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Abstract

In this research paper, a Solar Air Heater (SAH) with triangular fins has been experimentally and numerically analyzed
and validated. The novelty of this work is the selection of the type of the fins, the triangular fins not only enhance the
turbulence and heat transfer to the air but have lower material consumption as compared to the rectangular fins. The
ANSYS 2022, Computational Fluid Dynamics (CFD) software has been used for the numerical study, the post
processor simulation results of the velocity, pressure, and temperature field at velocity, pressure and Roserland
boundary conditions has been determined by using k-¢ standard turbulence model at steady state. The heat transfer
coefficient and friction factor are two important parameters that are used for determining the heat transfer rate and
pressure drop over the surface of the Solar Air Heater (SAH). For enhancing the heat transfer rate and minimizing the
pressure drop, a optimized geometry of the fins must be required. In consideration of this fact, in this research, the
Heat transfer Coefficient (HTC) and Friction factor (FF) have been optimized by the Response Surface Methodology
(RSM). The two important input variables namely Reynolds Number (Re) and pitch to height ratio (p/L) of the fins has
been selected for maximizing the performance of the SAH. The simulation results of the velocity contour shows that
the velocity reached maximum between the narrow gap of the triangular fins due to conservation of mass. So, velocity
of the flowing air increasing in between the fins. The optimum values of response parameters namely Nusselt Number,
friction factor and Thermal Performance Factor are obtained to be 176.5064, 0.0260, and 1.8903 at Reynolds Number
16928.2180 and P/L 1.3430.
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shaped ribs,” quarter circular ribs,® hybrid ribs,” and
many more design. The roughness on the absorber
plate increases the turbulence and heat transfer from
the absorber plate to the air. Based on the flow pat-
tern of the air, glazing, application, storage material,
type of the absorber plate roughness, and available
energy source, the solar air heater has been classified.

Introduction

Solar energy is a green energy source due to its
pollution-free nature which is used in a number of
applications. One application of solar energy is for
heating the air is very popular. The heated air can be
used for a number of applications like drying the
crops, wood and heating the room.! In the Solar Air
Heater (SAH) cold air flow over the black painted

absorber plate. The absorber plate is made by the
high thermal conductive material like copper, alumi-
num and galvanized iron sheet of 1-2mm thickness.>
A transparent glass cover have been fixed over the
SAH for reducing the thermal losses. For increasing
the heat transfer capacity of the SAH, the absorber
plate have been provided with various projections like
v cut tap twisted turbulator,” inclined vortex plate,* S
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Figure 1. Various types of the SAH.

The pictorial view of the classification of the solar air
heater is representing in the Figure 1.

The roughened absorber plate increased the heat
transfer rate but simultaneously enhanced the pres-
sure drop on the absorber plate. The higher pressure
drop consumes higher blower power and enhanced
losses in exergy® due to that Thermal Performance
Factor (TPF) has been reduced. The TPF is the ratio
of the increasement of Nusselt Number and friction
factor over the roughened surface as compared with
smooth surface.? The roughened surface enhance tur-
bulence and due to that, the heat transfer rate
increased. On the other hands fins not only increased
the turbulence but also promotes the heat transfer
from absorber plate to the air. The number of the
researcher used the various types of the fins on the
absorber plate of the SAH. The Table 1 shows the
various types of the fins used in previously published
research article with their performance parameters.

The numerical techniques like Computational Fluid
Dynamics (CFD) is very useful tool for analyzing the
flow field of the SAH. It shows the temperature, pres-
sure and velocity contour at different locations in day
time. Table 2 represents the CFD techniques used by
the various resaercher with their performnace para-
meters like Nusselt Number, Friction Factor and TPF.

The CFD analysis gives the temperature, velocity
and pressure field on the absorber plate at various
locations. The performance parameters like Nusselt
Number, friction factor, heat transfer, thermal effi-
ciency, and exergy efficiency calculated by empirical
relations. The Table 3 shows the various empirical
relation used for calculation of the Nusselt Number
and friction factor on smooth and roughened sur-
faces. The Nusselt number and friction factor are the
two most important parameters which can helps to
determine the heat transfer and blower power spent
for blowing the air over the absorber plate.

Table 3 represents the basic equations for deter-
mining the Nusselt Number and friction factor in
laminar and turbulent flow in SAH. These equations
used in various roughened geometry of the SAH. The
Nusselt Number helps to determine, the heat transfer
coefficient and heat transfer rate from absorber plate
to the air, the friction factor used for calculating the
pressure drop and blower power requirement.®

The numerical techniques are very useful for deter-
mining the flow field at various boundary condition
in a given flow field so that a optimum geometry can
be determined at which the system performance is
maximum. In various design of solar air heater num-
ber of optimization techniques used like®® used the
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Table 2. CFD analysis on various geometries of the SAH.

S. no. Geometry of SAH Numerical Concluding Year of Author’s details
technique parameters publication
| Hybrid ribs (Broken arc CFD zz =3.16 2021 Gill et al.”
and Staggered ribs :
e ) L =257
TPF=2.33
2 Circular ribs CFD Nu=120 2021 Yadav et al."?
f=0.030
3 Trapezoidal ribs COMSOL N =5 54 2022 Gogada et al.?®
[ =36.97
TPF=1.72
4 Small diameter transverse CFD zz =1.46 2013 Yadav and Bhagoria2I
wire ribs :
E=222
TPF=1.65
5 Curved solar air heater CFD Ny, =91.93% 2018 Singh and Singh?*?
6 L shaped ribs CFD TPF=1.90 2016 Gawande et al.”?
7 Cooling fluid channel CFD doptimum = 10mm 2010 Sun et al.**
depth varies
8 Double pass recycled COMsOL Ny, = 60.2% 2019 Al-Damook et al.®
aluminum tube
9 Novel staggered cuboidal CFD TPF=3.43 2021 Parsa et al.2
baffles
10 Inclined fins CFD TPF=1.928 2019 Qader et al.”’
Nu =2.53
Nug
=22
1 Arc shape and V shape CFD THPP, =2.21 2020 Srivastava et al.”®

ribs

THPPg cshape = 1.5

Table 3. Nusselt number and friction factor correlation in various literature.

S. no. Authors Year of Nusselt number correlation Friction factor correlation
publication
[ Garg et al.”’ 1991 Nu=0.023Re% f =0.059Re 02
2 Karim and Hawlader®° 2006 Nu=0.023Re?8 pr033 -
3 El-Sebaii et al.3' 2011 _ For laminar flow
f=%
For turbulent flow
f=0.079Re 0%
4 Velmurugan and Kalaivanan®? 2015 Nu=0.018Re%8 Pro4 f=0.079Re 02
5 Naphon®? 2005 Nu=0.018Re"8 Pro+ -
6 Fudholi et al.” 2013 Nu=0.018Re®8 Pr+ For Re < 2550
f=% +09(7)
For 2550 < Re < 10*
f=0.0094 +2.92Re %5 (%)
7 Bahrehmand et al.>* 2015 Nu=0.018Re%8 For laminar flow
f=4
For turbulent flow
f=0.079Re 02
8 Priyam and Chand®* 2016 f=

0.1284
J=0.0836Re 02 (%)

0153 |\ 0326
() "0

Where
= _Nu

T
RePr3

0.303
—0.309 ( w
I.16Re~03% (i

=025 | 01152
(z)  ®

Response Surface Methodology (RSM) in the jet plate
solar air heater,?” optimized the inclined fins solar air
heater by RSM and applied the RSM and ANN on
the solar air dryers.

Above literature shows that SAH is the interesting
device for heating the air by the solar energy. The
Numerical, experimental and optimization studies
have been carried by various researcher for improving
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Figure 2. Block diagram of methodology adopted.

the heat transfer characteristics of the solar air heater.
The thermal efficiency and thermal hydraulic effi-
ciency represents the energy efficiency of the SAH but
the real efficiency has been measured by the exergy
efficiency. The Tale 1 represents the various type of
the fin design on absorber plate to enhance the turbu-
lence and heat transfer rate. Table 1 clearly shows that
with aerofoil fins, conical fins, spiral fins, and rectan-
gular staggered fins enhance the performance para-
meters like thermal efficiency and THPP, but very few
researcher used the triangular fins in staggered man-
ner. Put these thins in mind in this research a stag-
gered triangular fined SAH have been studied by the
CFD analysis that is new and novel. Furthermore, the
CFD results have been validated with the experimen-
tal results and for determining the optimum geometry

of the fins, the system has been optimized by the
RSM. The triangular fins are very useful for increas-
ing the turbulence and heat transfer to the air by
increasing the surface area of the plate. The system
has been optimized to find the optimum value of mass
flow rate and the exact geometry of the fins so that
performance of SAH is maximum. Because of that the
two input variables namely Reynolds Number and fin
pitch to height ratio selected for optimizing the
system.

Methodology adopted

Figure 2 represents the methodology adopted in the
case of design and analysis of the finned solar air
heater.
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Initially the three geometries of SAH prepared in
the ANSYS 2022 at varying pitch to height ratio from
2 to 6. The meshing and the simulation work com-
pleted and then the pressure, temperature and velo-
city field determined and calculated the responses as
per the Design of Matrix (DoE). The optimization
work has been completed by Response Surface
Methodology (RSM) and determine the best geome-
try which give the best performance. Further, for vali-
dating the results, the experimental setup is prepared
for best geometry and compared the simulation
results with the experimental results.

CFD model equations

Computational Fluid Dynamics (CFD) is a numerical
method to solve the fluid and heat transfer problems.
It is based on the finite volume approach. In CFD
analysis velocity, pressure, and temperature field have
been determined with the help of the computer soft-
ware. The velocity, pressure, and temperature field
have been generated by the solution of the continuity,
momentum, and energy equation within the boundary
conditions. So following are the governing equations
at a steady state on which CFD simulation results
depend is presented in Ref.’

» Conservation of mass equation.

dpu)  dpv) , Apw) _
o ay A S (1)

» Momentum equation.
e X- Momentum equation

udu + vou n wouy\ oP
Plox "9y " oz ) T PS T

0 (2uou - — 0 ou av
+ 2 AV V) + S u(E+ 2
ax( ax ) ay {“ (ay axﬂ

e 5) ®

®* Y- Momentum equation
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oot )] e )
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e 7- Momentum equation

uow vow wow oP
Pl t+t -+t ——— ) =p8:—F
ox ay 0z 0z

RN DR A | N Y
ax Moy T bz ay [M\az "y

0
+ ol
dz" 0z

2w, AV.V] (4)

Energy equation

C uoT n voT n woTl
PP\ T ey T oz

— BT uoP n voP n woP
ox ay 0z

VUV +¢  (5)

Where u, v, and w are the velocity of air in x, y, and z
directions and the B is the coefficient of volume
expansion. The term ¢ is known as viscous dissipa-
tion. It is represented by the following equation.*

a3 () ()

av > av aw\? ou aw\?
tul(=—+=) +(=+—) + =+ —
ox  dy oz ay 0z dax
2
+A u + Ll + w z (6)
ax  dy 0z

Turbulence model

There are several models (Laminar, Inviscid, k-epsi-
lon, k-omega, Transition SST, Reynolds Stress, Scale
Adaptive  Simulation (SAS), Detached Eddy
Simulation (DES), and Large eddy simulation) avail-
able, which can be used for determining the flow
characteristics in CFD. The selection of the model
has been done based on the accuracy of the results. In
this SAH model analysis k-& (two equation) model
has been used for determining the velocity and pres-
sure distribution with good accuracy.*

K-¢ model. In the k-e model, the k represents the tur-
bulent kinetic energy and € represents the rate of dissi-
pation of turbulence kinetic energy. So two equations
are used for representing the total kinetic energy for
the turbulent flow. One equation counted the effect of
turbulent kinetic energy from total kinetic energy of
the turbulent flow. The second equation represents
the turbulent kinetic energy due to the dissipation
effect of the eddies.

The velocity and length scale is defined in the terms
of the k and & by the following equation.?!

vy = k%, (7)
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Figure 3. Schematic representation of boundary conditions.

(8)

So following are the two equation representing in the
term of k and &.*!

d(pk ] T
;(l)) + div(pkU) = div [U;gmdk} + 2u,8;.8; — pe
©)
d(pe) + div(peU) = div [&gradk}
(1) .
€ Cupé?
+ Cuu((g) 2SSy = = (10)

Where . represents the eddy viscosity by following
equations

C, k2
p, = (11)

&

The value of 5 constants used in the above equation is
represented below.”!

C, =0.09,0x = 1.00,0, = 1.30,
Ci, = 1.44 and G5, = 1.92

Roseland energy model. The Roseland radiation model
is used by the Ansys fluent for calculating the radia-
tion intensity at a particular location at a fixed time at
latitude angle. The following equation has been used
for defining the radiation intensity presented by the
ANSYS FLUENT.Y

g = —TVG (12)

Where ¢, is the radiation flux, G is the radiation
intensity and I' is the constant. The I' is represented
by the following equation.®’

1
3(a + os5) — Cos

(13)

Where a is the Absorber Coefficients (AC), oS is the
scattering coefficient and C is the phase function.
Now the transport equation solves by the ANSYS
FLUENT.™

V.I'VG) — aG + 4an*cT* = Sg (14)

Where n is the refractive index of the medium, o is the
Stefan Boltzmann constant and Sg is the user-defined
radiation source.

Boundary conditions

Ansys Fluent 2022 R, is used to analyze the SAH with
triangular fins on the copper plate AP. The Figure 3
represents the boundary conditions applied on the
SAH. So the whole system has been divided into two
zones. One is the solid zone for the copper AP and
second is the fluid zone represents the air control vol-
ume. At the boundary of the solid and fluid zone,
there is an interference boundary conditions. At the
interference, no-slip boundary conditions are vali-
dated as per the k-¢ model which depends on the
Reynolds number.*”

At the inlet of the SAH velocity inlet and at the
outlet pressure boundary conditions are applied. The
side walls and bottom of the SAH considered as the
adiabatic wall. The reading has been collected based
on the day and month of the year for which solar ray
tracing model is available. The air and the copper
material have been selected for the fluid and solid
domain. Table 4 represents the properties of copper
and the air.

Meshing on the absorber plate and the fluid
domain with grid independent test
The CFD results depend on the mesh quality and the

element size. In this solar air heater modeling, the
total number of triangular surface meshes is 1,750,623
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Table 4. Material properties of the air and the copper.?

Table 5. Results of the grid independent test.

Material Density  Specific Viscosity Thermal
(kg/m®)  heat (kg-m/sec) conductivity
(Kj/kg.K) (WImK)
Air 1.225 1.006 0.000017894  0.0242
Copper 8978 0.381 - 387.6

e ——
Transparent cover )

Figure 4. Mesh on the fluid domain.

Figure 5. Mesh on the absorber plate.

with the total number of nodes 371,878. The target
skewness and pinch tolerance of the mesh is 0.4 and
0.00009 m. the skewness is vary from 0 to 1. The 0 rep-
resents the best quality of the mesh and the 1 represents
the worst quality of the mesh.*® The skewness repre-
sents the deviation of real mesh element volume to ideal
triangular/ tetrahedral mesh element volume. The ele-
ment size is selected to be 0.1 mm as shown in Figures 4
and 5. The second parameter of measuring the mesh
quality is orthogonality. The minimum value of ortho-
gonality is 0.13 and the maximum value is 0.98. The 0
orthogonality represents the worst quality of mesh and
1 represents the perfect quality of the mesh.

To stabilize the size and accuracy of the mesh grid
independent test has been performed. The grid inde-
pendent test performed in between the mesh number
of 4.375 X 10°-2.51 X 10° at Reynolds Number
10,000 and pitch to height ratio 4. The effect of
change of the number of the mesh on percentage var-
iation on Nusselt Number has been presented in the
Table 5.

S. no. Number of Nusselt Percentage
the elements number variation
of Nusselt
Number (Nu)
I 4375% 10° 100.34 -
2 6.25 % 10° 98.53 1.8l
3 1.75 X 10 97.92 0.62
4 251 X 10° 97.13 0.8l
100.5 L
100.0 L
L 995 L
2
E 904 L
=
B 985 .
g
Z 98.0- -
97.5 L
97.04 L
4375x105 625105 175%106 251 %106
Number of Mesh

Figure 6. Grid independence test.

Table 5 shows that at number of the element
4.375 X 10°, 6.25 X 10°, 1.75 X 10°, and 2.51 x 10°
the percentage variation in Nusselt Number is 1.81%,
0.62% and 0.81% which shows the minimum varia-
tion occur at the number of the element of
1.75 X 10°. So for further simulation selected the
number of the element is 1.75 X 10°. The graphical
representation of the grid independence test is give in
Figure 6.

The solid and the fluid domain are the two zones
that have been analyzed in the CFD simulation. The
absorber plate represents the solid zone made of cop-
per material with a plate thickness of 1 mm. The
length and the width of the absorber plate are
180 X 92cm. the triangular fins are fixed on the
absorber plate with a base of Scm and a height of
2.54 cm. The pitch of the triangular fins is 9 cm.

Experimental set up

Figure 7 shows the simple solar air heater with trian-
gular fins (SSAHF). The triangular fins are used for
increasing the HT between the AP and air. A total of
94 triangular fins of height 2.54cm and a base width
of 5cm were used on the absorber plate in a staggered
pattern. The one fin base center to the other fin base
center distance was maintained to be 9cm (pitch).
Figure 8 shows the schematic representation of the
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experimental setup of SSAHF. The tampered glass
temperature has been measured by the non contact
temperature measuring device, the inlet and outlet air
temperature have been measured by the fixing the
thermocouple at inlet and outlet flow section of the
SAH (1, 2). The absorber plate temperature is mea-
sured by fixing the three thermocouple one at the top,
second at the mid and third at the bottom of the
absorber plate (3,4,5). The temperature in the direc-
tion of the height of the fin is measured by fixing the
thermocouple at the base, mid and top of the fin
(6,7,8). The anemometer is used for measuring the
inlet air velocity. Which is further used for measuring
the MFR of air. The U-tube mercury-filled glass tube
is used for measuring the pressure drop along the
length of SAH. The instruments used in the experi-
mental work is represented in Figure 9. The Figure
9(a)—(d) represents the Anemometer, 8 channel ther-
mocouple connector, pyranometer (solar Flux mea-
surement) and non-contact temperature measuring
device.

The SAH has been inclined at 28° from horizontal
(Latitude of Bareilly, Uttar Pradesh, India). It is
already assumed that the temperature in the direction
of the width of AP remains constant. So average tem-
perature (Tp) of AP has been determined by the aver-
age temperature of the thermocouple placed at the
top, bottom, and middle part of SAH. The average

temperature of the AP helps to determine the heat
transfer coefficient and total heat transfer by the
SAH. The further efficiency of SAH has been deter-
mined by the (32). The exergetic efficiency of SAH
has been determined by equation in Figure 13 after
measuring the outlet and inlet air temperature.

Uncertainty analysis

The numerical results of SAH has been validated with
experimental results after collecting the experimental
data and performance parameters. The inlet air velo-
city has been determined by the anemometer as
shown in Figure 7(a) and the inlet air velocity is used
to calculate, the mass flow rate of the air. The inlet
and outlet temperatures of air is measured by the
thermocouples located at inlet and outlet section of
SAH which are further used for determining the use-
ful heat gain by the air. The absorber plate average
temperature is used for determining, the heat loss and
loss in exergy from the SAH. These input variables
data has been measured by the instruments which
always have some uncertainty that will further
increases the inaccuracy of the response parameters.
The inaccuracy of the responses depend on the model
equations.*! So following are the model equations
used for determining the accuracy of the output
parameters.

[

The efficiency of SAH is the function of n; = f(S, Tou, Tin,m) , so the uncertainty equation of solar air heater

efficiency.

an 2 an 2 an 2
= ) g2 4 I 2 4 L) 2 4
I <8m) i (az,,,,) YT o (aTm) T

%)yi (15)

The solar air heater’s exergy efficiency n,; = f(S, m, Tous, Tins Pows» Pin), S0 uncertainty in exergy efficiency is rep-
resented by the following equation. So uncertainty in the exergy efficiency is

an 2 an 2 an 2
— (0 2oy ny\ 2oy w\ 2oy
Yy ( 8m> Y (aTom) VT <8Tin> YT,

M\ 5 My \ 5 M\ >
4 + (2l 1
8Pin yPln aPout yPout oS yS ( 6)

The exergy destruction is also the function of the MFR, solar intensity, an inlet temperature of atmospheric air,
the outlet temperature of atmospheric air, inlet air pressure, and outlet air pressure. So uncertainty equation in the
exergy destruction is represented by the following equation.

IS’ 0Es\" IEL\ IEL\ IEs\ IEL\
=4/ (== + + 2+ T + (== 17
YE, \/< am) Y aTaut yTU”, 8T,—,1 Y Tin aPm me aPOut yP(mt aS Vs ( )
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Figure 9. Instruments used in experimental work: (a) anemometer, (b) 8 channel thermocouple connector, (c) pyranometer, and
(d) multi thermometer.

The inlet and outlet air temperature have been mea-
sured by the thermocouple with £4.25% accuracy,
the inlet velocity of air has been measured with the

help of an anemometer with an accuracy of =4%,
and the MFR is calculated by the air entering velo-
city. The PD has been calculated by U tube inclined
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Table 6. Uncertainty in input parameters.

S. no. Parameter Instruments Uncertainty(%)
| Temperature measurement Thermocouples 4.25

2 Pressure measurement Manometer 4.10

3 Velocity measurement Anemometer 4

4 Solar Intensity Pyranometer 4.89

5 Mass Flow Rate - 4.24

6 Solar air heater efficiency - 3.56

7 Exergy efficiency - 4.10

8 Exergy destruction - 4.89

Figure 10. Schematic representation of finned SAH.

manometer of accuracy =4.10%, and the solar inten-
sity is measured by the pyranometer with an accuracy
of 4.89%. So the total uncertainty of input and out-
put parameters is given in Table 6.

Modell equation for energy and exergy
analysis of SAH

The model equations are used for determining the
thermal, thermal hydraulic performance and exergy
analysis of the SAH. The thermal analysis is used for
determining the efficiency and various heat interac-
tion with SAH. The thermal hydraulic performance
analysis is used for determining the pressure drop,
friction factor and blower power. The exergy analysis
represents the real performance analysis.

Figure 10 represents the schematic representation
of the finned SAH. In this SAH, the air is flowing
over the black painted absorber plate, above of the
absorber plate transparent cover is provided. Figure
11 represents the block diagram of the solar flux
intensity calculation and thermal performance analy-
sis of the SAH. Figure 11 clearly shows that the solar

flux radiation at particular place depends on the day
of the year, latitude, surface azimuth angle and the
hour angle.

Figure 12 represents the thermal network circuit
diagram for determining the heat loss from the absor-
ber plate in the atmosphere. In this analysis it is
assumed that the heat transfer through sides and bot-
tom of SAH is neglected.

It can be clearly seen from Figure 12 is that heat
flow from the absorber plate to the cover plate and
further transfer to the atmosphere by convection and
radiation. The total heat transfer from the absorber
plate to the atmosphere is determined by following
relation.

TP - T atm

OlLosses = R()—q ( 1 8)

The Tp and Tatm represents the absorber plate
and atmospheric temperature. The Req represents the
equivalent resistance in the thermal circuit analysis.
Further the Req calculated by following equation.

Req = Reql + Rqu (19)

RiRy | RsRy

R, =
" Ri+R, Ryt Ry

(20)

The R; and R, represents the convection and radia-
tion resistance between the absorber plate and the
cover plate. The R; and R4 are the thermal resistance
of convection and radiation between the transparent
cover and the atmospheric.

The convection resistance absorber plate and tam-
pered glass has been given by following equation

1
hcA,

Rl = (21)

The radiation resistance between the absorber plate
and the tampered glass is represented by following
equation represented in Ref.*?
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Figure 11. Solar air heater solar flux and thermal efficiency calculation block diagram.
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Figure 12. Thermal network of the heat transfer through SAH.
l + L 1
R, = (22) R; = (23)
O'AP(TP + Trg) (73 + T?g) higedse
1
Where hc represents the convection heat transfer Ry = brg (24)
coefficient air on absorber plate and the g, and & o-Alg(T wum + T tg) (Tﬁtm + ng)

represents the emissivity of the absorber plate and the
tampered glass. The T, and T, are the absorber plate
and the tampered glass cover temperature. The same
way Rz and Ry represented by the following
equations.

The hy. and A, represents the convection heat trans-
fer coefficient between the tampered glass and the air
and tampered glass surface area. The T,y and T,
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represents the atmospheric temperature and the tam-
pered glass temperature.

In above equations the heat transfer coefficient of
air with absorber plate and the air with tempered glass
are different but for calculation purpose it is assumed
to be equal.

he = hige (25)

These are calculated by the following Nusselt Number
correlation.

02 0.36 025
Nu = 0.35(?) Re%S Pr (}f—’) 1000 < Re < 2 X 10°

3
(26)
0.2 0.36 ) 0.25
Nu=0.035 (ﬁ) R Pr (5) 2% 10° <Re <2x10°
FL Prv
(27)

Where F;, Fr, and Fp are the longitudinal, trans-
verse, and diagonal pitch of the fin arrangements. In
equations (26) and (27) Re and Pr represent the non-
dimensional Reynolds Number and Prandlt number
respectively. The Re and Pr values have been calcu-
lated on the arithmetic temperature of the air but Prs
is the Prandlt number calculated at the surface tem-
perature of the fins.

The air properties have been selected to be the
average temperature of the air as presented in Ref.*?

Tin/et + Tout[et

Taverage = f (28)

Tinier and T o110, are the inlet and outlet temperatures of
the air in the SAH.

Due to fixing of the triangular fins on the absorber
plate significant improvement of the heat transfer and
pressure drop occur. So actual enhancement in heat
transfer due to roughness has been calculated by the
Thermal Performance Factor (TPF). The TPF is the
ratio of the enhancement of Nusselt Number due to
fined surface to the enhancement of the friction factor
as compared to smooth surface. The following equa-
tion has been used for the calculation of the TPF on
the fined surface.

Nutpined

TPF = Nusmoorh (29)

SFinned
/ Smooth

The Nusselt Number on the smooth surface is calcu-
lated by the Dittus-Boelter equation.**

Nutsmoorn, = 0.023Re*SPro4 (30)

The friction factor is calculated by modified Blasius
equation.*

Fumootn = 0.085Re™ 0 (31)

The efficiency of the SAH represented by following
equation.

Myir Cp ( Toutter — Tinlet)
q:Apa

NSAH —

(32)

Where my;, is the mass flow rate of air, C, is the con-
stant pressure specific heat of air, T,y 1S the outlet
temperature of air, and T, is the inlet temperature
of air. S is the solar flux and « is the absorptivity of
the absorber plate.

Exergy analysis of the solar air heater

Exergy analysis in a thermal system represents the
real analysis, it counted the effect of the electric power
consumed by the blower. Figure 13 represents the
exergy flow block diagram in which the total exergy
supplied is the sum of exergy supplied by the Sun and
the electric power consumed by the blower. The loss
in exergy takes place due to irreversibility present
inside the SAH and exergy losses in the atmosphere
due to temperature difference between system and
surrounding. The total exergy recovered is the gain in
the exergy of the air due to increase in air tempera-
ture. Now finally, exergy efficiency is the ratio of the
exergy recovered to the exergy supplied.

Optimization technique

Response Surface Methodology (RSM) is the optimi-
zation technique that has been used for optimizing the
experimental setup. It was first time used by K. B.
Wilson and George E. P. Box.*’ It defined the relation
among the response variables and input variables. It
reduced the experimental time by maintaining the
proper sequencing of experimental sets to obtain the
optimal solution. The Box and Wilson used the sec-
ond order polynomial since it saves the time and the
easy to follow the process even little knowledge of the
path.*® RSM is very useful tool of the optimization as
compared to other optimization techniques since it
consume less time, it easily covert the experimental
data of the input and responses in terms of the second
order polynomial. The beauty of the second order
polynomial is that it can easy to apply, even little
knowledge of the process. The steps of RSM repre-
sented in Figure 14.

In this research article Central Composite Design
(CCD) technique has been used for the Design of
Experiment (DoE). In this method, minimum and
maximum value of input variables have been provided
and which affects the total number of runs given in
Table 1.

The friction factor, Nusselt Number and TPF is an
important parameter for determining the pressure
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Figure 13. Block diagram of exergy analysis of the SAH.

drop, heat transfer, and enhancement of heat transfer
with respect to pressure drop on the surface of SAH.
These parameters depends on the Reynolds number
and the geometry of the fins. The following regression
equations have been generated in the two-degree poly-
nomial of the responses.

P
f=0.053042 — 0.00000290345Re — 0.00189 (Z)

P

+ 0.0000000000830435(Re)* + 0.000098 (Z

) 2
+ 0.0000000277829( Re) (%) (33)

Nu = 16.05279 — 0.011312Re — 5.60573 (g)

L

D

—0.0000000608850(Re)* + 0.617768(

—0.000315(Re) (i) (34)

TPF = 1.69854 + 0.000032Re — 0.019982 (D
P 2
—0.00000000105(Re)> + 0.000313 (Z)

—0.00000075(Re) G) (35)

The regression analysis have been formed by Analysis
of Variance (ANOVA) in MINITAB-17 software.

Table 7 represents the total number of experimen-
tal runs and corresponding values of the responses.
The input variables selected for analysis are Reynolds
Number and Pitch to height ratio. The selected
responses are Nusselt Number, friction factor and
TPF. The Table 8 represents the Analysis of Variance
(ANOVA) table of Nusselt Number which shows the
values of p and F parameters. The p and F values
decided the effectiveness of ANOVA analysis. Table
8 clearly shows that the p values are less than 0.0001
which shows the Model for Nusselt Number is signifi-
cant. Similar manner Tables 9 and 10 shows that
model are significant since values of p is less than
0.0001. The F values in Tables 8 to 10 is large which
also shows model is validated with good effectiveness.

Tables 11 to 13 shows the error analysis of the
Nusselt Number, friction factor and the TPF. The
Tables 11 to 13 shows the adjusted and Predicted R*
values for Nusselt Number, Friction factor and TPF
are namely 0.9995 and 0.9981, 0.9846 and 0.9363, and
0.9533 and 0.8243 respectively. The adjusted and pre-
dicted R? values are very close to one. So, it can con-
cluded that the correlation represented by the
equations (33)—(35) have been accurated and accepta-
ble within the range of input variables.

Result and discussion

Velocity contour

Figure 15 represents the velocity contour at an air inlet
velocity of 0.5m/s but the maximum velocity in
between the gap of fins is 0.587m/s. The maximum
velocity over the solar air heater is higher than the inlet
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Table 7. Total number of experimental runs and corresponding responses.

S. no. Re Nu f TPF
| 5000 6 50.35 0.032857685 1.7

2 5000 2 58.039 0.036612839 1.8

3 10,000 6.82 91.38 0.025998919 1.74
4 10,000 4 97.92 0.0274052 1.81
5 10,000 4 97.92 0.0274052 1.801
6 10,000 4 97.92 0.0274052 1.812
7 2928.93 4 33.073 0.040566358 1.69
8 10,000 4 97.92 0.0274052 1.801
9 17,071.06 4 157.11 0.023101964 1.8
10 10,000 4 97.92 0.0274052 1.801
I 15,000 2 153.28 0.025777505 1.89
12 10,000 1.17 114.77 0.030928731 1.86
13 15,000 6 132.98 0.023133665 1.76
Table 8. ANOVA tables of the Nusselt Number.

Source Sum of square Mean square F-Value p-Value

Model 16175.30 5 3235.06 5193.29 < 0.0001 Significant
A-Reynolds Number (Re) 15602.82 | 15602.82 25047.43 < 0.0001

B-P/L 466.16 | 466.16 748.33 < 0.0001

AB 39.77 | 39.77 63.84 < 0.0001

A? 16.12 | 16.12 25.87 0.0014

B? 42.48 | 42.48 68.19 < 0.0001

Residual 4.36 7 0.6229

Lack of fit 4.36 3 1.45

Pure error 0.0000 4 0.0000

Cor total 16,179.66 |

Table 9. ANOVA table of the friction factor.

Source Sum of square df Mean square F- value p-Value

Model 0.0003 5 0.0001 154.64 < 0.0001 Significant
A-Reynolds Number (Re) 0.0003 | 0.0003 641.15 < 0.0001

B-P/L 0.0000 | 0.0000 55.96 0.0001

AB 3.088E-07 | 3.088E-07 0.7732 0.4084

A? 0.0000 | 0.0000 75.08 < 0.0001

B? 1.063E-06 | 1.063E-06 2.66 0.1468

Residual 2.795E-06 7 3.993E-07

Lack of Fit 2.795E-06 3 9.318E-07

Pure Error 0.0000 4 0.0000

Cor total 0.0003 12

Table 10. ANOVA table of TPF.

Source Sum of square df Mean square F- value p-Value

Model 0.0368 5 0.0074 50.03 < 0.0001 Significant
A-Reynolds Number (Re) 0.0117 | 0.0117 79.30 < 0.0001

B-P/L 0.0200 | 0.0200 135.68 < 0.0001

AB 0.0002 | 0.0002 1.53 0.2562

A? 0.0048 | 0.0048 32.57 0.0007

B’ 0.0000 | 0.0000 0.0738 0.7937

Residual 0.0010 7 0.0001

Lack of Fit 0.0009 3 0.0003 9.93 0.0252

Pure Error 0.0001 4 0.0000

Cor total 0.0378 12
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Table I1. ANOVA error analysis for Nusselt number.

S.no Source Sequential p-values Adjusted R Predicted R
| Linear < 0.0001 0.9918 0.9850

2 2FI 0.0513 0.9942 0.9900

3 Quadratic < 0.0001 0.9995 0.9981

4 Cubic 0.0019 0.9999 0.9986
Table 12. ANOVA error analysis for friction factor.

S. no Source Sequential p-values Adjusted R? Predicted R?
| Linear < 0.0001 0.8722 0.8031

2 2FI 0.7779 0.8593 0.7739

3 Quadratic 0.0002 0.9846 0.9362

4 Cubic 0.0225 0.9953 0.8741
Table 13. ANOVA error analysis for TPF.

S.no Source Sequential p-values Adijusted R Predicted R
| Linear 0.0001 0.8033 0.6738

2 2FI 0.5749 0.7894 0.6649

3 Quadratic 0.0021 0.9533 0.8243

4 Cubic 0.2297 0.9637 0.2340

air velocity due to a reduction in the area of the flow
between the fins as per the equation (20). The maxi-
mum air velocity is 1.17 m/s when inlet air velocity is
1 m/s and when air inlet velocity is increased to 1.5m/s
the maximum air velocity reached 1.754 m/s.*>*

Pressure contour

The pressure drop is represented by momentum equa-
tions (2)—(4) as the total pressure drop is contributed
by the form drag coefficient and the skin friction coef-
ficient. The form drag coefficient is assumed to be
constant at 1.2*7 and the skin friction coefficient is
determined by calculating the pressure drop.

Figure 16(a)—(c) represents the pressure drop at
varying inlet air velocity. The air inlet velocity
changes from 0.5, 1, and 1.5m/s then pressure drop
increase from the 0.15, 0.536, and 1.16 Pa. Most of
the pressure drops occur by the direct impact of the
air on the triangular surfaces.*®

Temperature contour

Figure 17(a)—(c) represents the temperature distribu-
tion on the surface of SAH. The temperature distribu-
tion is based on the Roserland radiation model. So
with the help of this model, the temperature field is
easily determined during the months of the summer
season at 10 AM, 11 AM, and 12 PM. In Figure
17(a)—(c) the maximum temperature of the copper

plate is 335K, 379K, and 382.5 K. The air outlet tem-
perature reached to be 313K, 351K, and 357K with
respect to the air inlet temperature of 300 K.*4°

3D streamlines in the solar air heater

Figure 18 shows the 3D streamlines flow in SAH.
The streamlines are very important for representing
the flow in the form of flow lines. The bottom part of
SAH have high turbulence due to obstruction pro-
duced by the triangular fins. The turbulence in the
SAH improves the heat transfer to the air by the
AP.®

Turbulence kinetic energy and turbulence eddy
dissipation

The k-e model represents the turbulence Kkinetic
energy presented by the model equations (9) and (10).
Figure 19(a) represents the turbulence kinetic energy
of the air in between the fin’s surface, the maximum
turbulence obtained is 0.030m?/s” in the gap between
the absorber plate and the glass cover. The turbulence
is very much required for promoting the heat transfer
between the AP and air.’® The high turbulence is cre-
ated due to obstruction presented by the triangular
fins. The flowing air suddenly stopped due to obstruc-
tion produced by the triangular fins and create turbu-
lence near the fin’s surface. So, turbulence increase
the heat transfer in the air.
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(b)

(©)

Figure 15. Velocity distribution in SAH: (a) velocity contour at inlet air velocity at 0.5m/s at 10 AM in summer season, (b) velocity
contour at inlet air velocity | m/s || AM in summer season, and (c) velocity contour at inlet air velocity |.5m/s at 12 PM in the
summer season.
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Figure 16. Pressure drop over the surface of the AP: (a) pressure contour at inlet air velocity 0.5 m/s at [0 AM in the summer
season, (b) pressure contour at inlet air velocity .0m/s at I 1 AM in the summer season, and (c) pressure contour at inlet air
velocity 1.5m/s at 12 PM in the summer season.
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Figure 17. Temperature contour on the SAH AP: (a) temperature contour at inlet air velocity 0.5 m/s at time 10 am in Summer
season, (b) temperature contour at inlet air velocity | m/s at time || AM in Summer season, and (c) temperature contour at inlet air
velocity 1.5 m/s at time 12 PM in Summer season.
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Stream lines

Figure 19. Turbulence kinetic energy and Eddy dissipation:
(a) turbulence kinetic energy and (b) Eddy dissipation.

Figure 19(b) shows the eddy dissipation inside the
SAH around the triangular fins. The maximum eddy
dissipation inside the SAH is 0.729 m?/s but very less
near to the wall of the SAH namely 0.017 m?/s*.

Temperature variation along the length of the fin

Figure 20 shows the temperature variation along the
fin length at a base temperature of 62°C, 106°C, and
109.5°C by soldering the thermocouple at the base to
top of the fin at difference of 5Smm. The fin length is
25mm, so temperature variations show at 0, 5, 10, 15,
20, and 25mm distance from the base of the fin.
Figure 16(a) shows that the when fin base temperature
is 62°C then the fin tip temperature is 61.8°C with
only a 0.2°C temperature drop between the fin base
and tip. In Figure 20(b) the difference between the fin
base and tip temperature is 2°C and in Figure 20(c)
the temperature difference is 3.5°C. If the fin length
increases then the temperature difference between the
fin base and the tip is increases but the pressure drop
is reduced.

Friction factor, number and TPF variation with input
variables

Contour, and surface plot of friction factor. Figure 21(a)
shows that if the Reynolds Number increases the fric-
tion factor is decreasing since the friction factor is
inversely proportional to the Reynolds number as per
equation (31). The friction factor is also reduced due
to the increase in the P/L ratio since the increase in
the Reynolds number and P/L increase the velocity of
air which reduces the contact time of air with absor-
ber plate.*>!

Figure 21(b) represents the 2D contour plot of the
friction factor with input variables. The blue region in
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Figure 20. Temperature variation along the length of fins at varying base temperature: (a) temperature variation along the length of
the fin at a base temperature of 62°C, (b) temperature variation along the length of the beam at a base temperature of 106°C, and
(c) temperature variation along the length of the fin at a base temperature of 109.5°C.
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Figure 21. Surface and contour plot of the friction factor
with input variables: (a) surface plot of friction factor with
input variables and (b) surface plot of friction factor with input
variables.

the contour plot represents the lower friction factor,
this region is represented by a higher Reynolds num-
ber and higher P/L ratio.>?

Nusselt number variation with input variables

Nusselt number is the ratio of convective heat transfer
within air and the conductive heat transfer between
the absorber plate and air at the contact boundary.
The ANOVA analysis developed the second order
polynomial (34) in terms of the Reynolds number and
the P/L ratio.

Figure 22(a) and (b) show the surface and contour
plot of the Nusselt number with the input variables.
Figure 22(a) shows that if the Reynolds number
increase then the Nusselt number increases since

B: P/L &> 1004 Reynolds Number (Re)
2" 5000

(a)

Nusselt Number

B:P/L

9000 11000

A: Reynolds Number (Re)
(b)

Figure 22. Surface and contour plot of Nusselt Number
with input variables: (a) surface plot of Nusselt Number with
input variables and (b) contour plot of Nusselt Number with
input variables.

enhancement in the Reynolds Number increase the
turbulence in the system>*and Figure 22(b) shows
that if the P/L ratio increases then Nusselt Number is
reduced.

TPF variation with input variables

The TPF values represents the enhancement of heat
transfer as compared to pressure drop. Figure 23(a)
shows that increase in Reynolds Number increase
the TPF values. The enhancement of P/L reduces
the TPF values since enhancement in P/L ratio
reduces the Nusselt Number. Figure 23(b) shows the
contour plot of the TPF with respect the input
variables. Figure 23(b) reddish color present the
highest values of the TPF, this region represented
by the higher Reynolds Number and Lower values
of the P/L.
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Figure 23. Surface and contour plot of TPF with input
variables: (a) surface plot of TPF with input variables and (b)
contour plot of TPF with input variables.

Perturbation plot of the response variables with
input variables

Figure 24(a)—(c) represents the perturbation plot of
responses TPF, friction factor and Nusselt Number
with input variables Reynolds Number and P/L ratio.
Figure 24(a) shows the perturbation plot of TPF with
Reynolds Number and P/L, the slope of the P/L line
remain constant but the slope of the Re curve is
changes very sharply. The sharp change of the slope
shows that the values of Re strongly affects the TPF
as compared to p/L ratio. The similar perturbation
curve has been seen in the case of friction factor and
Nusselt Number but the variation of Reynolds
Number strongly affects the Nusselt Number as com-
pared the friction factor.

Optimization plot of the solar air heater

The optimization plot has been draw to determine the
optimum values of input variables to achieve the
maximum Nusselt Number, maximum TPF and mini-
mum friction factor. The effectiveness of the optimi-
zation plot has been determined by the desirability
and the composite desirability of the responses. It
represents the closeness of the response variables with
its ideal values within the range of the 0—1. The best
and worst values of the desirability is 0 and 1. The
overall desirability of the optimization is 0.9424 as
representing Figure 25 that is very close to 1 shows
the best correlation of the responses with input vari-
ables. The desirability of the TPF, friction factor and
Nusselt Number is 1, 0.83685 and 1 which shows that
TPF and Nusselts Number shows the best correlation
of responses with input variables within the range.
The optimum values of the Reynolds Number and P/
L are 16,928.2180 and 1.3430. The maximum values
of the responses TPF and Nusselt Number are 1.8903
and 176.5064 and minimum value of friction factor is
0.0260.

Validation of the results

After finding the optimum geometry of the SAH, the
experimental setup has been developed and with the
help of experimental data repose parameters calcu-
late. The experimental results has been further vali-
dated with predicted values of the responses. Table 14
represented the experimental and predicted results.

Pressure drop in SAH

Figure 26 represents the pressure drop at the surface
of SAH at different Reynolds number. Figure 26
clearly shows that if the Reynolds number increases
then the friction factor increases due to increase of
mass flow rate of air. The fin geometry is represented
by the pitch to the height ratio of the fins. If the P/L
ratio increases then the pressure drop is increased
since more obstruction is provided by the fins.”!

Validation of CFD results with experimental results

In this section, the outlet temperature of the air, ther-
mal efficiency, and exergy of the SAH has been deter-
mined numerically and experimentally and validated.
Figure 27(a) represents the outlet temperature of air
from 9 am to 6 pm. Figure 27(a) clearly shows that
the outlet temperature of air increases from 9 am to
12 pm and then starts to reduce since the outlet tem-
perature of outlet air is very much dependent on solar
flux. As solar flux increases from 9 am to 12 pm and
then solar flux continuously reduces. The numerical
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Figure 24. Perturbation of the responses with input variables: (a) TPF with input variables, (b) friction factor with input variables,

and (c) Nusselt Number variation input variables.

Table 14. Validation of experimental and predicted results.

Responses Nu f TPF
Experimental results 176.5064 0.0260 1.8903
Predicted results 181.21 0.02689 1.9624
% Error 2.6 3.42 3.82

and experimental results of outlet temperature of air
is validated with accuracy of 3%—4%.

Figure 27(b) represents the thermal efficiency of
solar air heater. Figure 27(b) shows the maximum
efficiency of SAH is near to 70% and the results of
CFD finding are validated with accuracy of 4%—-6%
with experimental results. Figure 28 shows the exergy
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fin geometry.

variation with the time of the day. The exergetic effi-
ciency of the SAH depends on the mass flow rate,
solar flux and gain in outlet temperature of air. So as
the solar flux increase the gain in exergy is also
increases which increase the exergetic efficiency. The
maximum exergy efficiency of the SAH has to be
recorded to be 6.5% and CFD and experimental
results are validated with 4%-5% accuracy. The

exergy efficiency of solar air heater is quite lesser than
the thermal efficiency due to lot of turbulence and
irreversibility are presents inside the solar air heater
which reduces the exergy efficiency of solar air heater.

Conclusion

This paper investigates the flow field of finned SAH
by CFD and Experimental analysis. The main work
targeted to optimize the geometry of fins for maxi-
mize the heat transfer rate and minimize the blower
pressure drops. For optimization purpose RSM tool
is used. The RSM generate the performance para-
meters in the form of second order polynomial. The
input variables selected to be Reynolds number and
the fins pitch length ratio. The following points
have been concluded as the final outcomes of this
research.

1. The fin pitch to height or length ratio play the
important role in HT and pressure drop. If the
P/L ratio increases then the friction factor and
heat transfer coefficient both reduces. The opti-
mum value of the P/L is 1.3430 at which Nusselt
Number is 176.50 and friction factor is 0.026.

2. The higher value of the Reynolds Number
shows the higher turbulence in the SAH. So if
Reynolds Number increases then the friction
factor is decreases and the heat transfer coeftfi-
cient increases. The optimum value of Reynolds
number found to be 16,928.

3. The Thermal Performance Factor (TPF) is the
important factor which measure the enhance-
ment of the Nusselt Number as compared to
friction factor on finned surface reference to the
smooth surface. The optimum value of the TPF
is obtained to be 1.8903, shows the use of fins is
beneficial for the SAH.

4. The fins increases the heat transfer and Nusselt
Number but simultaneously enhance the pres-
sure drop and blower power.

5. The maximum thermal and exergy efficiency of
SAH found to be 74% and 6.5% respectively.

6. The maximum outlet temperature of solar air
heater by Numerical and experimental study
were found to be 94°C and 92°C respectively.

7. The second order non-linear model generated
by the ANOVA analyses is significant since the
value of the p is less than 0.0001.

8. The ANOVA analysis represents the composite
desirability of the optimization plots to be
0.9424 which shows the best correlation among
input and output variables.

9. The ANOVA analyses shows that the adjusted
R? and Predicted R? values for Nusselt Number,
Friction factor and TPF are namely 0.9995 and
0.9981, 0.9846 and 0.9363, and 0.9533 and
0.8243, respectively.
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10. The perturbation plots shows that, the Nusselt
Number and friction factor are strongly depends
on the Reynolds Number as compared to P/L
ratio due to sharp curvature of the Reynolds
Number curve.

11. The Nusselt Number, Friction Factor and TPF
optimization predicted results are validated with
experimental results of the accuracy of the
2.6%, 3.42%, and 3.82%.
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Appendix

Notation

Cp Specific heat of air. (W/m?K).

h, Radiation heat transfer coefficient. (W/
Km?).

N Nusselt number.

R.L Rayleigh number.

0 Tilt angle.

Exin Exergy entering in the solar air heater.

Exour Exergy leak in the atmosphere.

Expest.  Exergy destruction due to irreversibility in
the system.

he Heat transfer coefficient W/m?K.

Tp AP temperature (K).

Ta Atmospheric temperature (K).

Sk Solar Flux (W/m?).

Tsun Sun temperature (K).

A" Velocity of air flow over the SAH cover
plate (m/s).

Tsiy Sky temperature(K).

y Inaccuracy in measurement.

Symbols

p Density of Air (Kg/m?).

o] Stefan Boltz’s man constant
(5.67 X 1079

€ Emissivity of solar panel material.

k Boltzmann constant.

a Absorptivity or Absorption Coefficient.

1 Efficiency of fin

DSAH Efficiency of Solar Air Heater

v Exergetic efficiency of SAH

Acronyms

SAH Solar Air Heater

SSAH Simple Solar Air Heater

SSAHF  Simple Solar Air Heater with Fins

PD Pressure Drop

HT Heat Transfer

HTC Heat Transfer Coefficient

AP Absorber Plate

PCM Phase Change material

RN Reynolds Number

MFR Mass Flow rate

CFD Computational Fluid Dynamics

RSM Response Surface Methodology

FF Friction Factor



