmoidal were used for
developing different ANN models. On the basis of the
statistical parameters such as coefficient of determination
(R?), root mean square error (RMSE) and coefficient of
variance (COV), it was found that FFBP algorithm with
LM and Log-Sigmoidal as the activation function yielded
accurate results when compared to the experimental
observations. In general, the values of the statistical
parameters can be computed using Egs. (6-8) as shown.
Hence, an optimized ANN model with network architec-
ture (4-25-2) was used for carrying out the present analysis.

Hidden layer

Input layer Output layer

Fig. 3 ANN architecture used for the present analysis
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Analysis of variance (ANOVA)

The most significant ambient parameter that strongly
influences the thermodynamic behaviour of the DPSAHS
was investigated using analysis of variance (ANOVA)
technique. Overall thermal efficiency and exergy efficiency
were considered to be the major thermal characteristics of
the system. A prediction model developed using ANN tool
was used to perform the analysis in ANOVA. As men-
tioned, four ambient parameters namely, solar intensity,
ambient temperature, wind speed and relative humidity was
selected for the analysis. The operating ranges of these
corresponding ambient parameters are listed in Table 4.
Based on the adopted three-level design principle, a total of
81 (3*) factorial designs comprising of different combina-
tions of input parameters were obtained. Table 5 describes
the various combinations of input parameters grouped into
three different levels. Accordingly, each input parameter
was sub-divided into three levels, namely, low, medium
and high. To perform the analysis using ANOVA, the
required minimum number of input data sets can be com-
puted using Eq. (9) as described.

No=1+n,(L—1) 9)

Here, N4 represents the total number of input data sets
required, n, stands for the number of influencing parame-
ters used and L accounts for the number of level used for
computation. A minimum of nine input data sets are
required to carry out the present analysis based on Eq. (9).
The output values corresponding to these nine combina-
tions of the input data sets were obtained using the
developed ANN model. A generalized linear model was
then used to find out the relative percentage contribution of
various input parameters on the overall thermal efficiency
and exergy efficiency of the DPSAHS. Equations (10-16)
are used to determine the percentage contribution of each
of the input parameter on the thermal behaviour of the
system [17].

The degree of freedom (DOF) of each input ambient
parameter is calculated as:

DOF=L—1 (10)

The mean sum of squares (MSS) is evaluated by
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Table 4 Ambient parameters

and various levels used for Parameters Solar intensity Ambient temperature Wind velocity Relative humidity
ANOVA analysis Level-1 100 24 0.5 50

Level-2 410 28 25 60

Level-3 720 32 4.5 70

Table 5 Percentage contribution of different ambient parameters on thermal performance

Source Degrees of freedom  Sum of squares  Mean sum of squares  Pure sum of squares  Percentage contribution

M
Solar intensity 2 125.08 62.5405 125.079 44.52
Ambient temperature 2 137.94 68.968 137.936 49.09
Wind speed 2 11.414 5.707 11.414 4.06
Relative humidity 2 6.522 3.261 5.522 2.32
Error 0 0
Total 8 280.954 100.0

M
Solar intensity 2 128.08 64.038 128.076 50.09
Ambient temperature 2 103.85 51.9235 103.847 40.61
Wind speed 2 15.94 7.968 15.936 6.23
Relative humidity 2 7.83 3913 7.826 3.06
Error 0 0
Total 8 255.685 100.0

SS
MSS = - (11)

Pure sum of squares (PSS) is evaluated using the
relation

PSS = MSS — MSSpeg x DOF (12)
The percentage contribution (PC) is given by
PSS
PC=—— 13
TSS (13)

Here, SS denotes the sum of squares corresponding to
each input parameter and is stated using the relation

L
SS=|Lx> Pi|—SSm (14)
i=1

Here Pp; stands for the input parameter at different
levels considered for analysis. The sum of squares due to
mean (SSyp) is given as

SSm =Ny X SSavg (15)

and
The total sum of squares is given by

"
TSS = > SS; (16)
i=1

Energy and exergy analysis
Energy

First law of thermodynamics was widely used over several
decades to evaluate the thermal performance characteristics
of energy systems. In general, when the input energy is
derived from intermittent renewable energy sources such as
solar energy, the thermal performance of the system is
commonly evaluated based on instantaneous () and
overall efficiency (#;). The interaction of various compo-
nents such as glazing cover, absorber surface, bottom plate,
and working fluid (air) flowing through the channel pas-
sages, and taking part in energy exchange can be evaluated
based on energy balance principles. To compute the effect
of each of these parameters, optical properties of glazing
cover and absorber surface, solar intensity, collector area,
flow rate, surface temperatures, and thermophysical prop-
erties of working fluid should be well defined. The various
assumptions considered for the present analysis are:

e Conduction resistance associated with absorber, bottom
plate, and glazing cover is neglected
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e The temperatures of absorber and bottom plate surfaces
are assumed to be uniform

e The temperature gradient within the glass cover is
assumed to be negligible

e Convective heat transfer coefficient between air,
absorber, and bottom plate is assumed to be identical

e Energy losses along the edges of the DPSAHS is
neglected

e There is no energy interaction between the system and
surroundings.

Based on the first law of thermodynamics, Eq. (17)
represents the energy interaction [18] expressed as:

Exg = Ey + Eac + EL (17)

where EAB is the energy absorbed, EU defines the useful
energy extracted, Exc stands for the energy accumulation
and Ey corresponds to the energy lost to the surroundings.
The amount of energy absorbed by the absorber surface
from the incident radiation on the glazing cover is a
function of optical product (transmittance—absorptance
factor), and is evaluated using Eq. (18) as

Exp = €GA, (18)

where € represents the factor of the product of transmit-
tance-absorptance (e = o, 7).

The amount of useful energy extracted by the working
fluid from the system is calculated using Eq. (19).

Ey = mCp(Tow — Tin) (19)

In general, the energy accumulation term is often used
when the system is incorporated with sensible or latent heat
thermal storage materials such as rock, water, paraffin wax,
salts, etc. In the present work, as there is no inclusion of
energy storage materials, the energy accumulation term is
neglected. However, the energy lost to the surrounding
environment is accounted using Eq. (20), which is repre-
sented as:

EL = UAy(Ty — To) (20)

where the overall energy loss coefficient (Up) is the sum
total of energy lost from the glazing cover (U,), bottom
plate (Uy) and through the edges (Us) of the enclosure. The
terms thus described comprises of convection and radiation
heat transfer coefficients, which can be estimated from
their fundamental definitions using Egs. (21) to (25) and
Eq. (30).

1 1 -
u= || J+] " en
0 e Fp-g)]  Ure(e—a) T Br(ga)

Here, the general formula representation of radiative
heat transfer coefficient between two parallel plates is
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U(Tszl + Tszz)(TS] + TSz)

)+ () -

The convective heat transfer coefficient between the
glazing cover and the ambient environment is given by
McAdams correlation [19], given as

he(ga) = 5.67 + 3.86V,, (23)

hr(sl —s) — (22)

The radiative heat transfer coefficient between the
glazing cover is expressed as

e = 00 (T2 + T3y ) (T + Ty (24)

where Ty, which can be estimated using Swinbank cor-
relation given in the form [20]

Ty = 0.0552T)7 (25)

The convective heat transfer coefficient between the air,
absorber surface and the bottom plate surface is computed
using the correlation for average Nusselt number [19] as
stated in Eqgs. (26) to (28), respectively.

0.0606(RePrDy/L)"*
1 + 0.0909(RePrDy /L) Pro17

Nitayy = 4. (26)

where Re is the Reynolds number and is computed as

— 14 Vangh
u

Re (27)

The hydraulic diameter appearing in Eq. (26) can be
obtained from the expression
_ 2WD,

" W+ D,

Dy, (28)

In Eq. (29), D, is the ratio of upper channel depth
(D¢_up) to lower channel depth (D._i) of the DPSAHS
passage.

D
ie, D =—=2 29
e ' Dc_lc ( )

For the fabricated DPSAHS, the channel depth ratio (D;)
is fixed as 1.5. The convective heat transfer coefficient is
obtained using the relation
Nukf

Dy,

hc(p—f) = hc(b—f) = (30)

The thermophysical property variations of the working
fluid with respect to the operating conditions are obtained
employing the following correlations [7] stated as in
Egs. (31)-(33), respectively.
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ke = (0.0015215 + 0.097459T¢ — 3.3322 x 107°7F)

x 1073
(31)
pr = 3.9147 — 0.016082T; + 2.9013 x 10777 — 1.9407
x 107877
(32)
e = (1.6157 + 0.06523T; —3.0297 x 107°T?) x 10°°
(33)

It must be noted that the working fluid temperature
changes as it flows through the upper and lower channel
passages, as there is variation in flow channel depths.
Hence, for simplicity, an average temperature of the
working fluid (separately for upper and lower channels) is
used to estimate the thermophysical property variation. The
energy loss coefficient through the bottom plate as well as
the edge loss coefficient is calculated using Eqgs. (34) and
(35).

k.
Uy = —A)‘C“S (34)
Us _ (Lc + Wc)Dckins (35)
LWL,

In addition, the channel pressure drop (Ap.), the inlet
and exit pressure drop (Apg) within the DPSAHS is cal-
culated using the following Egs. (36)—(39) as described.

fprvag

Ap. =2
\Pe Dy

(36)

The friction factor (f) for turbulent flow [21] appearing
in Eq. (36) is calculated using the following expression

f = 0.0791Re "% (valid for Re > 2300) (37)
KpV?2
Ap = =10 (38)

where K denotes the head-loss factor and is estimated from

0.5(1-20)
K=—-—+ (39)
()
Dy
The instantaneous thermal efficiency and the daily

overall efficiency of the DPSAHS are calculated by the
stated expressions in Egs. (40) and (41).

 C,AT

n="ca (40)
[hCyAT
n = fTZ (41)

In Egs. (40) and (41) AT represents the temperature
gained by air mass, G denotes the instantaneous solar
intensity, A. is the collector surface area and C, is the
specific heat capacity of air.

Exergy

The concept of exergy balance rooted from the funda-
mentals of thermodynamic principles, describes it as the
useful work obtainable from a thermal system. The infer-
ence obtained from the exergy balance was found to be
critical to optimize the overall system performance [22]. In
this analysis, an attempt is made to calculate the exergy
efficiency from the obtained experimental data. The com-
monly used assumptions in the present analysis are listed as
follows [23-25]:

e Time-independent flow considerations

e Working fluid is assumed to be ideal with constant
thermophysical properties

e Potential and kinetic energy effects are negligible

e Chemical and nuclear interactions are neglected

e Energy flowing into the system and work done by the
system are considered to be positive

Based on these assumptions, Eq. (42) represents the
general exergy balance equation [7] in the form:

Z Exin - ZExout = ZExdest (42)

(Or)

E Exnet,mass + E Exnet,heat - E Exnet,work = E Exdest

(43)

Eqn (43) can be expanded by substituting for each
individual term as shown in Eq. (44).

. . T\ - .
Zminlpin - Zmoullpout + Z(] - %) O, —W
= EXgest (44)

where ¥, and ¥, are calculated by using Eqgs. (45) and
(46), respectively.

Vin = (hen - ha) - Ta(sen - Sa) (45)
lPout - (hext - ha) - Ta(sext - Sa) (46)
On substituting Egs. (45) and (46) in Eq. (44), the
resulting equation is described as Eq. (47).
T\ - . .
(1 - T) Qs - m[(hext - hen) - Ta(sext - Sen)] = Exdesl
s

(47)
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Here O, represents the energy absorbed by the absorber

surface. The value of Q, is evaluated using the relation
given by Eq. (48).

O, = GopTyA, (48)
Equations (49) and (50) are used to compute the corre-
sponding enthalpy and entropy changes of air within the

DPASHS. The obtained values of enthalpy and entropy are
substituted back in Eq. (47).

Ah = Next — hen = Cp‘air (Tf,air - Ti,air) (49)
Tf.air Pext

As = Sext — Sen = Cpairln=—— — R 50

* et : pair’f Ti,air Pen ( )

Altogether, Egs. (48)—(50) represent each individual
terms in the LHS of Eq. (47). The exergy destruction term
on the RHS of Eq. (47) is then calculated using Eq. (51)
and is expressed as:

Exge = TSy (51)

Based on the formulated equations, the overall exergy
efficiency of the DPSAHS is evaluated. It must be noted
that the exergy destruction is only accounted during this
analysis. No attempts were made to account for the exergy
losses within the overall system. Net exergy efficiency is
calculated as the ratio of net exergy out to the net exergy
input to the overall system. Exergy efficiency is mathe-
matically expressed using Eq. (52). The exergy leaving the
system and exergy entering the overall DPSAHS is cal-
culated using the stated expression in Egs. (53) and (54),
respectively.

Exexl
== 52
i Exen (52)
where
Exexl = m[(hexl - hen) - Ta(sext - Sen)] (53)
. T\ -
Exen = (1 - %) 0, (54)

Results and discussion
Meteorological conditions

In this work, the required data used for the thermodynamic
calculations were recorded during the winter months of
November and December 2017. The incident solar radia-
tion varied in the range of 100-720 W m ™2 with an aver-
age value of 410 W m~? during these months. These
described values were based on the pattern of incident solar
radiation received at the present location (11°32'N,
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75°93’E). In general, the peak solar intensity was recorded
between 11:00 am to 12:00 pm (IST) corresponding to the
days in which experiments were performed. Even though,
the experiments were carried out for a total time span of
9 h/day, the potential sunshine hours favourable for per-
forming the experimentation were limited to 7 h/day.
Figure 4 shows the variation of incident solar radiation and
ambient temperature corresponding to two different days of
experimental analysis. Ambient temperature and wind
speed variations were monitored at every instance to
understand the effect of heat gained by the air and to
quantify the convection heat losses occurring from the
DPSAHS. The ambient temperature varied in the range of
24-32 °C as shown in Fig. 4. Similarly, the wind speed
varied in the range of 0.5-4.5 m s~

Temperature Gain (AT)

A mass flow rate of 0.02 kg s~ (experiment performed on
08.12.17) was maintained constant throughout the day for
carrying out the experimental analysis. During the experi-
ment, the ambient temperature was found to vary from 24.1
to 32 °C with a mean temperature of 28 °C. The recorded
peak value of temperature for the absorber surface and the
bottom plate was 68.4 °C and 56.2 °C, respectively. The
maximum temperature gained by the air mass was
observed to be 14.3 °C. The same experiment was repeated
at a mass flow rate of 0.03 kg s~' (experiment performed
on 06.12.17). The recorded data results obtained inferred
that the peak absorber temperature and the maximum
temperature gained by the air were 70.6 °C and 10.6 °C,
respectively.

In principle, mass flow rate directly quantifies the nature
of energy interaction taking place between the working
fluid (air) and the enclosed surfaces within the DPSAHS.
At higher mass flow rate, the temperature gained by the air
at any instant was found to be much lower than that at
reduced mass flow rate. As flow rate increases, more vol-
ume of air interacts with the enclosed surfaces of the
DPSAHS. Thereby, the air extracts more amount of energy
at each instance from the overall system. As a result, the
temperature gained by the absorber surface, bottom plate as
well as the glazing cover was continuously extracted out
from the overall system by the flowing air. Similarly, the
variation in absorber surface temperature corresponding to
0.03kgs™' was found to be higher than that at
0.02 kg s—'. At lower mass flow rate, the energy interac-
tion between the air and the absorber surface at an instant
prolongs for an extended duration. Therefore, at each
instant, the magnitude of temperature gained by air through
convection from the absorber surface was higher, which
resulted in the lower values of absorber temperature.
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Fig. 4 Solar intensity variation 800 —T
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Channel depth

The experimental test system comprises of a double-pass
configuration in which the channels are provided with
different depths as described in Table 1. The upper channel
passage between the absorber surface and the glass cover
as well as the lower channel passage between the absorber
surface and the bottom plate was provided with channel
depth of 0.15 m and 0.1 m, respectively. Hence, there is a
notable difference of 0.05 m in channel depth between the
two channel passages of the DPSAHS. It was observed
from the recorded data that the air temperature was greatly
influenced by the variation of channel depths. At a mass
flow rate of 0.02 kg s~ ', the maximum value of air tem-
perature obtained was 51.8 °C and 55.1 °C for the upper
and lower channel passages, respectively. As the solar
intensity increases, the temperature gained by the absorber
surface and the bottom plate increases. Therefore, the heat
gained by the air increases, due to increase in temperature
gradient by convection heat transfer. Similarly, the peak
temperature value obtained for the upper and lower channel
passages corresponding to a mass flow rate of 0.03 kg s~
was 50.7 °C and 54.03 °C, respectively. From the obtained
results, it was concluded that, as the channel depth
increases, the convective heat transfer between the air and
the enclosed surfaces increases. Therefore, the temperature
gained by the air increases. In other words, as the depth of
channel passages increases, the temperature gained by the
air from the enclosing surfaces decreases. Figure 5 shows
the variation of air temperature along the upper and lower
channel passages corresponding to two different mass flow
rates.

10:00

T ' T ¥ T T T g T T T g T
11:00 12:00  13:00 14:.00  15:00 16:00 17:00

Time/h

The daily overall thermal efficiency and the exergy
efficiency were found to be adversely affected by the
variation in channel depth. As the flow proceeds through
the channels with larger depths, the temperature gained by
the air reduces. Therefore, the overall thermal efficiency of
the system tends to decrease. Similarly, the exergy
destruction was found to increase with respect to channel
depth. As channel becomes deeper, interaction between the
air and the enclosed surfaces of DPSAHS reduces. Hence,
the absorber surface temperature, glass cover temperature
and the bottom plate temperature tends to increase with
increase in solar intensity. As the temperature builds up
inside the DPSAHS, the net radiation heat transfer coeffi-
cient from these respective surfaces increases facilitating
more heat losses. Thereby, the overall thermal performance
characteristics of the DPSAHS reduce. These obtained
results were found to be in good agreement with the
reported findings of Mortazavi and Ameri [7], Sun et al. [9]
and Forsen et al. [27].

Heat transfer coefficients

Radiation and convection heat transfer coefficients are
computed using the relations stated in Sect. 4.1. Figure 6
shows these variations of radiation heat transfer coeffi-
cients taking part in the heat exchange between the
absorber surface, bottom plate, and the surrounding envi-
ronment at two different mass flow rates. The results
obtained inferred that the radiation heat transfer coefficient
was found to be higher in magnitude corresponding to the
lower mass flow rate. It was possibly due to the continuous
energy build up taking place at every instant inside the
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enclosed surfaces of the DPSAHS corresponding to lower
mass flow rate. On the other hand, the forced convection
heat transfer coefficient was found to be higher at higher
mass flow rate. In addition, it was observed that the con-
vection heat transfer coefficient was marginally higher in
magnitude for the lower channel when compared to that of
the upper channel passage. It was solely due to more
energy interaction occurring between the air and the
enclosed surfaces of the DPSAHS leading to the temper-
ature rise, as the air flows from the upper channel to the
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lower channel passages. At a mass flow rate of 0.03 kg s~ ',

the value of average heat transfer coefficient obtained was
106 Wm 2 K" and 10.8 W m~2 K™! for the upper and
lower channel passages. Similarly, for a mass flow rate of
0.02 kg s~!, the corresponding values obtained were
85Wm 2K and 867 W m 2K™' respectively.
Hence, it was concluded that channel depth was a signifi-
cant parameter, which influences the convective heat
transfer within the DPSAHS. The convection losses from
the glass cover to the ambient environment was also
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estimated using McAdams correlation [19]. As the McA-
dams correlation depends only on the value of wind
velocity, the convection loss from the glass cover was
found to be almost constant for both the mass flow rates
based on which the thermodynamic analysis was carried
out.

Instantaneous Efficiency (1)

The instantaneous efficiency of the described DPSAHS is a
function of the amount of heat gained and the incident solar
radiation over the collector area. As mentioned in Eq. (40),
the instantaneous efficiency of the system varies inversely
with respect to the incident solar radiation over the col-
lector surface. Hence, as the solar radiation reduces, the
instantaneous efficiency tends to rise abruptly at that par-
ticular instance and vice versa. These fluctuations were
easily identifiable from the sudden peaks and are shown in
Fig. 7. At every instance, even though the solar intensity
value may drop down due to sudden changes in meteoro-
logical conditions (such as cloud cover) the air temperature
does not drop rigorously. It was due to the inherent thermal
inertia characteristics of each individual component present
within the DPSAHS. The stored energy given away by
these surfaces balances the sudden drop in solar intensity
for a shorter time. However, if the solar intensity tends to
drop continuously, the air temperature decreases (as the
temperature of enclosing surfaces reduces). At a mass flow
rate corresponding to 0.02 kg s, the values of instanta-
neous efficiency ranges from 0.034% (8:00 am) to 32.07%

350 ————————

(17:00 pm) with a peak value of 149.6% (15:30 pm).
Similarly at 0.03 kg s, the instantaneous efficiency val-
ues ranges from 7.46% (8:00 am) to 58.82% (17:00 pm)
with a peak value of 302.98% (15:30 pm). All the peak
values correspond to that particular instant of time when
the solar intensity dropped to a lower value. It was caused
due to unexpected change in climatic conditions. In addi-
tion, it was concluded that, due to the estimation of
instantaneous efficiency by Eq. (40), a clear demarcation
on the performance of the described DPSAHS cannot be
obtained.

Overall efficiency (1,)

Based on the comparison made with respect to the variation
of solar intensity and mass flow rate, it was identified that
the instantaneous efficiency was not a benchmark tool to
evaluate the thermodynamic performance of the described
system. Hence, the formula to compute the daily overall
thermal efficiency of the system is modified as mentioned
in Eq. (41). To account for the sudden changes in solar
intensity and to address the sensible heat content of the
enclosed surfaces, an integral formulation was adopted.
The present analysis showed that the daily overall thermal
efficiency of the system corresponding to a mass flow rate
of 0.02 kg s~! varied from 21.1% (9:00 am) to 36.7%
(17:00 pm). Similarly, corresponding to 0.03 kg s~ the
overall thermal efficiency varied from 27% (9:00 am) to
41% (17:00 pm), respectively. The obtained results infer-
red that, as the mass flow rate increases, the heat gained by
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Fig. 7 Instantaneous efficiency variation corresponding to two different mass flow rates
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the air from the enclosed channel passages increases. As a
result, the daily overall thermal efficiency increases with
respect to the incident solar radiation and vice versa. Fig-
ure 8 shows the comparison of daily overall thermal effi-
ciency variation corresponding to two different mass flow
rates as described.

Based on Fig. 8, it was observed that there was an
increasing trend in the overall thermal efficiency variation
from 9:00 am to 17:00 pm. The trend thus observed was
mainly due to the sensible heat storage capacity of the
enclosed surfaces within the DPSAHS. As mentioned in
Sect. 5.5, the enclosed surfaces tend to give away the
stored heat whenever the solar intensity drops at any
instance. On the other hand, from the beginning to the peak
sunshine hours, the amount of energy stored in the absorber
and the bottom plate (considering them as major contrib-
utors) tends to rise, even though a part of it was convected
away by the air flowing through the channel passages.
Similarly, when the solar intensity tends to decrease (from
15:00 pm), the enclosed surfaces still absorbs and stores
the available amount of energy (a part of it is still con-
vected out by air). However, the energy extracted out by
the air may not be as high in magnitude as it was corre-
sponding to the peak solar insolation hours. Thus, it was
concluded that, even though the solar insolation drops off
in its value, the sensible heat content of the enclosed sur-
faces give away the stored heat to the air mass. If the
experiments were further continued beyond 17:00 pm, the
overall efficiency would start decreasing as there was lack
of sufficient heat (solar insolation drops below 100 W m™>
and tends to zero) to be absorbed by the enclosing surfaces,
as its stored energy was already drained by the air flowing

through the channel passages. This effect has contributed to
the rise in the overall thermal efficiency trend as shown in
Fig. 8. In addition, the results obtained from the present
analysis were compared with the experimental findings
(thermal efficiency variation of single-pass solar air heater)
of Chabane et al. [26] as shown in Fig. 8. The results of
Chabane et al. [26] correspond to a mass flow rate of
0.02 kg s—'. Their results were found to have a similar
trend with respect to the present experimental findings. The
observed variations (rise and fall) in the results of
Chabane et al. [26] are possibly due to the uncertainties
associated with the meteorological conditions of that
specific location.

Exergy Efficiency (n,)

Exergy analysis was performed based on the recorded
experimental data and by using equations mentioned in
Sect. 4.2. For simplicity of calculations, the sun tempera-
ture was considered to be a constant value of 6000 K [26].
The analysis was performed corresponding to two different
mass flow rates of 0.02 kg/s and 0.03 kg s, respectively.
The exergy efficiency was found to vary from 5.6% (9:00
am) to 13.2% (17:00 pm) corresponding to a mass flow rate
of 0.02 kg s'. Similar trend was observed in the exergy
efficiency variation corresponding to flow rate of
0.03 kg s—'. The values were found to be in the range of
8.5% (9:00 am) to 18.04% (17:00 pm). Figure 9 shows the
variation of exergy efficiency of the DPSAHS at various
time intervals corresponding to two different mass flow
rates. From the plot, it was inferred that, as the mass flow
rate increases, the exergy efficiency also increases. As
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mentioned in Sect. 5.6, the overall thermal efficiency of the
DPSAHS increases with increase in mass flow rate. Hence,
the amount of useful energy, which can be extracted from
the overall system, was higher at higher flow rate. Thereby,
the exergy efficiency increases along with an increase in
mass flow rate through the air heater system. In addition,
the exergy efficiency accounts only about 18% corre-
sponding to 0.03 kg s~ ', even though the overall thermal
efficiency obtained was 41%. It was due to the provision of
double-pass flow configuration, which has led to an
increase in heat losses from the DPSAHS. In addition, the
obtained experimental findings were found to be in good
agreement with the reported works of Esen [18], Alta et al.
[28] and Languri et al. [29].

It is to be noted that the thermophysical property vari-
ation, especially the specific heat capacity of the working
fluid (air), remains a constant throughout, within the
operating temperature regime of 20-70 °C. Density, ther-
mal conductivity, and viscosity of the working fluid were
found to have a net variation of 4.07%, 4.6%, and 3.52%,
respectively. Thus, the stated expressions used for com-
puting the daily overall thermal efficiency helped to reduce
the sudden fluctuations in the results, which were earlier
caused due to the inherent intermittency of solar radiation.
Thereby, a more realistic quantification for the overall
thermal performance of the described DPSAHS was
obtained.

Pressure drop

Pressure drop calculations were carried out based on the
mentioned Egs. (36)—(39) in Sect. 4.1. The total pressure
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drop across the solar air heater system comprises of pres-
sure drops occurring at the inlet and exit section along with
the pressure variation occurring within the channel pas-
sages. At mass flow rates of 0.02 kg s~' and 0.03 kg s,
the variation in pressure drop was calculated. The results
confirmed that the pressure drop within the air heater
system increases as the flow velocity through the channel
passages increases. In addition, due to the flow reversal
occurring between the upper and lower channel passages,
there is a significant rise in pressure drop in the double-pass
arrangement. The range of values for pressure drop
obtained corresponding to two different mass flow rates of
0.02kgs™' and 0.03kgs™' were 0.13-0.47 Nm 2,
respectively. The obtained results were found to be in good
agreement with the experimental works reported by
Kumar et al. [30]. Based on their experimental investiga-
tion on a conventional single-pass flat plate configuration,
the obtained values of pressure drop was in the range of
0.06-0.26 N m™~2. However, for the present experimental
investigation, the obtained values were found to be higher.
This was mainly due to the flow reversal occurring within
the channel passages of the DPSAHS.

Parametric analysis of DPSAHS

A prediction model was initially developed using ANN
toolbox in order to perform the parametric analysis. A
feed-forward back propagation (FFBP) algorithm with 4-
25-4 configuration was found to predict the performance
characteristics of the DPSAHS satisfactorily. In the present
analysis, LM training function with 25 hidden neurons and
Log-Sigmoidal as the activation function predicted the
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thermal efficiency and exergy efficiency of the experi-
mental setup with least error. The maximum value of R?
and minimum values of RMSE and COV obtained were
0.99993, 0.00621, and 0.0177, corresponding to flow rate
of 0.02 kg s~'. Similarly, at 0.03 kg s™', the obtained
values of maximum R? and minimum values of RMSE and
COV were 0.99995, 0.00467, and 0.0151, respectively. In
the present analysis, ANOVA technique was used to
identify the major ambient parameters affecting the thermal
performance of the DPSAHS [17]. Table 5 demonstrates
the overall percentage contribution of parameters such as
solar intensity, ambient temperature, wind speed, and rel-
ative humidity on the overall thermal efficiency and exergy
efficiency of the test facility.

Influence of solar intensity

Solar intensity incident on to the absorber surface (trans-
mitted by the glass cover) acts as the major source of
thermal energy for the air flowing through the collector
passages. During the peak sunshine hours, the energy
gained by the absorber surface increases which in turn
improves the heat gained by the air flowing over the
absorber surface. Thus, the amount of useful heat extracted
from the DPSAHS improves with increase in solar intensity
and vice versa. At the same time, the radiative losses from
the absorber, bottom plate, and glass cover increases with
increase in magnitude of incident solar radiation. Based on
ANOVA analysis, it was found that solar intensity accounts
for 44.5% (percentage contribution) of the variation in
overall thermal efficiency of the DPSAHS during its
operation. Similarly, a major contributor towards the
exergy efficiency variation was solar intensity and it
accounts to 50.1% of the total percentage contribution.

Influence of ambient temperature

Air flowing through the collector gains thermal energy due
to the temperature gradient existing between the enclosed
components within the DPSAHS and the ambient air. In
general, during the peak sunshine hours, the ambient
temperature tends to rise. However, the variation in
ambient temperature was found to be less than 2 °C cor-
responding to these peak hours. It was observed that higher
the temperature gradient, higher would be the heat gained
by the air. Based on ANOVA analysis, ambient tempera-
ture was found to be the major contributor towards the
overall thermal efficiency variation and accounts to 49.1%
of the total contribution. For the variation in exergy effi-
ciency of the DPSAHS, ambient temperature accounts for
40.6% of the total percentage contribution.
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Influence of wind speed and other parameters

Wind speed was found to contribute to 4.1% and 6.2% of
the total percentage contribution towards the overall ther-
mal efficiency and exergy efficiency variation of the
DPSAHS. Convective heat loss from the glass cover is a
strong function of wind speed. Higher the wind speed, the
glass cover temperature will reduce and will lead to an
increase in heat losses due to build of a temperature gra-
dient. In comparison with solar intensity and ambient
temperature, the effect of wind speed on the thermal per-
formance characteristics of DPSAHS is comparatively less,
but cannot be neglected. Relative humidity is yet another
factor that may influence the performance of the system.
Among the four parameters considered for the ANOVA
analysis, relative humidity was found to be the least con-
tributor towards both overall thermal efficiency and exergy
efficiency variation and it accounts for 2.3% and 3.1%,
respectively. When the amount of moisture present in air is
high, the moisture may condense and wet the surface of the
glass cover. This may influence the transmission of inci-
dent solar radiation from the glass cover to the absorber
surface. Similarly, the deposition of dust particles present
in the atmosphere over the glass surface may also reduce
the thermal performance of the DPSAHS. Hence, it is
necessary to clean the surface of glass cover regularly with
a soft cloth or water before starting the operation. Though,
relative humidity and dirt accumulation may seem to have
a little influence on the thermal performance of the
DPSAHS in comparison with other parameters, in the long
run, their effect on the overall performance cannot be
neglected.

Possible performance improvements

In general, based on the exergy analysis carried out at
different mass flow rates, it was concluded that the mass
flow rate was a significant parameter, which affects the
overall thermal performance of the DPSAHS. Hence, the
exergy destruction within the DPSAHS can be reduced by
controlling the airflow rate. An air blower provided with a
variable frequency controller is highly recommended
which would help to provide a more accurate control over
the system performance rather than that of using gate
valves. A leak-proof design is yet another criterion, which
would improve the overall energy as well as reduce the
exergy destruction within the DPSAHS. Therefore, it is
advisable to provide gas-welded joints at sharp corners and
bends. The exergy loss through the glass cover could be
minimized by the provision of double-glazing covers at the
top surface. This would help to minimize the convection
losses from the glass cover as well as the radiative losses
from the absorber surface.
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Conclusions

A conventional energy and exergy analysis is carried out to
investigate the thermal performance characteristics of a
DPSAHS provided with asymmetric channel passages. The
following conclusions drawn based on the present experi-
mentation are:

a.

Energy and exergy performance characteristics of the
DPSAHS are found to be a strong function of mass
flow rate, channel depth, and ambient parameters.
Parametric analysis concludes that solar intensity and
ambient temperature are significant parameters, which
affect the thermodynamic behaviour of the DPSAHS
followed by wind speed.

Relative humidity variation shows a relatively smaller
percentage contribution towards energy and exergy
performance characteristics of DPSAHS.

Overall thermal efficiency varies in the range of
20-41% corresponding to flow rates of 0.02 kg s~
and 0.03 kg s, respectively.

Exergy efficiency of DPSAHS varies between the
ranges of 5.6-18.04% with mass flow rate. Lower
exergy efficiency is attributed to the increase in losses
occurring due to the provision of double-pass
configuration.

The effect of thermophysical properties on the perfor-
mance is found to be dependent on the operating
temperature as well as the nature of working fluid used.
Pressure drop across the DPSAHS is found to increase
with increase in mass flow rate within the range of
0.13-047 Nm™>.
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