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ABSTRACT

The solar air heater (SAH) is very much useful to dry the vegetables, fruits etc. It works on the
basis of solar radiation available at the respective location. So, it saves the electricity i.e.
reduces the dependency on the fossil fuel. SAH is easy to operate, simple in design. It has less
maintenance. The limitations of the SAH are low thermal efficiency due to handling of large
volume of air. Also, the air has low thermal capacity. Hence, this problem can be solved by
using addition of different metal porous media of different porosities and pores per inch (PPI)

inside the empty channel SAH.

Initially the empty channel rectangular domain single pass solar air heater (SPSAH) is designed
analytically for 0.03 to 0.05 kg/s mass flow rates. The same has been validated with 2D
geometry numerical study in ANSYS fluent software to observe the accuracy and performed
the comparative study of thermal performance of SPSAH. Then, the discrete arrangement at
equal distance of copper metal foam having thickness of 22, 44 and 88 mm of thicknesses with
10 (®=0.8769), 20 (®=0.8567), and 30 (©=0.92) PPI has used to test the thermohydraulic
performance parameter in order to enhance the heat transfer in SPSAH. The numerical study
shows that the 22 mm thick metal foam is 5.02 % and 16.61 % higher THPP than 44 and 88

mm thick metal foam.

The 3D geometry further developed by Rosseland radiation model with solar ray tracing
method has been used to account for solar radiation. Renormalization group (RNG) k-epsilon
enhanced wall function with local thermal equilibrium (LTE) model has been considered to
obtain the heat transfer characteristics in numerical study. Aluminium wire mesh samples with
3 (9=0.894), 9 (®=0.812), and 18 (®=0.917) PPI has been used for numerical and experimental
study. The configurations has been combined together to form graded wire mesh (GWM)
including 3-9-18, 9-18-3 and 18-3-9 of 5 mm thickness for each wire mesh. The THPP of 9-
18-3 PPI wire mesh are 13.04 % and 11.92 % higher than the other two cases. Later, 25 % of
9-18-3 GWM has been considered at four different locations, i.e. 0, 0.5, 1 and 1.5 m away from
the inlet and analysed best location for efficient heat transfer. 1.5 m away from the inlet is the
best location among the different locations. The experiment results of GWM at 1.5 m away
from the inlet demonstrated 20.91 % and 23.32 % increase in thermal efficiency compared to

empty channel for the 0.027 and 0.058 kg/s mass flow rates respectively.



Further investigations involve a comparative study of transverse arrangement of three layers of
9 (©=0.812), and 18 (®=0.917) PPI one over the another and same quantity of wire mesh of
50% is folded in the same direction. So, these combinations are (9-18, 18-9) T, (9-18, 18-9) L
to obtain GWM in transverse and longitudinal direction, respectively. THPP of 9-18 L has an
average of 2.45 % higher than all other combinations mentioned above. The thermal efficiency
of 9-18 L has an average of 63.45 % higher than the empty channel for 0.05 and 0.08 mass
flow rates. The GWM arrangement reduce the time of drying by 26.78 % and 55 % for tomato
and onion respectively compared to empty channel SPSAH. The assessed simple payback
period is 0.89 year which is shorter than lifespan of the SPSAH which is profitable. The present
study was also focused on the solar panel battery operated fan and all the measuring instruments

operated by battery which reduces the dependency on the external electric supply.

Keywords - Solar air heater, Discrete metal foam, Graded wire mesh, Thermal efficiency,

Drying Onion and Tomato.
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CHAPTER 1

INTRODUCTION

The growth of the people and technology are very huge and very fast now a days. So,
to compete the progress of people and technology, the utilisation of conventional fuels
is very high with respect to the use of electrical appliances, food preservation devices
etc. Production of electricity and heat are associated with burning of fossil fuels. It
causes maximum unwanted gas emissions. Traditional method to supply electric
current to rural or urban areas are created with the help of coal, oil, or gas, which
generate carbon dioxide and nitrous oxide —that are greenhouse gases. As a result, the
global earth surface temperature increases. So, reducing the dependency on fossil fuels

and more utilisation of solar energy is a good solution to reduce the greenhouse gases.

The vision of the solar energy corporation India (SECI) limited is to make ‘Green India’
by utilizing ample solar radiation and to accomplish energy safety, protection for the
country and the mission is to become the leader in the development of a greater number
of solar installations. The mission of the Ministry of New and Renewable Energy
(MNRE) India is energy security, more contribution to clean power, attainability and
clearness, bareness and affordability. This mission is important to produce the progress
in the solar energy utilization, formation of different solar systems to make the alternate
option as alternate fuels and reduce the dependency on oil usage (MNRE Government
of India 2023). According to the study entitled ‘Global market outlook for solar power
2023-2027° with emphasize on South East Asia the installation done by the India is
17.4 GW approximately and stood in third position (Singh 2023a). The target of the
National Solar Energy Federation of India (NSEFI) for yearly basis is to add at least 20
GW solar capacity every year. The main target of India is to achieve the 280 GW goal
by 2030. India set a target to install an overall range of 4,886 MW of small solar power
plants. India has also set the following targets for 2030: 1) Satisfy 50 % of energy need
from renewable energy, 2) Achieve a non-fossil fuel range of 500 GW, 3) Diminish



carbon emissions by 1 billion tons, 4) Minimize the carbon intensity by 45 % (MNRE
Government of India 2023).

1.1 SOLAR ENERGY

Solar energy is huge and inexhaustible form of energy. It is an unpolluted,
uncontaminated good energy. It is unrestricted and convenient in enough quantities in
almost all habitable parts of the world. The Sun transfer energy to the earth without
medium which is beneficial for making any process. Hence, solar energy is easy to use
and potential to process in the system. Solar energy has potential for all the available
and upcoming energy demands across the globe on a regular support. The power of the
Sun on the earth is approximately of the order of 1.8 x 10* MW. This is thousand
times more than the available rate of consumption on the earth of complete industrial
energy roots (Garg and Prakash 2016; Sukhatme and Nayak 2018). According to
announcement of the central electricity authority (CEA), India established renewable
energy capacity more or less 125.16 GW. This shows that the India government has
arranged to complete 500 GW of renewable energy capacity at the termination of 2030
(Singh 2023b).

Under construction renewable energy capacity source wise

12%%

m Solar energy mWind = Hybrid mSmall Hydro mBiomass ® Others

Figure 1.1 Under construction renewable energy source wise on March 2023 (Singh
2023b).



The source wise renewable energy which is under construction is shown in the Figure
1.1. Also, the use of sun for different applications is shown in the Figure 1.2. The
applications shown in the Figure 1.2 are the alternative options for saving electricity
and reduce the undesirable emissions i.e., reduce the carbon content in an environment.
The maximum operating temperature for thermal collection devices is 40-100 °C, 40-
130 °C, 40-90 °C, 10-400 °C and more than 400 °C for liquid flat plate collectors,
evacuated tube collectors, solar air heaters, cylindrical parabolic concentrating
collectors and paraboloid concentrating collectors, respectively (Sukhatme and Nayak
2018).

Energy
from sun
can be used

Using solar energy
directly by photovoltaic
conversion

Used to collect the suns
energy in the form of heat

| } , |
Water Space .
l Heating l heating l Drying l Solar cells

Figure 1.2 Uses of energy gained from sun.

The solar air heaters (SAH) have air as a working fluid. It is also available freely and
easy to use. The operating temperature is lower compared to the other solar applications
like solar water heaters, evacuated tube collectors, parabolic trough collectors.
Therefore, the material required to carry the temperature is accessible with low-cost
materials in comparison with other solar energy devices. Hence, the price of the solar
air heater is less compared to other solar systems. The solar air heaters have less
corrosions and lesser leakages in case of solar water heaters. The SAH does not need
particular examination or observation for temperature lower than 0 °C (Sukhatme and
Nayak 2018).



1.2 DETAILS OF SOLAR AIR HEATER

The basic parts that make up a conventional solar air heater (Garg and Prakash 2016;
Sukhatme and Nayak 2018) are

1) The absorber Plate — a flat absorbing sheet, mostly metallic, on which the solar
intensity arrived in different ways and it, adds more heat.

2) The transparent blanket (one or two sheet) — Glass, to diminish the heat loss in
upward direction from the absorber plate.

3) The collector box — waterproof container to enclose the above components.

4) Thermal insulation contributed to diminish the heat losses at the rear and border

of the absorber portion.
1.2.1 Advantages of Solar air heater

e |t takes advantages of both beam and diffuse solar radiation. It has easy and
non-movable design so that it requires little maintenance.

e It absorbs direct, diffuse, and reflected portion of solar radiation.

e |t is stable in tilt and orientation and, thus there is no requirement of tracking

the sun.

e |t operates at comparatively high efficiency.

{} Solar radiation AIr Outlet

— v

Facing south
-+

Collector box
Absorber plate

_ Insulation

Ground surface

Air Infet

Figure 1.3 Simplified sketch of solar air heater (Sukhatme and Nayak 2018)



1.2.2 Applications of Solar air heaters

> Drying of vegetables, fruits etc.

» Factory or commercial heating operations

» Space heating purpose
1.2.3 Importance of solar air heater
Open sun drying having many disadvantages like dust dirt particles and pollution
affects the quality of the products, rain, storm and dew can drop down the quality and
quantity of drying, Animals and birds can spoil the drying product. Open sun drying is
slower drying time process and time required is also more.
Secondly the device like Oven and heaters consumes more power and are costly. They
require more skilled person and required maintenance time to time on scheduled basis.
So, to overcome the above problems , solar air heater is the best option that consumes
less maintenance with quality products can be obtained by designing a proper single
pass solar air heater. By carefully choosing different parameter for drying the products
such as average drying temperature, humidity, location etc. the SAH becomes more
effective.

1.3 CLASSIFICATION OF THE SOLAR AIR HEATER

The solar air heater can be sorted according to its number of passes. The types are single
pass, double pass with counter flow or parallel flow, triple pass etc. More the passes,
more heat exchange takes place in channel. Air moves through channel twice or thrice
in double or triple pass solar air heater. Double and triple pass improves the heat gain
and finally more rise in temperature. Further, it can be classified according to number
of covers. The covers of toughened glasses are useful to carry the solar radiation
towards the absorber plate. As the number of covers increases, the value of products of
transmissivity and absorptivity decreases. Thus, solar intensity absorbed by the
absorbed plate is less so, heat gain is less when number of covers increase. Also,
addition of more covers decreases the thermal efficiency (Sukhatme and Nayak 2018).
Hence, single transparent cover is beneficial to make the model with selective absorber

plate surface.



Considering above points, the single pass solar air heater has poor heat transfer
coefficient between the absorber sheet and the working fluid. As a result, its efficiency
is low. The solar air heater works only in daytime. It is less efficient in the rainy season.
The downside of solar energy is that different solar intensity with time. Different solar
intensity occurs daily because of the day night cycle and seasonally because of the
ecarth’s orbit about the sun. This change takes place at a specific location because of the
local climatic conditions. The energy must be stored when the sun is gleaming. Further,
it can be used when it is not obtainable. The requirement for storage also includes
significantly to the cost of any system (Sukhatme and Nayak 2018). Hence, this lower
efficiency can be enhanced by inserting roughened or longitudinal fins, baffles with
different angles, metal porous media etc. There are plenty of materials used for
enhancing the thermal efficiency of solar air heater. For example, fins, perforated sheet,
wire mesh, metal foam, spherical marble balls etc. The porous material has benefits
such as light in weight, higher surface area compared to solid fins, the intricate network
of openings allows for better heat exchange with nearby fluid. Also, metal porous media
ensure more uniform heat delivery across the surface, preventing localized hotspot.

1.3.1 Selection parameters for enhancement of performance solar air heater
Solar air heater is designed on the basis of design, operational, meteorological and
environmental parameters. Some major parameters are listed below which influence the

performance of solar air heater.

Selective surfaces — it should be desirable that the selective surface should absorb the
maximum solar intensity coming from Sun. It must have less emissivity. The black
paint to absorber plate is very much useful to absorb the maximum solar radiation. It is

mostly the metal sheet with Al, GI or steel with thickness ranges from 0.5 to 1 mm.

Number of covers — More the number of transparent covers, lower the solar intensity
absorbed by the absorber plate. So single transparent cover is more useful to obtain the
optimum result of heat absorption by the absorber plate. It is mostly toughened glass

and now days multiwall polycarbonate sheet is more common as a transparent cover.

Insulation — The insulation materials are preferably glass wool, ceramic wool,

rockwool etc with thickness ranges from 5 to 8 cm.



Spacing — The spacing between the glass and the absorber plate must reduces the

convective heat transfer coefficient.

Collector tilt- the angle of tilt of SPSAH is equal to the latitude of the location so that
the absorber plate will absorb more solar intensity.

Collector area — The face area of the SPSAH should be ranges from the 1 to 2 m2.

«Selective Surface

*Fluid inlet temperature
*Number of covers J——

«Solar Radiation

. Insul_atlon Heat loss analysis
Spacing _ Nature of air
«Collector Tilt Circulation
«Collector area
Design Operational
Parameter Parameter
T\
{ | S /£
: |
//\ /] [
N 4 |
\‘il_,j-/ }-‘"
Meterorological | Environmental /
Parameter Parameter /

Reynolds Number  Wind speed
«Nusselt Number "« \Neather

«Heat Transfer conditions
Coefficient «Dust on top
Friction Factor cover

Figure 1.4 Selection parameters for enhancement of solar air heater

The operational parameters for enhancement of thermal performance of SPSAH are
fluid inlet temperature, solar radiation, heat losses from the top cover, and nature of
circulation of air. The SPSAH should works on lower fluid inlet temperature so that the
top loss coefficient, temperature difference and heat loss will get reduced which
increases the thermal efficiency of SPSAH. The nature of air circulation should be
forced circulation to control the air flow as per requirement and to increase the thermal

efficiency.



The environmental parameter for designing the SPSAH is dust on the transparent cover
which should be less. Hence, regular cleaning of the glass is required. The test should

run on sunny days to get maximum output of SPSAH.

The metrological parameters for analysis of performance of SPSAH are the heat
transfer coefficient, Nusselt number which must be high and friction factor should be

low so that thermohydraulic performance parameters will be high.

1.4 METAL POROUS MEDIA

A porous media is known as substance having of solid matrix with proximate, adjacent
and varying gaps. The fluid moves via opening of the porous region, in elementary
single-phase motion of openings are overloaded with particular fluid. The solid phase
of the porous region may be firm, or it may undergo minor change in structure or shape.
The examples of genuinely accessible porous substance are seashore sand, rye bread,

sandstone etc. (Narashimhan 2020)

The metal porous media is available in the form of metal foam, wire mesh, steel balls,
iron chips, etc. The pores per inch and the porosity are the measurement parameter
considered during the manufacturing of the metal porous region. The applications of

the metal porous region are useful to extract the heat in different thermal devices.

(a) () (©) (d)

Figure 1.5 Metal foam porous media (a) Copper metal foam(Saedodin et al. 2017) (b)
Aluminium metal foam (Kamath et al. 2013) (c) Aluminium Wool (S6zen et al. 2021)
(d) Aluminium Wire mesh available in the local market.

Metal foam is used in heat exchangers, vertical channel, air plane, missiles, solar

applications like solar water heating systems, solar air heaters, solar fuel cells, parabolic



trough collectors to enhance the heat exchange rate and to obtain the desirable output.
Similarly, it is used in vehicle heaters or exhaust systems, gas turbines, energy
utilization in different commercial processes such as heating systems, combined heat
and power systems etc. Likewise, the wire mesh as a porous media is also useful in
solar air heaters, solar distillation, solar cookers etc. Other than that, it is mostly used

in civil area for constructing the buildings, as a fencing to walls etc.

1.4.1 Porosity (®)
It is known as the ratio of complete void volume to the entire volume of the porous
region. Similarly, the surface porosity is known as the ratio of void area to the total

area.

Vvoid -1 Vsolid (1.1)

Ny

Vtotal Vtotal

The metal porous media have the porosity from zero to 100 % and PPI varies as per
requirement of the application in Industry. The porosity contributes noteworthy part in

the forecast of variation in the pressure over the porous media (Narashimhan 2020).

1.4.2 Permeability (K)

It is known as the potential of the porous substances to enable the fluid to progress
between the porous region. It depends on the porosity as well as appearance or
formation of the porous structures. It is obtained from the Darcy law. The unit is in m?.
The permeability of the porous region can be determined from experimental difference
in the inlet and outlet pressure or mathematical expressions specified by numerous

researchers for novel and new types of porous medium (Narashimhan 2020).

K=U HAX
~ T AP (1.2)

where U is known as the superficial velocity, p is taken as the dynamic viscosity of the

fluid and i—z is considered as the pressure gradient across the porous region thickness.

The permeability of basic or easy geometries are determined by mathematical formula

as given in Eqgn. (1.3) as



K = d3®3/180(1 — ®)? (1.3)

where dp is known as fibre diameter or wire diameter in case of metal foam and wire
mesh respectively. The constant 180 is considered from the most appropriate fit of

observational facts and information which is tested by different experimental trails.

1.4.3 Form drag coefficient (C)

The Form drag coefficient depends on the construction and shape of the fibre or wire
diameter and solid shape of the porous medium (Narashimhan 2020). Theoretically one
can calculate the form drag coefficient by using Eqgn. 1.4 as given below,

C = (AP/L)/pup (1.4)
Where APs is pressure drop due to form drag.

1.4.4 Superficial velocity
The superficial velocity is the product of porosity and the average velocity of the fluid
over the porous volume (Narashimhan 2020).

U= oU (1.5)
Where U is the average velocity of the fluid over the volume V¢

1.5 FLOW THROUGH METAL POROUS MEDIUM

1.5.1 Darcy Law

The elementary governing law of fluid flowing through the porous region is Darcy’s
law represented in Eqn. (1.6). It shows that the fluid flow rate through the porous region
is proportional to pressure gradient and viscosity of the fluid over a given span
(Narashimhan 2020).

=l

m

VP=-1 (1.6)

The Darcy law is authoritative only for small velocity incompressible and isothermal

movement.
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1.5.2 Darcy Extended Forchheimer Law

It is the addition of Darcy principle and states the inertial effects of the fluid motion,
which interprets the form drag coefficient or inertial resistance coefficient as
represented in Eqgn. (1.7). The form drag coefficient depends on the inside construction

of porous material, porosity and pore dimensions as per (Narashimhan 2020).

u C
H + ~ luju

—VP ="~
K VK

(1.7)
Where C is called as form drag coefficient (Forchheimer coefficient).

1.6 HEAT TRANSFER THROUGH POROUS MATERIAL

There are two thermal models available for the prediction of heat exchange through the
porous medium (i) local thermal equilibrium model (LTE) and (ii) local thermal non-
equilibrium model (LTNE) (Narashimhan 2020). The local thermal non equilibrium
model assumes that the medium and the fluid flow are not in thermal equilibrium in the
porous medium. In this case temperature gradient is present between the solid and fluid
interface. So, additional terms used in this method are interfacial area density and heat
transfer coefficient between the solid and fluid phases in porous media. So, LTNE
model accounts the effect of porosity and pore diameter. Further, the local thermal
equilibrium considers the solid and fluid temperature gradient is zero. The conduction
flux in the porous medium uses an effective conductivity and the transient term includes

the thermal inertia of the solid region on the medium.

1.6.1 Local Thermal Equilibrium Model

Local thermal equilibrium model accepts that the solid and fluid parts of the porous
region are in thermal equilibrium i.e., Ts = Tf=T. The net heat exchange between the
stages of the porous medium is nothing i.e., nil since the heat conduction in both stages
carried out synchronously.

For aT,

T.
solid (1 - CD)(PC)S E - (1 - (D)V- (kSVTS) + (1 - CD) qsm =0 (18)
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: oT,
For fluid cp(pcp)f a_tf + (pcp)f U. VT = @ V. (kVTp) + @ gf'” (1.9)

T
(PC) et T + (pO)fU.VT = V. (KegrVT) + e’

(1.10)

where (PO efr = (1 — @)(pc)s + @ (pcp)s (1.11)
Kett = (1 = P) kg + P ke (1.12)

Qett = (1 — P)gs"" + @ qf” (1.13)

1.6.2 Local Thermal Non-Equilibrium Model

The local thermal non-equilibrium model thinks about the rise in temperature or drop
at the fluid and solid area of the porous region. The heat exchange between the fluid
and solid regions is evaluated by the convection condition exhibited in Eqgn. (1.14) and
(1.15) (Calmidi and Mahajan 2000).

For solid
0T (1.14)
(1 - CD)(pC)S E = (1 - CD)V (ksVTs) + (1 - CD) Qs + hsfasf(Tf - Ts)
For fluid
an nr
®(pcy), T (pcp) U.VT; = @ V. (kVTp) + @ g + herage(Ts = Tp)  (1.15)

Where, interfacial surface area and heat transfer coefficient is described as
(Mahmoudi and Karimi 2014)

1.16
agf = 6(1—(D)/dp ( )
Interfacial heat transfer coefficient
1 (Dd 0.6
Nugs = 2.0 + 1.1 Pr3Re,*® (d—p>
h
1.17)

dn is the pore scale hydraulic diameter in m.
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1.7 FRAMEWORK OF THESIS

Chapter 1 narrates brief introduction about the current scenario of solar energy,
different solar thermal systems, its applications, preface of solar air heaters, their types,
importance of porous media and applications.

Chapter 2 is related with comprehensive and expository review of solar air heater with
metal porous materials. It contains completely filled and partially filled porous material
in solar air heater with different configurations. Also, it includes the study of different
PPI and porosity of porous media as well as its thermohydraulic performance on solar
air heater system. Moreover, this chapter includes the overview of the literature as well
as research gaps, motivation and scope of the study. The objectives of the presented

research works are also mentioned in this chapter.

Chapter 3 details the analytical, computational and experimental studies of solar air
heater including and excluding porous materials to accomplish the objectives. The
detailed information of geometry, meshing, material properties, boundary conditions,
solution and set up are disclosed in this chapter. Also, dimensions of the experimental
set up, measurement procedure, performance parameters for analysis revealed for the

single pass solar air heater including and excluding porous materials.

Chapter 4 discussed about two-dimensional study of single pass solar air heater with
or without metal foam. The arrangement of three different thicknesses of porous media
is kept at equal distances in the single pass solar air heater. The thermohydraulic
performance parameters are evaluated on the basis of different PP1 and porosity. Also,
three different materials are introduced for evaluation of thermohydraulic performance

parameters.

Chapter 5 presents the computational and experimental studies of the partially filled
graded aluminium wire mesh. Three unlike aluminium wire meshes are studied for heat
transfer enhancement in the SPSAH. The numerical study is investigated with four
different locations of the 25 % of entire-length of test section of the wire mesh. The
Nusselt number, thermohydraulic performance parameters studied in detail for different
location. The heat transfer enhancement in SAH are observed by comparing

temperature rise in the empty channel and the GAWM SAH.
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Chapter 6 represents the exergy, energy and economic analysis of the transverse and
longitudinal direction of GAWM. The two different wire meshes are arranged in the
transverse and longitudinal direction to obtain it GAWM. The thermohydraulic
performance parameters are calculated for the four different configurations. The best
model from the four types was considered for the experimental study. The empty
channel and GAWM channel drying rate are compared for two different mass flow rates

experimentally. The simple payback period is calculated for the present model.

Chapter 7 emphasizes the supreme and important conclusion of the current work.

Future work is also mentioned in this section.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

India is an agricultural nation which transport enormous amount of farming products.
Solar energy is easy to use and anyone can use to produce electricity, to dry products
like vegetables and fruits etc. Hence, the maximum utilisation of solar energy is more
important in order to reduce the use of fossil fuel as well as dependency over the
conventional commercial resources. The open sun drying has many drawbacks and
problems like effect grime, smoke, insects or animals which reduces the quality of the
drying products. Also, open sun drying is a lengthy, prolonged process. The alternative
for this is electric ovens. But it has many downsides like dependency on electricity,
skilled worker required to operate it. The maintenance is also high. The electricity
production with fossil fuels creates unwanted gases which is harmful to environment.
Therefore, the solar air heater (SAH) is the best option to dry products like vegetables,
fruits etc. It reduces the usage of electric heaters, ovens etc. The cost of SAH is low;
anyone can operate it, and maintenance is also low. The single-pass solar air heater has
fewer parts and is simple to design and operate. It is made of one absorber plate,
transparent cover, insulation and outer frame. The air flows through the space between
the glass and the absorber plate. First, solar radiation falls on the glass which is coming
from the Sun. It transmits through the glass cover and reaches the absorber plate. Due
to the black paint of the absorber plate, it absorbs more radiation and gets heated. The
air flows over the absorber plate, and absorbs heat from it. Therefore, the outlet
temperature is higher than the inlet temperature of the fluid. This higher outlet
temperature is used for drying the vegetables and the fruits which is useful to make
powder and used for the eating purpose in different recipes. Hence, it can be handy,

convenient, profitable for rural and non-rural areas across the world.

The efficiency of the solar air heater can be upgraded by inserting metal porous media,
solid fins, baffles, novel extended surfaces or corrugated or wavy absorber plates in the

entire channel of the system with different configurations. Many researchers are gaining
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the awareness and curiosity on the metal foam and wire mesh as porous media to
enhance the heat transfer rate and to make the system effective. They observed the
system using fully filled and partially filled, changing the PPI and porosity of the porous

media.

The solar air heater performance can be evaluated on the basis of different mass flow
rate, which shows the type of fluid flow. Also, it depends on the Reynolds number. The
researchers investigated the Nusselt number, friction factor to observe the thermal
performance parameter. Further, many researchers focused on the thermal efficiency,

exergy efficiency to check the moisture removal rate.

2.2 EFFECT OF METAL FOAM AS A POROUS MEDIA IN SOLAR AIR
HEATER

The metal foam as porous media is used to enhance the heat transfer in solar air heater.
The different combinations have been studied by different researcher in the previous
studies. The main focus of the researchers is to increase the heat transfer and reduce the
friction factor in order to increase the thermal performance parameter of the SAH. The
different arrangements of thickness, PPl and porosity have introduced to evaluate the
thermal efficiency and thermohydraulic performance parameter of SAH. Some
researchers studied the different angular positions of metal foam, addition of
nanofluids, paraffin etc. to observe the increase in temperature of SAH. These studies
have compared mainly with the solid fin or without metal foam condition in order to
observe the percentage increase in the thermal efficiency of SAH. The detailed

summary of different configurations of metal foam have been explained as follows —

2.2.1 Comparative study of metal foam and solid fin

(Dukhan and Quinones 2003) observed that the effective conductivity and heat transfer
of porous Aluminium metal foam is more than a solid fin by 4 % and 1.5 %,
respectively. They considered 10, 20 and 30 PPI with the porosity of 95 % Aluminium
metal foam for heat transfer enhancement in SAH. Further, it has been observed that

the number of pores per inch increases when heat transfer is more for the same porosity.

(Naphon 2005) described that the addition of porous media in DPSAH improves the
thermal efficiency 25.9 % compared to the empty channel DPSAH. The author used
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implicit method of finite difference method to obtain the results. (Mancin et al. 2012)
studied the experimental heat transfer coefficient and pressure drop for five different
copper metal foam samples. They noticed that heat transfer coefficient was more for
higher mass flow rate and that pressure drop reduced with reduced porosity. The copper
metal foam with 10 PPl and 0.905 porosity was found to be the best option for electronic
cooling applications compared to 5, 20, and 40 PPIs and different porosities. (Xu et al.
2014) studied the effect of LTE/ LTNE model including porous media in SAH
numerically. The author obtained the porous fin with LTE model, which is more
beneficial and useful in judging the performance. (Bayrak and Oztop 2015) studied the
thermal performance of a solar air heater with Aluminium metal at different thicknesses
experimentally. They concluded that the 6 mm thickness Aluminium metal foam has
higher efficiency than 10 mm thickness metal foam for 0.025 kg/s mass flow rate. It is
noted that Aluminium metal foam gives better results than empty channel solar air
heater for the same velocity and heat flux conditions. (Jouybari and Lundstrém 2020)
done the thermal and thermohydraulic investigation of SAH using Aluminium Oxide
(Al,03) ceramic porous media with 90 % porosity. The author reported five times
increase in the thermal and thermohydraulic performance compared to without porous
media SAH. (Kansara et al. 2021) performed experiments in FPSC with internal fins
and porous media. The authors showed that porous media has the highest heat transfer
compared to fins and conventional SAH.

2.2.2 Effect of addition of paraffin or nanofluids

(Chen et al. 2010) performed thermal performance analysis using combination of 90 %
porosity aluminium metal foam and paraffin. The addition of foam increases the
temperature up to 20 °C than without foam. (Jouybari et al. 2017) experimentally
investigated the use of metal foam with the addition of nanofluid to improve thermal
performance. The performance evaluation criteria are to reduce the pressure drop and
increase the heat transfer. With the help of metal foam and nanofluid, the performance
evaluation criteria increased more than 1 % for lower flow rate and thermal efficiency
increases by 8.1 %. Further, the increase in nanofluid concentration increases the
performance evaluation criteria. (Baig and Ali 2019) proposed an experimental study

on thermal storage in solar air heaters with the help of paraffin wax combined with
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Aluminium metal foam. The analysis included four different configurations: flat plate,
two copper ducts, four copper ducts, and the fourth configuration as a flat plate with
pre-heat. Usage of two and four copper ducts leads to more heat transfer than the other
two configurations. A maximum efficiency of 97 % was achieved with the help of a flat
plate pre-heat configuration without a fan and with the help of Aluminium foam and

paraffin wax.

2.2.3 Effect of different tilt angles of metal foam

(Hussien et al. 2019) investigated the thermohydraulic performance of SAH with three
types of metal foam configurations. The corrugated metal foam gives higher thermal
and effectiveness efficiencies, rather than longitudinal and staggered. A high heat
transfer rate obtained for a higher PPI. (Farhan et al. 2020) performed a comparative
study on the solid fin and metal foam. These types were further arranged in longitudinal,
staggered, and corrugated configurations to check the heat transfer enhancement rate.
It was noticed that the corrugated arrangement gives more heat transfer than other
arrangements. Also, it was observed that the exergy loss and efficiency depend on the
solar intensity and the velocity of air flowing through the channel. (Taha and Farhan
2021) reported the thermal performance of SAH with herringbone porous metal foam.
They kept foam at an angle of 30°, 60° and 90° for 0.01 to 0.05 m*/s mass flow rate.
The author obtained highest thermal efficiency up to 87.7 % for 0.04 m3/s mass flow
rate at 30° foam angle. (Mutar and Alaiwi 2023) studied the thermal efficiency of
SPSAH using copper metal foam at an angle of 0° and 45° to the absorber plate and at
four equal distances. The thermal efficiency is 51 % higher for 45° angle compared to

0° angle of metal foam to the absorber plate.

Hence from above all different configurations, the metal foam is found to be very useful
for enhancement of heat transfer in solar air heater. Table 2.1 show Summary of
analytical, numerical, and experimental investigations performed on SAH using metal

foam by several researchers.
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Table 2.1 Summary of analytical, numerical, and experimental investigations

performed on SAH using metal foam by several researchers.

Metal Type of Major
Methodology, Mass foam arrangement outcomes
Ref. LTE/ flow . Porosity of metal compared
Material, : )
LTNE rate (PPI) foam in with empty
SAH channel
(Dukhan Theo- 1D, 3.66 Al 0.95 Horizontal Heat transfer
and NM m/s 10,20, 4 times higher
Quinones 30
2003)
(Chenetal. Expt.and - Al, 0.90 Horizontal Temperature
2010) Num- 2D, NM rise 20 °C
LTE
(Bayrak Expt., NM 0.016, Al NM Vertical — New = 37 -
and Oztop 0.025 NM Staggered 77 %
2015)
(Jouybariet Expt., LTE 0.5to Cu, 0.93 Horizontal Improvement
al. 2017) 15 20 inng, =
lit/min 8.1%
(Baig and Expt., NM - Al, NM Horizontal Max. ng, =
Ali 2019) NM 97 %
(Hussienet  Expt., NM 0.01 Cu, NM Fin Max. ng, =
al. 2019) 15, longitudinal 86 %
20 corrugated (corrugated)
staggered
(Farhan et Expt., NM 0.011 Cu, NM longitudinal Mex =44 %
al. 2020) to NM corrugated,
0.059 staggered
(Taha and Expt., NA 0.01to Herringbone, 0.9 Corrugated Max. N,
Farhan 0.05 10 angle =87.7%
2021)
(Jouybari 2D Num.and Re= Al,O4 0.9 Horizontal Thermal
and Expt., LTE 4000 ceramic, performance
Lundstrém to NM 5 % higher
2020) 6000
(Kansaraet 2D Num.and 0.0151, Al, 0.92 Horizontal Temperature
al. 2021) Expt., LTNE  0.0225, NM rise 16.17 %
0.0301, higher
0.0377
(Mutar and  Expt., NA 0.0125, Cu, NM Angle with Max. N, =
Alaiwi 0.025, NM absorber 94.8 % for
2023) 0.045 plate is 0° MF = 45°
and 45°.

* NM = not mentioned
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2.3 EFFECT OF WIRE MESH POROUS MEDIA IN SOLAR AIR HEATER
PERFORMANCE

2.3.1 Use of wire mesh in SPSAH

2.3.1.1 Outdoor experimental trials and its findings in SPSAH

(Chiou et al. 1965) studied thermal performance of SAH by unidirectional, counter
flow, cross flow arrangement of wire meshes. The author observed that the upper losses
are less and thermal efficiency is high in unidirectional arrangement of wire mesh
compared to counterflow and cross flow arrangement of wire mesh. The air is first
travel with wire meshes and makes contact with the wire mesh upper surfaces. Hence
the temperature is higher in unidirectional case. (Gupta and Garg 1967) investigated
thermal performances of SAH with G | and Aluminium corrugated sheet and wire
meshes. The author performed comparative study of G I, iron and Aluminium expanded
metal screen. The corrugated type and wire mesh construction obtained 60 % and 50 %
higher efficiency respectively. (Sharma et al. 1991) concluded that higher porosity with
more transverse pitch achieved lowest outlet temperature compared to its lower porosity
with lower transverse pitch. (Ahmad et al. 1996) studied thermohydraulic performance
including iron wire screen matrices as absorber. The porosity of iron matrices for
conducted experiment from 0.823, 0.946 and 0.968. The author observed
thermohydraulic efficiency decreases with increase in the porous height to element size
ratio and wire mesh porosity. (Varshney and Saini 1998) developed the heat transfer
and friction factor correlations for rectangular domain SAH with (® = 88 to 95 %) wire
mesh. The author observed heat transfer coefficient and friction factor relies on the
geometrical details of matrices. The correlations introduced for Colburn J factor and
friction factor which is depends on heat transfer coefficient. The author considered six
different porosity of wire meshes to develop the correlation. Similarly, (Thakur et al.
2003) developed heat transfer and friction factor interdependence for low porosity (®
=66.7 to 88 %) WM porous SAH. (Prasad et al. 2009) concluded that the enhancement
of efficiency of SAH is controlled by the mass flow rate and the porosity of wire mesh.
The author observed that the heat transfer coefficient is more for lesser porosity of wire
mesh. The author observed that the number of layers of wire mesh increases in the
channel, then porosity decreases. It will give more tortuous flow in the channel. In the

same time heat transfer area for passing the air is minimum, which gives higher
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turbulence. Hence the temperature increases. (Velmurugan and Ramesh 2011)
improved the thermal efficiency by 5 % using low carbon steel wire mesh at different
mass flow rates. (Adnan Abed et al. 2017) studied the V type and U type porous
absorber in solar air heater experimentally and mathematically. He observed that the V
type is more effective in clear days compare to U type. He also notices that the U type

is more effective at the time of sunrise and sunset.

(Devecioglu et al. 2018) studied the thermal efficiency, thermohydraulic efficiency and
exergetic efficiency of SAH using Copper wire mesh as porous media for different tilt
angle and mass flow rate. The author observed that higher the mass flow rate, lower the
tilt angle of solar air heater which gives better thermal and exergetic efficiencies of
SAH. (Rajarajeswari et al. 2018) investigated numerical study on wire mesh and
validation with experimental results. The diagonal arrangement of two wire mesh (®
= 84.5 and 92.5 %) improves thermal efficiency about 5-17 % and 5-20 %,
respectively, with the mass flow rate ranging from 0.01 kg/s to 0.055 kg/s. (S6zen et al.
2020) studied thermal efficiency of tubular type SAH inserting iron wire mesh. The
author noted that thermal efficiency increased by 11 % compared to without wire mesh.
Further the same author studies the effect of Aluminium wire mesh. (S6zen et al. 2021)
tested Aluminium wool as porous media in SAH. The author obtained 56.30 to 71.32
% average thermal efficiency. (Singh 2022) investigated the thermal performance of
SAH with serpentine wavy WM. The thermohydraulic performance is 186 % higher

than the conventional smooth channel.

2.3.1.2 Indoor experimental trials and its findings in SPSAH

Some researchers studied the thermal performance of SAH using indoor testing.
(Luampon et al. 2019) reported the thermal efficiency of SAH with stainless steel wire
mesh. The author obtained 5.10, 16.75 and 34.81 % more thermal efficiency than
without wire mesh for 4, 8 and 12 PPI respectively. (Mahdi et al. 2021) investigated
experimentally the performance enhancement criteria with insertions of copper wire
mesh. The author obtained the 315 % increase in heat transfer coefficient by copper
wire mesh. (Krittacom et al. 2022) studied heat transfer enhancement of SAH by
inserting Stainless steel wire mesh. The author examined and noted that Nusselt

number, friction factor and thermal enhancement factor (TEF) can be improved by
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inserting Stainless steel wire mesh. (Mund et al. 2023) studied heat exchange and
frictional performance of impinging jet integrated with wire mesh attached to the

absorber sheet. The maximum efficiency is about 53.65 % at Re 4913.

2.3.1.3 Analytical and numerical trials and its findings in SPSAH

The thermal performance of SPSAH improved by many researchers using different
analytical and numerical tools. The thermal efficiency is improved by (Singh and
Panwar 2013), (Verma and Varshney 2015), (Chouksey and Sharma 2016), (Sharma et
al. 2017) using the C++ language, (Ghritlahre and Prasad 2018) using ANN technique.
(Singh and Panwar 2013) reported thermal performance of SAH by different thermal
conductivity of wire meshes like Iron, Brass and Copper. He found that the thermal
performance changes due to porosity and extinction coefficient of wire mesh. It is less
depending on thermal conductivity of material for same porosity of different material
because radiant energy absorption is small in this case. (Chouksey and Sharma 2016)
observed that the more porous height decreases the heat transfer coefficient by
increasing heat transfer area. This is due to less amount of conduction and radiation
takes place at lower portion of porous bed. Hence air temperature is minimum. (Sharma
et al. 2017) observed that the energy efficiency is directly proportional to mass flow

rate and exergy efficiency is inversely proportional to mass flow rate.

2.3.2 Use of wire mesh in DPSAH

2.3.2.1 Outdoor experimental trials and its findings in DPSAH

The researchers performed the outdoor testing for DPSAH. The thermal efficiency are
increased by 20 to 25 % and 30 to 35 % by making counter flow (Ramani et al. 2010),
72 to 85 % by using 2, 4 and 6 fins (El-khawajah et al. 2011), 11 to 17 % higher in
counter type compared to parallel type of air movement (Dhiman et al. 2012), 80 %
maximum thermal efficiency in serpentine packed bed wire mesh (Singh et al. 2019)
compared to the without porous media double pass solar air heater.

2.3.2.2 Indoor experimental trials and its findings in DPSAH

(Sopian et al. 1999) introduced and reported that more outlet temperature and thermal
efficiency by the second or lower channel compared to first or upper channel. (Ho et al.
2013) reported improvement in the DPSAH using wire mesh as a porous media by
theoretically and experimentally. The author worked on SPSAH, DPSAH and DPSAH
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with recycle ratio for 0.0107, 0.0161 and 0.0214 kg/s mass flow rates at different solar
flux. The author noticed that the overall performance of the DPSAH is directly
proportional to the recycle ratio. The excellent results of the DPSAH with wire mesh
inserts are obtained at 0.5 to 1 recycle ratio to obtain a supreme overall performance of
the system. (Velmurugan and Kalaivanan 2015) performed energy and exergy analysis
of solar air heater by experimentally and theoretically. He compared result by finned
plate dual pass SAH, roughened plate dual pass SAH, single pass flat plate SAH and
wire mesh dual pass SAH. He further concluded that the v corrugated wire mesh
arrangement is best among all other configurations. The wire mesh with V type
arrangement in lower channel has turbulence intensity due to that heat transfer area
increases, also path length increases. Hence the effect of rise in temperature at top cover
is less so reduces the top losses.

(Singh and Dhiman 2018) studied the recycle type DPSAH. The wire mesh at the
inserted above the absorber plate, and making flow arrangement like recycle flow, flow
between two glass cover and compared the thermal and thermohydraulic efficiency.
The thermal efficiency is higher for the air flow between glass and porous media
compared to only porous media which is 81 to 86 %. Further, the author extended the
work with wavy channel absorber plate with porous media. (Singh et al. 2019) The
thermal efficiency of wavy channel with porous media is obtained 27 % more than the
empty channel. (Jalil and Ali 2021) investigated the thermal efficiency using stainless
steel and steel wool experimentally. The thermal efficiency more when the porous
media is in lower channel. For lower porosity, air flow is less. Due to this, it increases
the air path flow to remain in the porous media. Hence it gets higher temperature and

the thermal efficiency increases.
2.3.2.3 Analytical and numerical trials and its findings in DPSAH

(Kumar 2012) studied the thermal performance of DPSAH using the counter and
parallel flow type arrangement. The author reported that the counter pass is better than
the parallel pass for the similar mass flow rates. The thermal efficiency is 90 % and 84
% for counter and parallel pass DPSAH. (Dehghan et al. 2015) studied the steady state
model by semi analytically and finite difference method by numerically to observe the
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thermal performance of porous media in the system. The author reported that the heat

transfer can be improved using cellular porous media.

2.3.3 Combined studies on single pass and double pass SAH

(Mittal and Varshney 2006) observed that 0.937 porosity is best wire mesh for thermal
performance of solar air heater among the 0.887, 0.902, 0.937, 0.939 and 0.958 porosity
of wire meshes. The author further observed that the performance changes due to
porosity but geometrical parameters of wire mesh acts as a measure role to change the
thermal performance of it. (Omojaro and Aldabbagh 2010) evaluated the thermal
performance of SAH using fins and steel wire mesh as an absorber plate for single and
double pass. The author observed that the double pass is very much effective than single
pass. The rise in temperature between outlet temperature and inlet temperature is higher
in double pass than single pass due to preheating takes place in first channel then it goes
to second channel. (Aldabbagh et al. 2010) studied the experimentally with the added
wire mesh as a porous media. The author obtained 83.65 % higher efficiency with help

of wire mesh and without including absorber plate.

(Singh 2020) extends his work and studied the same experiment with single and double
pass SAH with serpentine wavy wire mesh with range of porosity is 85 % and 95 %.
The enhancement with serpentine wire mesh is 24.33 % higher than flat wire mesh with
the help numerical results. (Giiler et al. 2020) studied numerically and experimentally
double pass solar dryer without wire mesh and with iron wire mesh. The author
concluded that the effect of wire mesh is positive and it reduces the time of drying the
pepino fruit. (Chouksey et al. 2022) studied the woven wire mesh as porous media to
enhance the heat transfer in SAH. The author optimizes the depth of bed using two-
dimensional partial differential equation and their exact analytical solution. The results
show that 15- and 22-mm depth of bed is good for the 0.0241 and 0.0248 m/s velocity.
The maximum increase in efficiency for wire mesh SAH is 44 % and 54 % compare to
conventional SAH. (Nowzari et al. 2021) reported the 30 mm, 50 mm and 70 mm bed
heights for wire mesh porous solar air heater. The author also studied the comparison
counter flow and single pass SAH with same bed height. The author noticed that the 70
mm bed height has maximum pressure drop in both the cases. The counter flow has 5.6
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to 9.7 % higher efficiency than single pass in all the bed height. The efficiency is higher

for 30 mm bed compared to 50 mm and 70 mm in single pass and counter flow SAH.

2.4 EFFECT OF ALTERNATIVE OPTIONS TO THE METAL FOAM AND
WIRE MESH AS A POROUS MEDIA IN SOLAR AIR HEATER
PERFORMANCE

Many researchers used metal porous media other than wire mesh to upgrade the
working of solar air heater. (Mishra and Sharma 1981) used iron chips, Aluminium
chips and pebbles, (Gill et al. 2012) used iron chips, (Tiwari et al. 2013) used iron chips
to improve the overall operation of the solar air heater. The increase in the thermal
efficiency is around 24.81- 32.85 %, 24.07 - 45.05 %, 55.3 - 70.3 % respectively.

2.5 APPLICATION OF WIRE MESH TO DRY THE VEGETABLES IN SOLAR
AIR HEATER

The research shows the effectiveness of solar air heater using WM to dry the vegetables.
The solar air heater has been used to dry tomatoes with the help of GI WM by
(Rajarajeswari and Sreekumar 2014), potatoes with help of three different passes
adding sand and wire mesh in it by (Kesavan et al. 2019), pepino with help of iron mesh
by (Giler et al. 2020), carrot with help of iron mesh by (S6zen et al. 2020), onion with
help of Aluminium wool by (S6zen et al. 2021), Teucrium polium with the help of iron

wool porous plate adding PCM material by (Jahromi et al. 2023).

2.6 OVERVIEW OF THE LITERATURE REVIEW

The arrangement of metal foam as a porous media in SPSAH with partially filled is
studied by (Bayrak et al., 2013; Bayrak and Oztop, 2015; Hussien et al., 2019; Jouybari
and Lundstrom, 2020; Kansara et al., 2021; Mutar and Alaiwi, 2023; Saedodin et al.,
2017). The authors investigated that; the metal foam is the best option to increase the
heat transfer rate in SPSAH. In the recent literature different arrangements of MF, such
as the different thicknesses of Al MF by staggered and sequence type (Bayrak et al.
2013; Bayrak and Oztop 2015), changing the thicknesses of MF from the absorber plate
and insulation side (Saedodin et al. 2017), changing the corrugated, staggered and
longitudinal arrangement of MF (Hussien and Farhan 2019), by arranging thin layer of
MF at the top side (Jouybari and Lundstrdm 2020), comparing fin and foam of different
materials (Kansara et al. 2021), making 0° and 45° angle of MF to the absorber plate
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(Mutar and Alaiwi 2023), were executed to increase the heat transfer rate in the SAH.
The author improved the thermal efficiency of SPSAH on an average 20 to 60 % more

than the empty channel using metal foam.

Another porous media is WM which is easily available in the local market which has
cheaper price compared to MF. The recently studied literature shows that the wire mesh
is useful and significant changes occurred to increase the thermal efficiency of SPSAH.

The author used different porosities of WM and also different material of WM to
increase the thermal performance of SAH. For increasing the outlet temperature at the
outlet of SAH, the author used fully filled single type of WM in the SPSAH of different
porosities such as 87.5 to 95.3 (Sharma et al. 1991), 82.3 to 96.8 (Ahmad et al. 1996),
88.7 to 96 (Varshney and Saini 1998), 66.7 to 88 (Thakur et al. 2003), 68 to 80.3 (Tian
et al. 2004), 88.7 to 96 (Mittal and Varshney 2006), 62 to 81.6 (Prasad et al. 2009,
2021), 82.3 to 89.6 (Singh and Panwar 2013), 87.5 to 95.3 (Chouksey et al. 2022;
Sharmaet al. 2017). The thermal efficiency increases due to these WM from an average
20 to 79 % compared to without filling of WM.

The fully filled WM has disadvantages like the increase in the pressure drop, so friction
factor increases and finally lower the thermal performance. Hence, to reduce the
pressure drop and saving the material cost, some researcher performed the optimization
study for the partially filled WM in the SPSAH. The porosities used to improve the
thermal efficiency of SPSAH are the same which are mentioned as above.

Similarly, certain researchers have investigated the insertion of a partially filled wire
mesh with different orientations to improve the thermal performance of single-pass
SAHSs. Single-pass SAHSs produced a better rise in temperature at the outlet by inserting
a partially filled wire mesh in a number of studies: ( Abed et al. 2017) utilised a ‘U’-
type arrangement of Aluminium wire mesh and compared it with ‘V’-type soft steel
wire mesh as a corrugated absorber; (Devecioglu et al. 2018) utilised a Copper wire
mesh at four equal distances in the vertical direction, i.e., keeping perpendicular to the
absorber plate; (Ghritlahre and Prasad 2018) and (Rajarajeswari et al. 2018) utilised a
mesh in the diagonal direction lower side at the inlet and upper side at the outlet of an

SAH; (Sozen et al. 2020) utilised an Iron wire mesh, keeping at 100 mm equal intervals
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of distance perpendicular to the absorber plate; and (Jalil and Ali 2021) utilised steel
wool and six layers at equal distances of stainless steel wire mesh, which improved the

thermal performance of a SPSAH.

Recently, a partially filled wire mesh inserted into a SPSAH by different authors has
been found to enhance the thermal efficiency. The thermal efficiency improved by 34
% to 82 %, keeping the wire mesh in vertical direction at four equal distances, in a study
by (Devecioglu et al. 2018); by 15 % to 88 % using a Copper wire mesh of different
porosity in a study by (Rajarajeswari et al. 2018); and by 59.94 % to 67.69 % using an
Iron mesh with hollow-tube SAH in a study by (S6zen et al. 2020). Similar
improvements of 79.83 % and 76 % are found with steel wool and stainless-steel wire
mesh, respectively, in a study by (Jalil and Ali 2021); and improvements of 56.32 %
to 71.30 % for Aluminium wool are observed in a study by (S6zen et al. 2021),
measuring the energy efficiency of SPSAH.

The arrangements of the WM are performed by different authors such as horizontal
direction above the absorber plate in (Rajarajeswari and Sreekumar 2014), diagonal
direction lower side at inlet and upper sides at outlet in (Chiou et al. 1965; Ghritlahre
and Prasad 2018; Rajarajeswari et al. 2018), “V” type shape in (Abed et al. 2017), “U”
type shape in (Abed et al. 2017), perpendicular to the absorber plate in (Krittacom et
al. 2022; Sozen et al. 2020). The researchers noted that the average increase in the

efficiency is from 15 to 88 % compared to empty channel SAH.

Figure 2.1 (a) show the geometrical domain considered for the SAH with metal porous
media. The literature shows that rectangular domain is easy to design and develop. The
rectangular model is easy to manufacture and simple in construction. Also, anyone can
make it as per desirable dimensions. Figure 2.1 (b) shows the maximum study is
performed with the help of wire mesh as porous media to enhance the heat transfer rate
in the SAH.

The rectangular SAH is further categorised as single pass, double pass and triple pass
SAH with metal porous media. This number of passes of SAH also grouped as single

glass cover or double glass cover for single, double and triple pass SAH.
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Figure 2.1 Details of the solar air heater study (a) Domain considered during testing as
rectangular or circular, (b)Different metal porous media considered for the enrichment

of thermal performance in solar air heater.
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Few examples of the recent literature considered for the thermal performances are
shown in Figures 2.2, 2.3, 2.4, 2.5 and 2.6 for single pass single glass cover, single pass
double glass cover, double pass single glass cover, double pass double glass cover and
triple pass single glass cover respectively. Figure 2.7 shows the number of studies with
respect to number of passes of SAH considering single or double pass cover. Figure 2.7
shows that the single pass with single cover has been studied widely because of less
parts in the system. When the number of passes increases, the material requirement is
more and hence manufacturing cost as well as the weight increases. At the same time
the maintenance increases with increase in the number of passes. Hence, SPSAH is less
costly and easy to build due to less parts.

As the number of covers increases the system becomes more costly as well as
maintenance requirement is also high. The efficiency is higher for the double pass
compared to single pass but at the same time cost consideration, weight of the system
is also major consideration during the design of the SAH. In the Figures 2.2, 2.3, 2.4,
2.5 and 2.6, the yellow line represents the glass cover, red represents the absorber plate,
green represents the entrance zone, orange represents the exit zone. Also, the blue arrow
represents the inlet side i.e., entrance and red arrow represents the outlet side i.e., exit
of the SAH.
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Figure 2.2 Different types of structures of single pass single glass SAH with different

inlet and outlet shapes
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Figure 2.3 Structure of the single pass and two glass cover for solar air heater
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Figure 2.4 Different types of structures of double pass with single glass cover in SAH
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Figure 2.5 Different types of structures of double pass with double glass cover in SAH
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Figure 2.6 Different structures of the triple pass single glass cover of SAH
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Figure 2.7 Literature of the different passes with single glass cover and double glass

cover for single, double and triple pass studied papers.
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So, the heat transfer rate in the above-mentioned different passes with number of covers
changes according to area of the absorber plate, the percentage passing of solar
radiation due to single cover or double cover. The enhancement in the heat exchange in
the SAH increases because of more surface area due to porous media. The researcher
used different materials to enhance the heat transfer in SAH.

Figure 2.8 shows different materials of metal foam, metal scrap and wire mesh for the
rise in temperature in the SAH. The majority of the availability and useful material in
the metal foam is Aluminium and Copper. Both have higher thermal conductivity. The
Aluminium has lower weight than the Copper. Hence, 53.8 % researchers used it in
SAH application for the thermal performance improvement in the SAH. Further, few
researchers used Iron, Steel and Aluminium scrap material to increase the thermal
efficiency of the SAH. Similarly, more researchers used material like Steel, Copper,
Aluminium, Galvanized Iron and Iron wire meshes for the thermal performance
enrichment in the SAH. The material used for the wire mesh are metals like Aluminium
(Al), Copper (Cu), Iron (Fe), etc. and alloys like Stainless Steel (SS), Brass from above
study. The Stainless steel is alloy of Iron. The Brass is alloy of Copper and Zinc (70 %
Cu and 30 % Zn). The Galvanised Iron (Gl) is the process used of galvanization to
avoid rusting of iron. The Aluminium has low weight, so transportation cost is less and
also labour cost is less. The Copper cost is very high and weight is more. The stainless,
Iron and GI are low thermal conductivity material, corrosion is more compared to
Aluminium. The weight of the material and cost is also more compared to Aluminium
material. Table 2.2 and Figure 2.9 shows that the Aluminium is the best option
compared to Copper and Nickel.

Table 2.2 Common material used for wire mesh with its features.

Material Copper Aluminium Nickel
Cost High cost Low cost High cost
Rs 1020 /- per kg Rs 320 /perkg  Rs 1805 /- per kg
Weight High weight Low weight High weight
Availability Na\(jztaielzzllg Easily available  Easily Available
Thermal conductivity High Thermal Low thermal Low thermal
(Kothandaraman and conductivity conductivity conductivity

Subramanyan 2018) k=386 WmK k=2042W/mK k=90W/mK
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Figure 2.8 Different material used for the porous media (a) metal foam, (b) metal scrap,

(c) wire mesh
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Figure 2.9 The thermal properties of the material used for metal porous media
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So, till now, the above study overviewed best geometry or domain for SAH, then
different porous media and its availability, the type of SAH studied till today with
inserting metal porous media, the thermal properties and cost of the porous media in
the local market. Now the second main part is the arrangement of the porous media in
the SAH, so that optimum structure of the porous media is useful to upgrade the thermal
performance of the SAH. The researchers studied different arrangements of metal foam,

metal scrap and wire mesh with the absorber sheet to boost the heat transfer in the SAH.

The detailed merits and demerits are mentioned in the Table 2.3 for these different
arrangements of the porous media. Figure 2.10, 2.11 and the Table 2.3 shows that the
porous material parallel to the absorber plate is the best option compared to
perpendicular or inclined to absorber plate in order to save the initial design, planning,

construction and labour cost.

/ Glass
. - W -
Air - < > - Air
inlet | | H, outlet
Porous media “~——— Absorber plate

(a)Porous media parallel to absorber plate

(c)Porous media inclined to absorber plate

Figure 2.10 Different arrangements of the porous media a) parallel, b) perpendicular
and (c) inclined to the absorber plate. (H is the height of the porous media and W is the

width of the porous media)
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Figure 2.11 Different arrangement of the porous media in the SAH (parallel to absorber

plate, perpendicular to absorber plate and inclined to the absorber plate)

Table 2.3 Advantages and disadvantages of the different arrangements of the porous

media

Parallel to the absorber plate

Perpendicular or Inclined to the absorber plate

It is easy to mount or place the
porous media in the space
available between the glass and
the absorber plate

It has less maintenance.

The forced convection system
does not affect the location of the
porous media.

It can be useful for direct method
drying purposes.

It can be possible to add or
remove the porous media from
the system as per required
average outlet temperature for
drying purpose.

It requires the initial arrangement and construction and
planning for the mounting the porous media in the space
available between the glass and the absorber plate.

It requires the special care, changes in the dimensions of
the porous media at middle due to sagging of the
transparent glass.

Due to forced convection, the location may change or
difficult to maintain the space or extra glue is required to
fixed the porous media so that at high velocity the porous
media should not move the location.

It can be useful only for indirect method drying purposes.

It cannot be possible to add or remove the porous media
from the system as per required average outlet
temperature for drying purpose.
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From the above different arrangement of the metal porous media in SAH, the
researchers performed studies like analytical, numerical and experimental method with
indoor and outdoor testing. The methodology implemented by researchers is displayed
in the Figure 2.12. Figure 2.12 and 2.13 shows the previously studied methodologies
for the evaluation of the thermal performance of SAH. The experimental cost and time
can be saved by the analytical and numerical trials. Hence, to observe the uniform flow,
heat transfer contours, the CFD simulations plays significant role before manufacturing

the experimental setup.

. e OQutdoor
Experimental Indoor
\ . - FVM-ANSYS
umerica « FDM- CODING
e C++
Analytical * MATLAB

\_| - ANN

Figure 2.12 Different methodologies used by researchers to analyse the thermal

performance of SAH.

The researcher performed the testing of SAH by different methodologies. The practical
outdoor application is very important in any research. Figure 2.14 shows that the single
pass outdoor studies are very much easy and practically it can be demonstrated by
different metal porous media. 86.8 % of the researchers performed thermal performance
studies of the SPSAH which is higher than the other types of SAH and also compared
to indoor studies. Hence, the further focus of the output parameter is on the SPSAH
with outdoor experimental work done by the previous researchers. The SAH has inlet

parameters like inlet temperature, inlet area, outlet area, spacing between the glass and
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absorber plate, absorber plate material, absorber area to absorb the solar radiation and

mass flow rate or inlet velocity at inlet.
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Figure 2.13 Method of testing the thermal performance of SAH (a) analytical Method,
(b) numerical Method

Then, one can observe the outlet temperature, absorber plate temperature, solar
radiation, of that particular time. and, the SAH evaluated on the basis of thermal
efficiency, thermohydraulic efficiency, thermohydraulic performance parameter etc.
The metal porous media with drying application is considered in order to evaluate the

moisture ratio, drying rate and simple payback period. Figure 2.15 shows the recent

38



achievement in thermal efficiency of SAH using different types of WM. The authors
obtained the thermal efficiency from 30 to 88 % with SPSAH.

Indoor
0 (0%)

Total Triple pass:02
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I outdoor

Indoor

4(21.1%)
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38

Outdoor
33 (86.8%)
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Outdoor
15 (78.9%) Outdoor
2 (100%)
Figure 2.14 Comparison of the experimental studied of indoor and outdoor testing for
single, double and triples SAH.
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Figure 2.15 Effect of the mass flow rate and porosity on the thermal efficiency.
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2.7 SUMMARY OF LITERATURE AND RESEARCH GAPS

The detailed investigation has been studied of metal porous media in solar air heater.
Figure 2.16 shows various aspects which have been observed to enhance the heat
transfer in solar air heater. Various researchers focused their study of SAH on number
of passes, number of covers, variation in depth of channel, different absorber plate

angles, flow directions and different insertion material like metal porous media etc.

I Various aspects of heat transfer enhancement in solar air heater |

]
| Number of passes | |Number of covers | lAngIe of absorber plates | I Channel height I | Flow direction |
Single pass Single covers Flat type Change In Unidirectional
Double pass Double covers Wavy type height of Counter flow
Triple pass Corrugated type SAH Cross flow
| Different insertion material for more heat absorption |
|So|id fin I |Baf‘fles | |Nove| extended surfaces | |Porous media | INanoquids | IPCM materials |
!
Metal foam
Wire mesh

Sand
3
No of layers | | PPI | Porosity

Figure 2.16 Various aspects of heat transfer enhancement of solar air heater by metal

porous media in the recent literature.

The recent literature studied the maximum drying operation is with the active method
generally controlled by the fan. The requirement of the temperature can be controlled
by the fan speed to dry a particular product effectively. The open sun drying is a lengthy
process and not effective compared to solar dryer process. The passive method is having
lesser thermal efficiency than the active method hence the most of the literature
considers active method due to higher thermal efficiency. The direct type is easy and
low cost method. It saves cost of the extra drying chamber or box compared to indirect
solar dryer. The recent different types of drying methods are shown in Figure 2.17.
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Forced convection Natural convection .
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Figure 2.17 Classification of method of drying products considered by metal porous

media at recent studied literature.

Based on the scrutiny of publications, it can be noted that the numerical analysis on
wire mesh is required to understand the fluid flow and heat transfer characteristics
through wire mesh. Further detailed research is required to understand the meaningful
insights of fluid flow and heat transfer through the wire mesh. Also, the computational
evaluation of parametric and optimization work of forced convection through highly
permeable wire mesh are required but complex due to the construction of the permeable

material.

The above literature survey shows that following points are not covered in the heat

transfer enhancement of solar air heater.

1. The numerical and experimental studies on arrangements of different combinations
of porosity of wire mesh material as a porous media are not performed for forced
convection.

2. The numerical and experimental studies on arrangements of graded wire mesh
different porosity material with combinations like Aluminium and nickel or
Aluminium and Copper have not been analysed to increase the heat transfer and to
decrease the pressure drop.

3. The numerical and experimental studies on combinations of different types of wire
mesh like expanded type and square type have not been explored in the literature.

4. Optimization study of different heights of porous media for different combinations

of structural properties is unaddressed so far.
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2.8 MOTIVATION AND SCOPE OF THE PRESENT WORK

The above literature shows that the metal foam arrangement in SAH improves the heat
transfer rate, while at the same time the pressure drop increases when the inlet velocity
increases. Instead of fully filled metal foams in the SAH, a discrete arrangement of
metal foam reduces the pressure drop with reasonable heat transfer. There always exists
a trade-off between the heat transfer and pressure drop as the inlet velocity of the fluid

increases.

o The SPSAH with a single-type horizontally arranged WM has been studied
widely by many authors. Hence, from the literature, it can be observed that the single
type of PPI, porosity, and pitch-to-wire diameter of the wire mesh inserted in SPSAHs
have been studied, and a comparative analysis of SAHs’ thermal efficiency and
thermohydraulic efficiency has been conducted.

o The literature shows that wire mesh is the best option to enhance the heat
transfer in the SAH because it is easily available, simple in design, low cost, has a lower
transportation cost, and exhibits the appropriate pore structure. However, the literature
shows that combinations of different PPIs, porosities, and pitch-to-wire diameters of
the wire mesh have not been studied until today.

o The effect on the thermal performance of combining different PPIs and
porosities has not been investigated numerically and experimentally till today. In
particular, until today, the combination of three porosities of the same WM material in
a SPSAH to improve its thermal efficiency has not been analysed in the research
literature. Hence, to underline this situation, discrete metal foams with different thermal
conductivity have been considered.

o The thickness of the metal foam in the discrete arrangement plays a significant
role in heat transfer, the same has been varied while the distance between the discrete
metal foams was kept constant. Moreover, the PPI of the metal foam is changed to see

its effect in heat transfer and pressure drop.
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2.9 OBJECTIVES OF THE PRESENT RESEARCH WORK

1. Design and development of rectangular domain type single pass solar air heater
(SPSAH) to investigate thermal efficiency for different mass flow rates and to compare
the results of thermal performance of SPSAH analytically and numerically.

2. To investigate the enhancement of heat transfer numerically in single pass solar air
heater (SPSAH) using discrete porous media with varying thickness and porosity by

local thermal non equilibrium method.

3. To evaluate the thermohydraulic efficiency of a single pass solar air heater (SPSAH)
in the presence of wire mesh as a porous media and to compare the results for optimum
configuration of wire mesh. To analyse the thermal efficiency of SPSAH

experimentally with and without wire mesh.

4. Energy, exergy, economic (3E) analyses of single pass solar air heater (SPSAH)

using graded wire mesh for drying vegetables by numerically and experimentally.

2.10 CLOSURE

The comparative study of fully and partially filled metal porous media in different types
of solar air heater was overviewed in this chapter. The solar air heater has been
compared with metal porous media and without porous media in order to check the

thermal performance of SPSAH.
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 INTRODUCTION

This chapter deals with the detailed information of theoretical, numerical and
experimental methodologies to achieve the aim of the proposed objectives. The
research objectives fulfills the analytical, numerical (CFD) and experimental works.
The complete steps and their details for theoretical, numerical and experimental study
are given here. Figure 3.1 shows the research strategy implemented to carry out the
objectives. Figure 3.2 shows the execution of the experimental objectives. The
theoretical and numerical calculated values are validated with the experimental results.

The sequence implemented is shown in the Figure 3.3 for the above methodologies.

Selection of
Material and Analytical Numerical Experimental
Design Method Method Method
Dimensions

Figure 3.1. Steps implemented to achieves the research objectives.

Selection of

material and Numerical
Design calculation
Theoretical Validation with
Calculation experimental

results &
compare with
previous studies

Figure 3.2. Steps implemented to achieves the experimental objectives.
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Literature survey and market survey

:

Material selection

Prepare general
requirements
and alternate

options its cost,

availability

Standard design of SPSAH from literature

Selection of commercial scale of SPSAH design dimensions

4
[ o Analytical method —) o Numerical (CFD) method JEE o Experimental method ]

» Assumptions considered during the design consideration

[ Selecting the input parameters & Evaluating the output parameters ]

[ Testing the model and comparing with available literature ]

Figure 3.3 Implementation strategy of the present research work

3.2 PROBLEM STATEMENT

The main aim is to design SPSAH to dry the product like vegetables, fruits etc. for the
location National Institute of Technology Karnataka, Surathkal Karnataka which is
situated in southern India in the state of Karnataka. The location has a latitude of 13° 0'
12" & longitude of 74° 47' 24”. Select the material and design the SPSAH based on
open loop test in clear sky days. Evaluate the thermal efficiency and thermohydraulic
performance factor of the SPSAH at different mass flow rates, solar radiation and
ambient temperatures. Determine the maximum heat transfer enhancement and
minimize the pressure drop numerically, by using different PPI, porosities and different
thicknesses of metal foam or wire mesh. Test the best combination of graded wire
meshes to dry the vegetables experimentally and compared it with empty channel

performance.
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3.3 MATERIAL SELECTION AND DESIGN OF SINGLE PASS SOLAR AIR
HEATER (SPSAH)

The commercial scale of the SPSAH is 2m?. The material and designs have selected
from the literature survey. The study performed by Rajarajeswari et al (Rajarajeswari
et al. 2018) has considered as the reference work for the present study. The main parts
of the SPSAH are absorber plate, transparent cover, insulation and outer frame. The
criteria to select the material have chosen in such a way that it should give the maximum
thermal performance and the cost of the material should be low. So that the capital cost
of SPSAH is less. The Aluminium plate for absorber plate, toughened glass for
transparent cover, ceramic wool for insulation, and polyvinyl chloride for outer frame
has used to manufacture the SPSAH system. The matte black paint is applied on the
absorber plate to absorb more solar radiation from the Sun. So that the heat carrying
capacity of air increases. The characteristics of the selected material are shown in the
Figure 3.4.

3.4 DESIGN OF SPSAH BY ANALYTICAL METHOD

The theoretical design of the SAH was developed at the location of Mechanical
Engineering Department, National Institute of Technology Surathkal Karnataka, India.
For the conventional SAH, the material and properties are considered as mentioned in
(Kothandaraman C P 2018; Rajarajeswari et al. 2018). The dimensions mentioned in
(Rajarajeswari et al. 2018) are considered additional design parameters. As given in
(Sukhatme S P 2018), based on Klein’s recommendation, the mean value for the month
in April is 15. Hence the analytical solution for the empty channel is done on 15 April
at 13:00 hours, because the solar radiation is maximum. The latitude and longitude of
further study are 13° 0’ 12" N, 74° 47’ 24" E for the National Institute of Technology
Karnataka, Surathkal. The analytical readings are considered during clear sky days in
April 2022. Analytical studies are calculated under the climatic conditions of Surathkal,
Karnataka, India (12.99° N, 74.81° E). The tilt angle of 13° with the ground surface
facing south is taken for testing the SAH to achieve maximum solar radiation. The angle
of tilt of SAH with the ground surface is equal to the latitude of the location. The facing
south direction of SAH is beneficial for getting more solar radiation on the absorber
plate. This 13° angle is prepared with the help of a strong frame made up of MS material

to support the complete SAH. The angle of tilt is equal to the latitude of that location,
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as mentioned in (Rajarajeswari et al. 2018). The constant a and b for monthly average
daily global radiation are obtained for Mangalore city at 0.27 and 0.43, respectively, as
mentioned in (Sukhatme and Nayak 2018).

/

Aluminium <

Toughened glass

Ceramic wool <

Polyvinyl chloride <
sheet (PVC)

—
Figure 3.4 Significance of the selected material to manufacture the SPSAH



In this study, the absorber plate is considered as Aluminium plate with 0.5 mm
thickness. Aluminium is light in weight compared to copper, and its cost is also less
than the copper plate. The corrosion is less compared to Iron, GI sheet and Stainless-
steel material. The insulation and frame are polyurethane foam and wood, respectively,
for the present study. The toughened glass with 4 mm thickness is attached above the
Aluminium plate. The space between the glass and Aluminium plate is 120 mm. The
air flows through the space between glass and absorber plate. The detailed schematic
diagram of the SAH is shown in Figure 3.5. Table .1 shows the material properties used
during the analytical and numerical simulation. The present study is evaluated with
similar velocities to (Rajarajeswari et al. 2018). The Reynolds number varies from 3287
to 5479. The detailed procedure followed for analytical calculation as explained in

(Garg and Prakash 2016; Sukhatme and Nayak 2018).

(=) o
¢ AIR ™ o AIR
OUTLET © (o) INLET
o]

18 ]

18
18
18

@ | TOP VIEW | | @

Figure 3.5 Detailed schematic layout of SAH: (1) wooden material for entrance section
(in green line), (2) toughened glass (in yellow line), (3) aluminium absorber plate (red
line), (4) polyurethane foam (grey hatch line), (5) wooden material for exit section
(green line), (6) M S steel stand for support (purple line), and (7) wooden material
(green line) for the frame as an outer box of the solar air heater (all dimensions are in

mm).
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Table 3.1 Material properties considered for simulation at 50 °C. (Fluent 2022;

Kothandaraman and Subramanyan 2018; Rajarajeswari et al. 2018; Yadav and Bhagoria
2013).

) Specific Thermal Kinematic
. Density o . . Prandtl o o
Material Heat Conductivity Viscosity Emissivity  Absorptivity
kg/m?3 Number
(Jrkg K) (W/m K) (m?fs)

Air 1.225 1006.43 0.0242 1.79 x 107 0.702 -
Aluminium 2719 871 202.4 - - 0.8 0.95

Glass 2500 670 0.7443 - - 0.9

Wood 700 2310 0.173 - -

Copper 8978 381 387.6

Nickel 8900 460.6 91.74

3.4.1 Assumptions considered during analytical method
In order to make the clarify the situation and to make predictions the assumptions are
important to get the analytical results easily.

» The test is conducted for open loop in clear sky days.

» The specified limit of the solar radiation, ambient temperature, air flow rate, air
inlet temperature and temperature rise across solar air heater are + 50 W/m?, +
1°C,+1%,+0.1°C,and £ 0.1 °C, respectively, for a 15 min duration.

» The solar air heater is operated in steady state condition for the present study.
The range of air velocity is less than 30 % of the Mach number. Hence, the
density variation is very much less, due to a velocity which is below 5 %. So,
the flow is assumed to be a steady-state, incompressible turbulent flow.

> Here, 15 April is the mean of the value of solar intensity (It) for the month of
April. The average flux falling on the absorber plate for the month of April is
850 W/m?.

> The present study is selected for 0.2268, 0.2646, 0.3023, 0.3401, 0.3779 m/s
velocities at inlet.

» The wind speed is assumed as 1 m/s.

> The properties of air (working fluid) are considered at the mean fluid
temperature which is assumed as 50 °C.

» The material properties are isotropic.
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» Side walls are adiabatic. Negligible heat loss from the bottom plate and the
periphery envelope to the surroundings. Negligible heat loss from the inlet and
outlet surfaces.

3.4.2 Performance parameters of SPSAH for analytical method
The analytical calculations of conventional SPSAH are done by the procedure
mentioned in (Garg and Prakash 2016; Sukhatme and Nayak 2018) as follows-
The monthly average daily inclined irradiance is calculated by following Equation
3.1
0 (in degree) = 23.45 sin [0.9863(284 + n)] 3.1
where n is the day of the year, the present study for analytical is 15 April hence, n =
105. 9 is the declination.
Equation 3.2 below calculates the value of the angle between an incident solar beam
flux and the normal to a plane surface. Considering surface of SAH is facing south
(y=0°
Cos 0 =sin & sin (¢ — P) + cos & cos ® cos (¢ — P) (3.2)
where 0 is the angle between an incident solar beam flux and the normal to a plane
surface. ¢ is latitude of a location. B is the slope of the SAH with the horizontal
surface.
The magnitude of ws for an inclined surface facing south is calculated by Equation
33
|wg¢| = min[|cos™(—tan@ tans)|, |cos™1{—tan (@ — B)tan8}|] (3.3)
The daily sunlight or sunshine hours per day is calculated from Equation 3.4 as

2 3.4
Smax = Ewst 4

The daily radiation fall on a horizontal surface at the location is calculated by
Equation 3.5 as

360 n _ . ) (3.5)
360 ) (sin wg sin ¢ sin §

24
Hy, = ?Isc(l + 0.033cos(

+ cos® cos 6 sin wy)
From (Sukhatme S P 2018) constant a and b for Mangalore city in India are 0.27 and

0.43, respectively. Assuming the average sunshine hours per day are 9.5 h for April

o1



month. The monthly average of the daily global radiation a horizontal surface is
(3.6)

)

o Smax
The monthly average daily diffuse radiation is calculated by Equation 3.7 as
(3.7)

calculated by Equation 3.6 as
=a+ b(

57|

Hg
= 0.8677 — 0.7365[]

(o]

B

g
The hourly radiation on an inclined surface on n" day between 1 h is calculated by
(3.8)

Equation 3.8 as
360n
[, = 1.367 <1 + 0.033005( )> sin § sin($p — B)

+ cos & coswcos(p — B) z
Normalizing factor f. is mentioned in Equations 3.9 and 3.10
_ g (a+bfcos ) 1 I/m-h (3.9
(3.10)

I,
Hg H,
95 sinwg cos®
180 S S
T ®g
s———=C0S Wg

Where, f.=a+ 0.5b| =
Sin w 180
The monthly average hourly diffuse radiation is calculated by Equation 3.11 as
(3.11)

o _ I
Hqg Ho
The diffuse radiation is calculated by Equation 3.12 as
Tag B I, (3.12)
Hq H,
Choose the maximum value of diffuse radiation (I4) between Equations 3.11 and 3.12

(3.13)

for further calculations.
The beam radiation is calculated by Equation 3.13 as

=114

The tilt factor for beam radiation (rp) is calculated by Equation 3.14
(3.14)

cos® _ sind sin(@—p)+cos cosw cos(P—P)
sin @ sin §+cos @ cos § cos w

b = cos 0,
The tilt factor for diffuse radiation (rq) is calculated by Equation 3.15
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ry = (1 + cosP) (3.15)
2

The tilt factor for reflector radiation (1;) is calculated by Equation 3.16

. _p(L=cosp) (3.16)

2
Assume ground reflectivity be 0.2 as mentioned in (Sukhatme 2018). The total flux
(It) falling on tilted surface at any instant is calculated by Equation 3.17 as
It =1Ip b +lara + (Ip + La) rr (W/m?) (3.17)

The total flux (It) falling on tilted surface at any instant is calculated by flux coming
on the surface of absorber plate i.e., flux incident on the transparent glass is passing
through glass towards the black painted absorber plate. This flux is the addition of
beam and diffuse radiation coming directly on the absorber plate and the radiation
reflected onto the surface from surroundings. Here, all the solar radiation coming
from the sun is absorbed by the absorber plate. The heated absorber plate transfers
heat as heat flux to moving air from inlet to outlet with help of conduction, a
convection mechanism neglecting radiation heat transfer as mentioned in (Sukhatme
and Nayak 2018). It is assumed that the heat flux i.e., solar intensity falling on the
absorber plate is not more than + 50 W/m? for a 15 min duration. Hence the solar air
heater is working under a steady state condition.
The number of covers is considered for this SAH to be 1. The spacing between the

plate is 120 mm. The top loss coefficient of SAH (Uy) is calculated by Equation 3.18,

M 1._ o (T2m+T§)(T m+Ta) 3.18
Upg=[ C \/Tpm-Ta0252 + h_] L+ [ Ii |p2M+f—1 M] ( )
(Tp—m)< MIT ) w ep+0.0425 M (1-gp) £
9 30 T,
Where, fi= (—— E) (5i5) (1+0.091M) (3.19)
Ci=204.429 (cos B)*>2/d O (3.20)

d is spacing (in m) between cover plate and absorber plate, hy is the convective heat
transfer coefficient at the top cover, o is the Stefan Boltzmann constant (5.67 X 10®
in W/m?K*), &, and ¢ is the emissivity of the absorber plate surface and bottom
surface respectively.
The convective heat transfer coefficient in W/m? K at transparent cover is calculated
by Equation 3.21

hyw =5.7+3.8 Vg (3.21)
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The bottom loss coefficient of SAH (Uy) is calculated by Equation 3.22

Uy = ;{_; (3.22)
where k; is the thermal conductivity in W/m K of the insulation material and 0y is the
thickness of the insulation material in m. The side loss coefficient is assumed as zero.
The overall loss coefficient (Ur) in W/m? K is calculated by Equation 3.23

Uy, = U+ Uy + Ug (3.23)
The transmissivity of the cover system of a SAH is calculated by Equation 3.24

T=1T,T,4 (3.24)

where t; is the transmissivity obtained by considering only reflection and refraction,
T, is the transmissivity obtained by considering only absorption.

The value of the convective heat transfer coefficient hg, in W/m? K is calculated by

using Equation 3.25

o (3.25)
hg, = N ( ~ )
fp " Hydraulic diameter (dy,)

where Nu is Nusselt number, and ki is the thermal conductivity of air in
W/m K.
The Hydraulic diameter in m is calculated by Equation 3.26

4 (W x d) (3.26)
2(W+d)

where, W is the width of the absorber plate in m and d is the spacing between the

Hydraulic diameter(Dy,) =

glass and absorber plate in m.

The average air velocity in m/s is calculated by Equation 3.27

Average air velocity = % (3-27)
The Reynold number (Re) is calculated by Equation 3.28
Re =2V (3.28)
i
The radiative heat transfer coefficient (h;) in W/m? K is calculated as
Equation 3.29
hy = ﬁ (Tom + Tom) (T2 + Té) (3.29)
€ &p

54



where h; is the radiative heat transfer coefficient in W/m? K, Tpm and Tom is the mean
temperature of the absorber plate and the bottom plate in Kelvin. It can be taken to
be equal to the mean fluid temperature Ty, in Kelvin.

The effective heat transfer coefficient (he) between the absorber plate and the air

stream is calculated by Equation 3.30

he = hyy + hil:_hf;:fb (3.30)
The SAH efficiency factor is calculated by Equation 3.31
) U\ ! (3.31)
F = (1 + h—Z)
The useful heat gain (qu) in W for the SAH is calculated by Equation 3.32,
qQu = FrAp [S = Uy(T — Ta)] (3.32)
where Fr is the SAH heat removal factor, S is the flux absorbed in the absorber plate
in
W/m?,
f= T - exp(— e .
S =Ir(T0) avg (3.34)

The instantaneous efficiency of the SAH is calculated by Equation
3.35,

_ u (3.35)
IAC

n;

The outlet temperature of the SAH is obtained by Equation 3.36,

qu = MCp(Tr, — Tr) (3.36)
The above-mentioned equations are used to find the outlet temperature of SPSAH
considering mentioned assumptions in the section 3.4.1. After the calculated outlet
temperature, the comparison has done with the SPSAH of Rajarajeswari et al 2018. The
advantages of the analytical method are to save the time, material cost, fabrication cost
compared to direct experimental method. The analytical method serves as benchmark
towards the validation of the numerical work. Then the next primary stage is to calculate
the outlet temperature from the two-dimensional numerical domain of the same
SPSAH, considering the same assumptions. Next, the 2D numerical model is simple to

design and easy to observe the temperature variations, velocity distribution etc. The 2D
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numerical model has lesser mesh quantity as a result the computational time to obtain

the results is less. The analysis of thermal performance is also easy.

3.5 TWO-DIMENSIONAL NUMERICAL DOMAIN, ITS BOUNDARY
CONDITIONS AND GOVERNING EQUATIONS FOR SPSAH USING METAL
FOAM

In this section the empty channel two dimensional SPSAH is designed as per Figure
3.5. Then to increase the heat transfer enhancement in the SPSAH, the discreate metal
foam is added at equal distances of 22, 44 and 88 mm thicknesses. The outlet
temperature is calculated with insertion of metal foam and it has compared with the
empty channel SAH. Also, the thermohydraulic performance parameter is evaluated for
different PPI and porosities of metal foam.

3.5.1 Details of geometry, meshing and boundary conditions

All the design and analysis are performed in ANSYS Fluent 2022 R2 software. The
two-dimensional geometry is considered for the numerical analysis. The minimum
computational time, to obtain simple meshing with high quality in less time and easy
visualization are the benefits of the two-dimensional (2D) geometry compared to the
three-dimensional (3D) geometry analysis. Hence the first stage the numerical analysis
is performed with 2D study. The geometry consists of three parts i.e., entrance zone,
test zone and exit zone. The entrance zone has inlet and exit zone has the outlet. The air
is flowing from the inlet to the outlet of SPSAH. The reference work of SPSAH is

considered as shown in the Figure 3.5.
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Figure 3.6 Two-dimensional geometry of SPSAH (a) empty channel, (b) 88 mm discrete

metal foam at equal distances in the test section.
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Figure 3.7 Schematic of SAH: (a) empty channel SAH, (b) 22 mm filled metal foam,
(c) 44 mm filled metal foam (d) 88 mm filled metal foam in SPSAH.
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Figure 3.8 Quadrilateral mesh of 88 mm metal foam block in solar air heater.

Figure 3.6 shows the geometry of the empty channel and 88 mm discrete metal foam at
equal distance in the test section. Similarly, the 22 and 44 mm discrete metal foams are
arranged in the test section to enhancement of heat transfer in the SPSAH. Figure 3.7
shows the metal foam arrangement adopted for numerical study. The empty channel
and porous bed analysis are done for the same heat flux, i.e., the same solar intensity
falling on the SAH. Figure 3.8 shows the meshing for 88 mm metal foam thicknesses.
The material properties and assumptions are considered as mentioned in the Table 3.1
and section 3.4.1 respectively. The detailed boundary conditions used during
simulation are mentioned in Table 3.2. The planar-space steady-state pressure-based
solver with double precision is considered for 2D analysis. The Renormalization group
(RNG) k-¢ viscous model with enhanced wall function is used in ANSYS Fluent for
this study. A Green Gauss node-based method is used for the gradient to discretize the
convection and diffusion terms. A second order upwind scheme is applied to discretize
pressure, momentum, Turbulent kinetic energy, turbulent dissipation. The under-
relaxation factors for pressure, momentum, turbulent kinetic energy, turbulent
dissipation rate, turbulent viscosity, and energy are taken as 0.3, 0.7, 0.8, and 1,
respectively. The relaxation factors for other terms are kept in unity by default. In
solution initialization, standard initialization method is selected with computing from
the inlet. The convergence criteria set for energy is 1076, while for other terms it is set

as 1074,
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Table 3.2 Boundary conditions used during simulation in SAH (Rajarajeswari et al.

2018; Singh 2020; Singh et al. 2019; Sukhatme 2018; Yadav and Bhagoria 2013).

Momentum

Thermal

Inlet

Outlet
Absorber
plate

Glass

Side wall
and other

wall

Velocity magnitude as
0.3779, 0.3401,
0.3023, 0.2646,
0.2268, m/s

Pressure outlet as zero
Stationary wall

No slip shear

condition

Stationary wall
No slip shear

condition

Stationary wall
No slip shear

condition

Inlet temperature = 27 °C

Back flow temperature = 27 °C

Heat flux = 850 W/m?

Material = Aluminium

Wall Thickness = 0.0005 m

Bottom of the wall

Mixed

Heat transfer coefficient (HTC) = 9.5 W/m?
K as

wind speed assumed as 1 m/s

Where, hy =5.7 + (3.8 V'

Free stream temperature = 27 °C

External emissivity = 0.88

External radiation temperature = 27 °C
Wall thickness = 0.004 m

Heat flux = zero W/m? i.e., adiabatic wall
Material = wood

Wall thickness = 0.018 m

3.5.2 Governing equations and turbulent modelling considering LTNE method
For fluid flow in SPSAH, continuity and Reynolds-Averaged-Navier-Stocks (RANS)

equations are used. In this study, the Renormalization group (RNG) k-¢ turbulence

model with enhanced wall treatment is used, as it improves the performance.

Continuity equation for empty channel is mentioned in Equation 3.37,
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d(puy) 0 (3.37)
ox;

Continuity equation for metal foam is mentioned in Equation 3.38,

d(pey;) 0 (3.38)
aXi N

Momentum equation for empty channel is mentioned in Equation 3.39

d ( )+ dp 0 au1 6u] (3.39)
0X; Pity ox; 0x; H ax 6x1

1

Momentum equation for metal foam channel is mentioned in Equation 3.40

ap d aui au] Ueff (340)
(puul)+€axj % H<6—Xi+6—Xj (K u + pClu IU)

Here, K is the permeability and C is the inertia coefficient.

Energy equation for fluid in empty channel,

) 9 [ ar (3.41)

To model flow through porous media in non—equilibrium thermal model, for
simulations solid porous zone and fluid zone are not in thermal equilibrium. Hence,
these two zones are interacted with heat transfer only.

For fluid zone equation as:

d(pCpu;T) d (0T; (3.42)
le AfeE ax \ox; + hgrase(Ts — Tp)
For solid zone equation as:
9 (0T (3.43)
Ase(1—¢) a_X] (6_)(:> = hgrage(Ts — Tp)
Where, Ae =Ap-eand A, = As. (1 —€) (3.44)

The properties of metal foam, for example fiber diameter, permeability, pore size and
inertial coefficient are determined by Table 3.3. The detailed information on porous
media metal foam is described in (Calmidi and Mahajan 2000; Jadhav et al. 2021,
2022). Table 3.4 gives the copper metal foam properties considered for present study.
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The volume of the present porous metal foam block is considered a continuum with
homogenous properties with respect to porosity and pore size. The similar
homogeneous properties are considered in previous literature. The solid metal foam
assumed here is gray and optically thick considering its absorption, isotropic scattering
and emission properties throughout the length is same. The flow of air in metal foam is
laminar and incompressible. The volume difference between metal foam before heating
and after heating due to solar intensities are ignored (Sharma and Talukdar 2022).
In this study, to obtain the characteristics of porous media for SAH, a Darcy Extended
Forchheimer (DEF) flow model is considered. The source term is added with the help
of a viscous loss term and an inertial loss term. The DEF model is further joined with
momentum equation as a source term. The inertial and viscous loss terms are calculated
with the help of permeability and form drag coefficient of porous media. Calmidi and
Mahajan (Calmidi and Mahajan 2000) have proposed metal foam properties as
superficial area density and interfacial heat transfer coefficient, which are given by
Equations 3.45 and 3.46.
Superficial area density
L exp‘;ﬁ)) (3.43)
(0.59dp)

Interfacial heat transfer coefficient
O.76Re3}4Pr°'37, 1< Req, < 40) (3.46)
0.52Re3}5Pr°'37, (40 < Rey, < 10°)
0.26Re3-f6Pr0-37, (10° < Regq, <2 x 10°)

_d=s
hsyd(1—exp”008) _
A

where Ar is the thermal conductivity of working fluid in W/m K, Pr is the
Prandtl number, Reqdr is known as Reynolds number calculated by the fibre

diameter of the metal foam.

1_
1— exp_(rofl) (3.47)
Redf = udf (—g‘U

where dr is the fiber diameter in m, and dp is the pore diameter in m.
3.5.3 Grid sensitivity analysis
The minimum size of the mesh is achieved by grid sensitivity analysis. Table 3.5 shows

the details of the number of elements and its skewness. The simulations are performed
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for four different mesh sizes. The temperature variation and change in pressure are

shown in Table 3.5. The maximum number of elements is set as baseline and other

elements are compared with it.

125,280 elements are preferred for further

computational investigation because it has lesser deviation than other mesh sizes.

Table 3.3 Properties and its correlations of metal foam (Calmidi and Mahajan 2000;

Jadhav et al. 2021).

Sr. . .
No Properties Correlations

: 0.0254

1 Poresize (d =
(d) P~ PPI
. . dg (1-¢) 1
2 Fiber diameter (df) —=1.18 T
d, 31 (( 8))
1 —e 0.04

3 Permeability (K)

d -1.11
K = 0.00073(1 — £)~022* (d_;> d2

-1.63
Inertial/form  coefficient de
4 Cl = 0.00212(1 — &) 0132 | —
) e (dp>
Table 3.4 Properties of Copper metal foam (Kamath et al. 2011, 2013)
Interfacial Heat
Fiber Pore Viscous Inertial
PPI Porosity Area Transfer
Diameter Diameter Resistance Resistance
Density  Coefficient
10 0.687 4.644 0.8769  1.742x 1077 176.75 8242496  85.8858
20 0.619 3.837 0.8567 2.490 x 1077 217.04 1106.8362 91.2402
30 0.703 4.732 0.92 1.644 x 1077 148.97 936.38 178.908
Table 3.5 Grid independence test
Outlet Pressure Tout AP
Number of Max
Temperature, Drop Deviation Deviation
elements Skewness
Tout, K AP, Pa (%) (0/0)
70,499 0.273 334.41 0.053 0.2 0
92,652 0.278 334.45 0.053 0.009 0
125,280 0.004 334.47 0.053 0.002 0
180,480 0.0036 334.48 0.053 Baseline
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3.6 THREE-DIMENSIONAL NUMERICAL DOMAIN, ITS BOUNDARY
CONDITIONS AND GOVERNING EQUATIONS FOR SPSAH USING GAWM
In the previous section the empty channel two dimensional SPSAH which is designed
as per Figure 3.5 is modified for the standard commercial scale purposes. In the present
section slightly modified the dimensions of the absorber plate to 2 m x 1 m because of
commercial scale, while the similar dimensions are as per (Rajarajeswari et al. 2018).
Then to increase the heat transfer enhancement in the SPSAH, the combinations of the
three different Aluminium wire mesh are added at different locations and compared it
numerically. The outlet temperature is calculated with insertion of GAWM and it has
compared with the empty channel SAH. Also, the thermohydraulic performance
parameter is evaluated for combinations of different PPI and porosities of GAWM. The
3D geometry is the beneficial for getting realistic, practical characterization, for getting
true and more accurate fluid flow and heat transfer visualization. Hence the 2D
geometry is converted into 3D geometry in this section.

3.6.1 Details of geometry, meshing and boundary conditions

The standard commercial size of SAH is considered as 2 m?. The present SAH is
developed based on the recent works of (Abed et al. 2017; Aldabbagh et al. 2010;
Nowzari et al. 2015; Nowzari and Aldabbagh 2017; Omojaro and Aldabbagh 2010;
Rajarajeswari et al. 2018). According to Rajarajeswari et al. (Rajarajeswari et al. 2018),
where the absorber plate was considered to be 2 m x 0.9 m, the authors in the present
study slightly modified the dimensions of the absorber plate to 2 m % 1 m because of
commercial scale, while the other dimensions are as per (Rajarajeswari et al. 2018).
The detailed dimensions of the SPSAH are shown in the Figure 3.9. The air flow is in
the x-direction. The quadrilateral mesh is selected for all of the entrance, test, or porous
and exit zones. Figure 3.10 shows the geometry for empty channel and for the case of
25 % of the length of the WM of the full-length test section at a distance 1.5 m from
the inlet. Figure 3.11 shows the quadrilateral mesh of the SPSAH for the case of 25 %
of the length of the WM of the full-length test section at a distance 1.5 m from the inlet.
The thermophysical properties of the fluid and wire mesh, as well as the surface
radiation properties, can be found in Table 3.6. The material properties are calculated
at a mean fluid temperature of 47.5 °C. Similar considerations have been mentioned in

previous works (Debnath et al. 2022; Koholé¢ et al. 2021; Nidhul et al. 2020, 2022; Patel
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et al. 2021). The properties are assumed to be the same throughout the day. The
boundary conditions for the momentum and energy equations, as well as for thermal

radiation, are given in Table 3.7.
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Figure 3.9 Layout of solar air heater with all its parts. (1) entrance section with PVC
sheet (green colour line), (2) toughened glass (yellow colour line), (3) absorber plate
(red colour line), (4) ceramic wool (grey colour hatch line), (5) exit section (green
colour line), (6) support for SAH (purple colour line), and (7) base frame of SAH (green

colour line); all dimensions are in mm.
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Figure 3.10 Numerical details of the 3D domain. (a) geometry of SPSAH for empty
channel, (b) geometry of SPSAH for 9-18-3 PPI GWM with 25 % of the length of
the WM full-length test section at 1.5 m from the inlet;

(©)
Figure 3.11 Quadrilateral mesh for 3D geometry for 9-18-3 PP GWM with 25 % of the
length of the WM full-length test section at 1.5 m from the inlet
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Table 3.6 Material properties considered for CFD analysis of the present SAH (Marin
etal. 2019; Hu et al. 2013; Kothandaraman. and Subramanyan 2018; Nidhul et al. 2022;
Parsa et al. 2021).

Toughened  Polyvinyl Chloride CeramicAir
Glass Board Sheet (PVC) Wool 47.5°C

2719 2500 0.55 64 1.1035

Properties Aluminium

Density (p)
kg/m?
Specific heat
capacity (Cp) 871 670 900 1246 1005
J/kg K

Thermal

conductivity 202.4 0.7443 0.05 0.20 0.02805
(k) Wm K
Dynanpc 1.95 x
viscosity ([) - - - 105
Ns/m?

Absorptivity 0.95 0.06 - - -
Emissivity - 0.88 - - -
Transmissivity 0.90 - - -
Absorption i i i i 1
coefticient

Refractive

index

; ; ; ; 1

The computational domain consists of two parts, the first one is the empty part in which
air flows and the second consists of a WM in which air flows between the gap of wires.
The governing equations for these two parts are different. The governing equations for
the empty part are traditional three-dimensional continuity, momentum, and energy
equations in a cartesian coordinate system.

In the present study, 1.7 and 3.6 m/s are the flow velocities of air, which is less than 30
% of the speed of sound, i.e., the Mach number of flow is less than 0.3. Thus, the change
in density due to fluid velocity is less than 5 %. Hence, the flow is assumed to be
incompressible (Cengel 2006; Parsa et al. 2021; Sukhatme S P 2018). The experimental
parameter assumed for global radiation incident on the SAH, ambient temperature, fluid
flow rate, temperature rise across SAH, and fluid inlet temperature are assumed to be
within £ 50 W/m?, + 1 °C, + 1 %, + 1 °C, and + 1 °C, respectively, within a 15 min
duration (Sukhatme S P 2018). Thus, the system is assumed to be in a steady state. The

obtained velocities measured via the anemometer and hydraulic diameter are used to
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calculate the Reynolds number. The calculated Reynolds numbers are 11,544 and
24,447. Hence, the flow is turbulent in the entire channel in the conventional SAH or
non-porous region. The recent literature shows that the Renormalisation group (RNG)
k-& viscous model with enhanced wall function is very much suitable for providing

accurate results as per the experimental results of (Azad et al. 2021; Fluent 2022; Parsa

et al. 2021; Yadav and Saini 2020; Zhao et al. 2021).

Table 3.7 Boundary conditions used during simulation in the SAH.

Momentum Thermal Radiation
Absorber Stationary wall Heat flux is flux absorbed Opaque BC
plate No slip condition by the absorber plate in type and
W/m? which is equal to absorptivity is
the product of It (ta) (Hu  0.95

et al. 2013; Zhao et al.
2021).

Absorber plate material is
Aluminium

and wall thickness is
0.0005 m

Bottom of the wall

Glass Stationary wall Mixed (Hu et al. 2020; BC type—semi-
No slip condition Hung et al. 2017; Jiaetal. transparent wall
2021) Absorptivity is
hw =5.7+ (3.8 V) in 0.1
W/m? Transmissivity
(Jiaet al. 2021; Kansara et is 0.9
al. 2021)
Free stream temperatures
are ambient temperature
External emissivity is 0.88
External radiation temp is
ambient temperature
Wall thickness is 0.004 m
Side Stationary wall Heat flux is zero W/m?, BC type is
wall and  No slip condition i.e., adiabatic wall opaque
other Wall Material is PVC and does not
walls Wall thickness is 0.018 m  participate in
solar ray tracing
Inlet Velocity magnitude as 1.7 and  Inlet temperature is Radiation
3.6 m/s, with turbulent obtained from condition is
intensity as 4.9696 and 4.5247, experimental reading participating
respectively, and hydraulic and factor is 1
diameter as 0.12
Outlet Pressure outlet as zero and Back flow temperature in ~ Radiation
hydraulic diameter as 0.12 the initial case same as condition is
inlet temperature participating

and factor is 1
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The advantages of this model are (i) the two equations produce a balance in CFD
accuracy and time compared to other viscous models; (ii) the average absolute deviation
is minimum relative to other viscous models (Yadav and Saini 2020); (iii) an additional
term in its k-g equation increases the accuracy for rapid flows; and (iv) the effect of the
swirl on turbulence is involved in the RNG model which is more accurate for swirling
flows (Fluent 2019). Hence, the RNG k-g& model with enhanced wall function is selected
to obtain a higher accuracy in the present numerical study. The Reynolds number in the
porous media is calculated. The calculated Reynolds number for porous media ranges
from 26.92 to 1874. The Reynolds numbers are below 4000 (Rep < 4000). The flow
inside the porous media is laminar. Hence, in the computational steps, the flow in the

porous region is selected as the laminar zone (Fluent 2019).

3.6.2 Governing equations and turbulent modelling considering LTE method
The Rosseland radiation model is simple for solving radiative heat transfer and
preferred for optically thick media, where the optical thickness is greater than one
(Marin et al. 2019). In the present study, the WM is considered as an optically thick
media which takes part in the majority of the absorption of the incident solar radiation
(Anirudh and Dhinakaran 2020).

The governing equation for the empty channel can be written as follows,

The continuity equation is Equation (3.48) (Jadhav and Gnanasekaran 2021),

0 :
(o) _ (3.48)
aXi
The momentum equation is Equation (3.49) (Jadhav and Gnanasekaran 2021),
du; OJu;
(plu W)+ 5o o [(uf po) ( : a;)] (3.49)
1

The energy equation with the LTE model is Equation (3.50) (Anirudh and Dhinakaran
2021; Gill et al. 2021),

0 (oryT) 160T3 350
0x; Pety 3KR ax, GXI (3-50)

where o is the Stefan—Boltzmann constant and Kg is the extinction coefficient.

The turbulent kinetic energy equation and rate of energy equations are Equations

(3.51) and (3.52) (Fluent 2022),
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where p; = pCy, and Ky =V [1 + ( );5] (3.53)

The values of the constants of the above equation are C, = 0.09, ox = 1.0, 6 = 1.30,
Ce1=1.44, and C, = 1.92.

The governing equations for the second part of the computational domain in which
wires are located in continuity, momentum, and energy equations for the fluid (air)
and solid (wire mesh). Darcy extended Forchheimer is used in the momentum
equation to include the effect of the porous media. The air and solid temperature are
assumed to be equal in the porous zone; hence, the current study assumed the local
thermal equilibrium (LTE) (Anirudh and Dhinakaran 2020; Jadhav and
Gnanasekaran 2021; Rajarajeswari et al. 2018; Saedodin et al. 2017; Tian et al. 2004).

The continuity equation,
A(pe® (ui))
X,
The momentum equation for laminar flow (Jadhav and Gnanasekaran 2021),
a(pruju;) oP 0 du; au] Meff PtCr
o Ot e T ) O (R ) 059)
The momentum equation for turbulent flow (Jadhav and Gnanasekaran 2021),

d(pruju;) op 0 au1 6uJ
o - —@a + 7%, (He + He) axl

j
Heff psCr

—@( U+ —— uu-)

T(l lu;

The energy equation with the LTE model (Anirudh and Dhinakaran 2021; Gill et al.
2021; Howell 2002),

=0 (3.54)

(3.56)

3
160(T) > 0 [gT]fl (3.57)

d
a_xi(prPf(u)j(T)) - ( 3Kn eff 53—

where the effective viscosity is,
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Meff = Hf (3.58)
Effective heat capacity is,

(PCp)esr = P(pCp)¢ + (1 — P)(pCp)s (3.59)
Effective thermal conductivity is

where K is considered as permeability and Cr is considered as inertia coefficient,
respectively. The Kr has dependency on the location. In the porous media, the viscous

resistance (1/K) and inertia coefficient (Cr) (Ansys Fluent 2022) are calculated by
Equations (3.61) and (3.62),

2 @2

A/K) = 15 -0 (3.61)
35 (1-®

F= d—( ~ ) (3.62)

where d,, and @ are the wire diameter and porosity of the WM respectively.

The porosity (@) of the square WM is determined by Equation (3.63) (Chouksey and

Sharma 2016; Rajarajeswari et al. 2018),
2

42 d
SEOW (g4 2 (3.63)
Pt

d=1-
2p:D

The porosity (®q4) of the diamond or expanded metal WM can be obtained by
Equation (3.64) (Tian et al. 2004),

dg=1-p (3.64)
The relative density of the diamond (p) type WM can be decided by Equation (3.65),
2 2
5= P Ndw | (;) (3.65)
Ps Z(I/H) 1+ W/dw

The pore per inch (N) can be obtained by the following Equation (3.66),

_ 1
Cdy tw

N (3.66)

The Reynolds number for the WM region (Reo) can be determined by Equation (3.67)
(Varshney and Saini 1998),
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4ry, G
Rep = hbo

(3.67)

The hydraulic radius (rn) for the WM can be evaluated by Equation (3.68) (Varshney
and Saini 1998),

__%dw 3.68
The relative mass velocity (Go) can be found by Equation (3.69),
Go = th 3.69

The turbulent intensity (T.I.) for the inlet velocity and pressure outlet boundary
condition can be defined by Equation (3.70) (Ansys Fluent 2022),
T..=0.16 (Re) '8 (3.70)

The general steps in the setup of ANSYS fluent tool has selected as 3D space, steady
state condition, option of pressure-based solver choosing double precision. Also, serial
processing option and absolute velocity formulation are selected. This is used in
conjunction with coupled method for pressure velocity coupling scheme. The solution
information adopted in the solving the numerical problem has given in Table 3.8.

Table 3.8 Details of the setup and solution in Numerical study

Pressure-velocity coupling scheme Coupled
Spatial discretization -Gradient Least square cell
Pressure Second order

Momentum, Turbulent kinetic energy, turbulent dissipation rate, Second order
Energy upwind
Pseudo Time method Global

Under relaxation factor in pressure, momentum, Turbulent

o o 0.3,0.7,0.8,0.8
Kinetic energy, turbulent dissipation rate, Energy
Monitors residuals absolute criteria for energy 10
Monitors residuals absolute criteria for others 10
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3.6.3 Details of wire mesh as a porous media in SAH with its different arrangement
and its geometrical parameters

In the literature, researchers have mainly used Copper and Aluminium WM because of
their high thermal conductivity and low weight compared to Iron, steel, and GI WM. In
this study, Aluminium WM is selected, which is readily available in the market.
Aluminium has a high thermal conductivity and a low cost compared to Iron, GI, and
Brass WMs and a low weight compared to Copper, Iron, GI, and Brass WMs. Table 3.9
presents the detailed specifications of the Aluminium WM. It shows the types of WM
and its properties.

Table 3.9 Geometrical parameters of Aluminium wire mesh.

Diamond or Diamond or
Type of Wire Mesh Expanded Expanded Square Mesh
Metal Mesh Metal Mesh
Pore per inch (PPI) 3 9 18
Wire diameter dw (mm) 0.91 0.48 0.21
Pitch Pt (mm) 6.862 1.7 1.26
Thickness of single-layer
WM (mm) 1.804 1.176 0.618
Porosity ® 0.894 0.812 0.917
Viscous resistance (1/K)
(m™2) 2,546,508.72 34,898,955.12  30,116,606.43
Inertial resistance (Cr) (m ™) 570.58 2560.5 1865
Py/dw 7.54 3.54 6
The number of layers used to 3 4 3
achieve 5 mm thickness
1/n®d 0.37 0.31 0.14

Figure 3.12 shows details of the size and shape of the Aluminium WM. The porosity of
the WM is calculated as per the expression mentioned in (Devecioglu et al. 2018;
Nowzari et al. 2015, 2021; Sharma et al. 2017). The absorption of a greater solar
intensity and maximum outlet temperature of air is ensured by applying matte black
paint on the WM. Case 9-18-3 PPI indicates that a WM of 9 PPI is kept horizontally at
the lower side, while a WM of 18 PPI and a WM of 3 PPI are kept above the WM of 9
PPI, respectively. Thus, the case acts as a GWM which has a different PPI porosity
structure. The height of each WM is fixed as 5 mm in the present study. The length is
500 mm and the width is 985 mm to avoid scratches on the side walls and WM bending.
The detailed pictorial view of GWM is shown in Figure 3.13 Case 9-18-3 PPI with a
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full horizontal length and at 25 % of the length of the WM of the full-length test section

arrangements of WM kept at four different locations are shown in Figure 3.14.

ﬂ,‘cul!ll.l.'lllllvizji
! ’ .-".!ﬂ-bmy--..A

2 S§81820HRBMISISLIS
| _’,~-,lgg;5@*‘1=xant;ugmu_u AgE NN
i e RNEnanEENE N nn N

(¢) 18 PPL, ® = 0.917

Figure 3.12 Size and shape of Aluminium WM available on the local market. (a)
diamond or expanded metal mesh—3 PPI, (b) diamond or expanded metal mesh—9

PPI, and (c¢) square mesh—18 PPIL.
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WM 18 PPI

WM 9 PP1

WM 3 PPI

WM 3 PP1

WM 18 PPI

WM 9 PPI

WM 9 PPI

WM 3 PPI

WM 18 PPI

(c) 18-3-9 PPI

Figure 3.13 Detailed pictorial view of GWM arrangement in the channel of the SAH:
(a) 3-9-18 PPI, (b) 9-18-3 PPI, and (c) 18-3-9 PPL
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Figure 3.14 Arrangement of WM in SAH. (a) Empty channel, (b) case 1: 25 % of the
length of the WM of the full-length test section and at a distance of 0 m from the inlet,
(c) case 2: 25 % of the length of the WM of the full-length test section and at a distance
of 0.5 m from the inlet, (d) case 3: 25 % of the length of the WM of the full-length test
section and at a distance of 1 m from the inlet, (e) case 4: 25 % of the length of the WM
of the full-length test section and at a distance of 1.5 m from the inlet, (f) case 9-18-3
PPI: WM with horizontal full length.

3.6.4 Grid sensitivity analysis

The grid study is significant for fixing the number of grids required to obtain the
optimum temperature and pressure of the system. A uniform structured mesh with
rectangular elements is used in the meshing of geometry. Table 3.10 shows the results
of a grid study for different numbers of nodes. In total, 400,365 nodes for the empty
channel and 409,136 nodes for the WM channel have lower deviation from the baseline.
The percentage deviation is 0.01 % and 0.048 % for the outlet temperature and a 1.25
% and 0 % pressure drop in the empty channel SAH and WM SAH, respectively. Hence,
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numerical analysis is performed with 400,365 and 409,136 nodes for the empty channel
and the WM channel for further study. The grid-independence study for the outlet

temperature is shown in Figure 3.15.
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Figure 3.15 Grid-independence study for the empty channel and wire mesh at different

nodes.
Table 3.10 Results of grid-independence study for Re = 11,544.
Case Number of Ten(lz)llt:z:ure ]l;l;is;lzzep) % Deviation % Deviation
Nodes . o . for Tl for IAPI
in °C in Pa
109,200 76.49 1.62 0.14 2.53
Empty channel 196,224 76.52 1.62 0.11 2.53
SAH 314,160 76.56 1.63 0.05 3.16
400,365 76.59 1.60 0.01 1.25
504,192 76.60 1.58 Baseline
98,560 103.2 1.64 0.27 0.61
199,281 103.22 1.64 0.25 0.61
WM SAH 331,500 103.38 1.64 0.097 0.61
409,136 103.43 1.65 0.048 0
518,500 103.48 1.65 Baseline
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3.7 THREE-DIMENSIONAL NUMERICAL DOMAIN, ITS BOUNDARY
CONDITIONS AND GOVERNING EQUATIONS FOR SPSAH USING
TRANSERVESE AND LONGITUDINAL DIRECTIONS OF GAWM

In the previous section the empty channel three dimensional SPSAH is designed in the
ANSYS fluent software then using meshing, setup and solution criteria the system is
evaluated for the further thermal analysis of SPSAH. In the present section slightly
modified the arrangement of the GWM as the transverse and longitudinal direction
using 9 and 18 PPI as GAWM.

3.7.1 Details of wire mesh as a porous media in SAH with its transverse and
longitudinal GAWM arrangements

The 9 and 18 PPI with full horizontal length each 3 layers kept above the absorber plate
such as 9-18 PPI and 18-9 PPI as GWM in the transverse direction one over the other.
After that the full length 3 layers are folded to have 50 % WM and made as 6 layers.
Then, again 9-18 PPI and 18-9 PPI made as graded wire mesh in longitudinal direction
one in front of another and compared it numerically. The types of WM and their
properties are shown in the Figure 3.8. Case 9-18 PPI indicates that WM 9 PPI is kept
horizontally at lower side, WM 18 PPI is kept above the 9 PPI. So, this acts as GWM
which has different PPI and porosity structure. The layer of each WM in transverse
direction is fixed as 3 in the present study. The length is 2000 mm and the width is 985
mm to avoid the scratches on side walls and WM bending. The detailed pictorial view
of GWM is shown in Figure 3.16. The best combination is used for experimental trials.

Also, it is used for practical application to dry the tomatoes and onions.
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Transverse Axis — Depth wise GWM 9-18 T and 18-9 T
Note — t1 and t2 are the thickness of the 9 PPI and 18 PPI WM respectively.

Figure 3.16 Schematic diagram of different arrangements of GWM (a) 9-18 PPI
transverse GWM, (b) 18-9 transverse GWM, (c) 9-18 longitudinal GWM, (d) 18-9
longitudinal GWM.

3.7.2 Details of geometry, mesh generation and boundary conditions

The computational fluid dynamics (CFD) analysis is done by ANSY'S Fluent 2022 R2
software in 3-dimensional geometry. The entrance, test or porous and exit zones were
the main parts of 3D geometry. The air was flowing with X -direction. The
thermophysical and radiation properties of air and wire mesh are mentioned in Table
3.11. The properties of air are decided at the mean fluid temperature of 46.97 °C which
is obtained from the empty channel experimental trails. Figure 3.17 and 3.18 shows the
geometry and meshing of the 18-9 PPI WM respectively. The quadrilateral mesh was

selected for all zones.

78



Table 3.11. Thermophysical and radiation properties of air and wire mesh (WM)

(Kothandaraman and Subramanyan 2018).

Polyvinyl
Properties Aluminium Toughened chloride Air
glass board sheet  46.97 °C
(PVO)
Density (p) kg/m? 2707 2500 0.55 1.1035
Specific Heat capacity
(Cp) 896 670 900 1005
J/kg K
Thermal conductivity (k) 4 5 0.7443 0.05 0.02805
W/m K
Dynagnlc Viscosity (p) i i 1.95E-05
Ns/m
Absorptivity (o) 0.95 0.06 - -
Emissivity (g) - 0.88 - -
Transmissivity (T) - 0.90 - -
Absorption coefficient - - -
Refractive index - - -
\Inlet 4_.:":} 1
\'lcst zone A :
i
0.000 0.500 (m) . ‘ o
0.250 0.750 : \ Outlet

Transverse GWM zone .

g

Fluid zone /\/ = |
0.500 1.000 (m) [ - z
T ] L \

0.000

0.250 0.750

-
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Longitudinal Graded
wire mesh

0.000 0.500

0.250

Figure 3.17 Geometry of 3D single pass SAH (a) empty channel SAH, (b)Transverse

graded wire mesh, (c¢) Longitudinal graded wire mesh.

(b)
Figure 3.18 Quadrilateral meshing of SAH (a) the transverse graded wire mesh, (b) the

longitudinal graded wire mesh type SAH.
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The implementation of boundary conditions is applied as mentioned in the Table 3.6
which is mentioned in section 3.6.1. The set up and solution criteria as mentioned in
the section 3.6.1.

3.7.3 Governing equations and turbulent modelling considering LTE method

The governing equations and LTE method are used as mentioned in the previous section
3.6.2.

3.7.4 Analysis of outlet temperature and pressure drop at different number of
elements — evaluation of mesh refinement

The optimum mesh size is calculated from different number of mesh elements. The
temperature rise is calculated at six different number of mesh elements. The change in
temperature rise is observed by drawing the graph of number of elements to temperature
rise for each configuration. It is observed that, as the number of mesh increases, the
deviation in temperature rise is lower. Also, the accuracy increases. The final mesh size
is selected on the basis of change in the temperature rise. The deviation has been

calculated with respect to base line value.

The evaluation of mesh refinement is essential in the numerical simulation in order to
get the solution near to the actual solution. The change in the rise in temperature and
pressure drop with their deviation with respect to base line for number of elements is
shown in the Table 3.12 for Reynolds number 4134 and heat flux 707 W/m?. The grid
studies for empty channel, 18-9 L, 9-18 L, 18-9 T and 9-18 T are shown in Figure 3.19
for rise in temperature in the form of graph. Five different number of elements are
considered to examine the deviation in the temperature and pressure drop. 376278,
387436, 188320, 378000, 386295 are the selected number of elements for the further
numerical study because of less deviation compared to baseline for empty channel, 18-

9L, 9-18L, 18-9 T, 9-18 T respectively.
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Table 3.12 Results of grid study (Re = 4134, Heat flux = 707 W/m?)

Rise in Pressure % %
Number of Avg. .. ..
elements Skewness temperature  drop AP  Deviation Deviation
AT (°C) (Pa) in |AT]| in |AP|
SAH with empty channel
96111 2.73E-02 33.16 1.06 0.33 37.66
191290 2.74E-02 33.14 0.89 0.27 15.58
280644 2.73E-02 33.05 0.86 0 11.69
376278 2.71E-02 33.05 0.84 0 9.09
466500 2.73E-02 33.05 0.77 Base line
SAH with porous channel 18-9 PPI longitudinal direction
95040 3.63E-2 58.26 1.11 0.03 44.15
209280 3.28E-2 58.28 0.97 0 25.97
299000 3.23E-2 58.28 0.86 0 11.69
387436 3.26E-2 58.28 0.76 0 1.30
465450 3.28E-2 58.28 0.77 Base line
SAH with porous channel 9-18 PPI longitudinal direction
92070 3.73E-2 57.54 1.01 0.02 46.38
188320 3.54E-2 57.54 0.86 0.02 24.64
277264 3.41E-2 57.54 0.96 0.02 39.13
364420 3.29E-2 57.49 0.86 0.07 30.43
469800 3.43E-2 57.53 0.69 Base line
SAH with porous channel 18-9 PPI transverse direction
83655 3.04E-2 57.45 1.14 0.05 52
185736 2.97E-2 57.47 0.99 0.02 32
304584 2.89E-2 57.48 0.85 0 13.33
378000 2.99E-2 57.48 0.81 0 8
467152 2.86E-2 57.48 0.75 Base line
SAH with porous channel 9-18 PPI transverse direction
78228 3.16E-2 57.45 1.14 0.05 52
184884 2.98E-2 57.47 0.98 0.02 30.7
309288 2.92E-2 57.47 0.83 0.02 10.7
386295 2.94E-2 57.48 0.78 0 4
467152 2.86E-2 57.48 0.75 Base line
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Figure 3.19 Variation in rise in temperature with change in number of mesh element at

Re = 4134, Heat flux = 707 W/m?>.

3.8 EXPERIMENTAL SETUP

The experimental trails are required to observe the actual performance of the SPSAH,

which is helpful for practical application. The first stage is analytical method, then

numerical design of 2D and 3D SPSAH had analysed with respect to performance factor

and thermal efficiency of it. Then it has compared with the previous literature to check

the quality and capacity of the outlet parameters. After getting true results of analytical

and numerical study, comparing with the literature, one can start to build the prototype

or actual model of the system. The detailed flowchart to present the experimental

procedure is shown in figure 3.20.
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| Selection of design, dimensions, material and operational parameters of empty channel SPSAH. |
1]
| Analysis of thermal performance of empty channel SPSAH wit literature numerically by 2D and 3D model |

¥

| Selection of material for SPSAH and measuring instruments |

’ Fabrication of SPSAH and its testing for leakages. |

Set the different condition for experimental trial and analysis of thermal performance of SPSAH using with and without porous media.

Without drying application l 1 I With drying application I
¥
Experiment start at 8.00 am, (Fan is on mode, all Experiment start at 8.00 am. (Fan is on mode, all
measuring instruments in activate mode) measuring instruments in activate mode)
] v
Reading of the temperatures, solar intensity, velocity, Reading of the temperatures, solar intensity, velocity,
pressure drop measured from 9.00 hours for every 10 min pressure drop measured from 9.00 hours for every 10 min
till 16.00 hours. till 16.00 hours.
¥

Drying of product start at 9.00 am. (Loading Single tray with fresh
Onion and Tomato slices Initial weight is 750 gm)

.2
Product weight is noted at each Thour from 9.00 to 16.00 hours
duration

-: Note the readings, analyze it and discuss the findings. I‘—'—

Figure 3.20 Flow chart for the experimental procedure

The SAH design is made up of one toughened piece of glass that acts as a transparent
cover and an Aluminium plate that acts as an absorber plate. The insulation material
considered is ceramic wool, and the outer box is composed of a polyvinyl chloride
(PVC) sheet. Air flows between the transparent cover and the absorber plate. The
Aluminium plate is painted with matte black spray paint to obtain a high absorptivity
and to reduce the reflection of solar radiation from the Aluminium plate. Insulation with
a thickness of 50 mm reduces the heat losses from the bottom and side walls. The frame
of a mild steel angle is used to provide support to the experimental SAH. The detailed
sizes of different parts of SAH with a pictorial view are mentioned in Table 3.12.

The WM layers are placed horizontally above the absorber plate between the
transparent cover and the absorber plate. A soap bubble test is performed to check for
leakages present in between the joints. An epoxy compound and silicon sealant is used
to avoid leakages in the joints. Figure 3.9 shows the dimensions and the type of
materials of the SAH. The trapezium-type section is provided at the exit section to mix

the hot air.
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Table 3.13 Specifications of SAH for experimental setup

Description of main SAH parts,
Medium, and Size (mm) Pictorial view
(LXWXt)

Absorber plate,
Matte black-painted Al,
2000 x 1000 x 0.5

Transparent cover,
Toughened glass,
2030 x 1030 x 4

Insulation,

Ceramic wool,

For the base wall- 2000 x 1000 x 50,
For both side walls- 2000 x 170 x 50

Outer body,

Polyvinyl chloride, =
For the base wall - 2400 x1172x 18 eratan ‘ 7
For both side walls- 2400 x 170 x 18 rraTiva  eLamna

ceea

LA TINA PLATINA PLATIN

0 esoe eow

Matte black paint

The assembly of different parts are connected with the help of screws, nut and bolt
arrangement as per the required size and shape. The angle of tilt of SAH with the ground

surface is equal to the latitude of the location. The tilt angle equals the location’s
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latitude, as mentioned in (Devecioglu et al. 2018; Garg and Prakash 2016; Kesavan et
al. 2019; Omojaro and Aldabbagh 2010; Prasad et al. 2009; Rajarajeswari et al. 2018;
Sukhatme and Nayak 2018). The facing south direction of SAH is beneficial for getting
more solar radiation on the absorber plate. The experimental readings are considered
under the climatic conditions of Surathkal, Karnataka, India (12.991° N, 74.81° E). This
13° angle is prepared with the help of a strong frame made up of MS material to support
the complete SAH.

3.8.1 Experimental set up — details of 25 % of full-length test section at 1.5 m away
from the inlet for the case 9-18-3 PPI of the GAWM

The experimental readings are taken during partly cloudy days in September 2022. It is
impossible to achieve clear sunny days for full days and months. Hence, the average
solar intensity of all experimental days is compared with clear sunny days. Thus, the
average sunshine factor is 0.66 for all experimental readings. The reading is taken from
9:00 hr to 16:00 hr (Guler et al. 2020; Nowzari et al. 2021) for each velocity for three
days. The temperature, solar radiation, wind speed is measured every 10 min and
considered for evaluating the thermal efficiency of SAH. A 12 V DC battery which
operates an exhaust fan is used to flow the air from the inlet to the outlet of the SAH.
The mass flow rate is maintained as constant using a speed controller attached to the
exhaust fan. The experimental trials are performed for two different air flow rates
containing a minimum and a maximum of 0.027 and 0.058 kg/s, respectively. Similarly,
in the recent literature, experiments are performed for two mass flow rates (Nowzari
and Aldabbagh 2017; Sozen et al. 2020). The exhaust fan is started well before taking
the reading to obtain a steady state flow of ambient air.

A PTI100 RTD sensor is connected to the universal data logger to measure the
temperature of the SAH at different locations. The fluid temperatures are measured at
the inlet and outlet of the SAH. The temperatures for the absorber plate and glass cover
are measured at the beginning, middle, and end, respectively. The ambient temperature
is measured below the solar air heater. The data from the logger are evaluated by the
DAS software version 10.4 (Ranake 2021.). The anemometer is used to measure the
velocity across the square section of 120 mm at the entrance section. A differential
pressure transmitter and solar radiation sensor are used to measure the pressure drop

across the absorber plate and the incident solar radiation, respectively. The details of
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the measuring instruments are mentioned in Table 3.14. The details of the locations of
the measuring instruments are shown in Figure 3.21. The experimental setup front view

and back side view are shown in Figure 3.22.

Table 3.14 The measuring instruments used during experimental trials

Name of the Instrument Model

RTD PT-100 thermocouples

Make- Heatron industrial heater, Baikampadi,
Mangalore, India.

Model- class 1/3 rod type and Flat type or surface
mounting.

Quantity — Rod type — Nine numbers, Flat type — Six
numbers.

Range -0 to 1200 °C. Accuracy — + 1 °C.

Role of the instrument — To measure the temperature at
a particular location.

Wind speed sensor

Make - Sunsui process system, Pune, India.

Model -Mini Cup anemometer - OC ANEMO 01,
Quantity — One.

Range and Accuracy — 0 to 50 m/s, 2 %.

Role of the instrument — To measure the wind speed of
air in the atmosphere.

Solar radiation sensor

Maker - Solar radiation sensor,

Model - Pyra 300 V,

Quantity — One.

Range and Accuracy - 0 to 1800 W/m?, + 5 %.

Role of the instrument — To measure solar intensity.

Differential pressure transmitter

Make — Sunsui process system, Pune, India (Sensocon)
Model — Series 211

Quantity — One

Range and Accuracy —-250 to +250 Pa, 0.5 % or 0.25

%

Role of the instrument — To measure the pressure drop
across the absorber plate, i.e., test section.
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Vane probe anemometer,

Make- Mextech Mumbai, India.

Model -AM 4208

Quantity- One

Range and Accuracy- 0.4-45 m/s, £2 %

Role of the instrument- To measure the velocity at inlet
of the duct

Universal data logger

Make - Sunsui process system, Pune, India.

Model- Touch screen data logger (DL -35-16 channel)
Quantity — Two

Range and Accuracy — -200 to 300 °C, 0.1 %.

Role of the instrument -To convert the readings into

digital format and display and save the reading.

Measuring tape

Make- Venus-Stylo

Model-5m

Quantity — one

Range and Accuracy- 0to 5 m, £ 0.001 m

Role of the instrument - To measure the length, width,
and height of the parts.

Digital textile Vernier Calliper T
Make- Kristeel-Shinwa ’; T
Model- 3982 '
Quantity- one

Range and Accuracy- 0t0 0.015m, £ 0.01 m
Role of the instrument- To measure the internal and
external dimensions of the object.

(2)
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Figure 3.21 Details of the measuring instrument arrangement on the SPSAH (a) 1. PT
100 thermocouple for the ambient temperature (Ta), 2. for the inlet temperature (T;), 3.
for the outlet temperature (T,), 4. for the temperature of the absorber plate at the inlet
side (Tabsi), 5. for the temperature of the absorber plate at the middle (Tabsm), 6. for the
temperature of the absorber plate at the outlet side (Tabso), 7. for the temperature of the
glass at the inlet side (Tg;), 8. for the temperature of the glass at the middle (Tgm), 9. for
the temperature of the glass at the outlet side (Tgo), 10. Anemometer for measuring wind
speed (WA), 11. Solar pyranometer (SPM), 12. Anemometer for measuring inlet air
velocity (AA), 13. Pressure tap across the test section, i.e., at the inlet side (Pin) and at
the outlet side (Pout), 14. Differential pressure transmitter (DPT), 15. Data logger (DL),
16. A 12 V DC fan, 17. A 12 V DC battery, 18. Solar panel (SP), 19. Charge controller.
(b) Arrangement of PT 100 thermocouples kept on the glass and absorber plate
(Kesavan et al. 2019; Rajarajeswari et al. 2018; Singh 2022).
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Figure 3.22 Details of the experimental setup of SAH (a) front side view (b) backside
View.
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3.8.2 Experimental set up — details of 9-18 L GAWM (longitudinal direction 9-18
PPl AWM)

The experimental tests are supervised in May month during sunny days. The
experimental test readings took from morning 9.00 hrs to evening 16.00 hrs. for all
days. The experiments were performed in the morning at 8.00 hrs for all tests to achieve
a steady state. Solar radiation coming from the Sun travels through the toughened glass.
The matte black-painted absorber plate absorbs the solar rays coming from the Sun.
Therefore, the absorber plate gets heated. The air is flowing through the inlet towards
the outlet because of 12 V DC exhaust fan in forced convection systems. The 3 W solar
panel with a charge controller and 12 V DC operated battery are attached to the 12 V
DC exhaust fan. Due to the convection process, the air acquires heat inside the entire
channel of SAH while flowing over the absorber plate. Thus, the outlet temperature of
SAH is obtained higher than the inlet temperature of SAH. Thus, all the measuring
instruments are joined to the touch screen universal data logger as per the instructions
in the manual associated with the wiring of each measuring instrument. 12 V DC two
batteries joined in sequence to create a 24 V DC supply and attached to the universal
data logger. Thus, the data logger is started by the batteries for the entire experimental
test. The measured readings are recorded into the pen drive. Then it observed with the
help of data acquisition software (DAS) (Ranake 2021.) for comparative study. The
accuracy, range, role of the instrument, make and model are given in the Table 3.14. In
addition to that, the other instruments during drying application are mentioned in details
in Table 3.15.

The product drying is performed for Onion and Tomato which are collected from the
local market. The analysis is done with 250 gm of each configuration by open channel,
empty channel and 9-18 L GAWM. In the initial stage, tomatoes are washed with water
and cleaned. The Onions used with removing initial covers and then good onions are
used to dry. The Onions and Tomatoes are cut in equal slices by using special machine.
The weight of the Onion and Tomato before and after drying is performed by weighing
machine which is shown in the Figure 3.23. The detailed experimental set up is shown

in Figure 3.24.
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Table 3.15 The measuring instruments used during drying application experimental

trials

Name of the instrument Model

A

Air velocity transmitter

Make and Model- Sunsui process system, Pune, India,
EE 75.

Quantity — One

Range and Accuracy — 0 to 40 m/s, + 0.20 m/s + 2%
Role of the instrument — To measure the air velocity
inside the channel.

Temperature Humidity Sensor

Make - Sunsui process system, Pune, India.

Model- THX 32 CHB

Quantity — Two

Range — Temperature 0 to 50 °C, Humidity 0 to 100 %.
Accuracy — +/- 0.3 °C, £ 2% RH from 20 to 80 % RH;
3.5 % RH below 20 and above 80 % RH @ 22 °C.

Role of the instrument -To measure the temperature and
humidity at ambient and inlet of SAH.

Temperature Humidity Sensor

Make - Sunsui process system, Pune, India.

Model- Rotronic XB3 OEM Series

Quantity — One

Range — Temperature 0 to 200 °C, Humidity 0 to 100 %.
Accuracy —+/-0.2°C, £ 1% RH @ 23 °C.

Role of the instrument -To measure the temperature and
humidity at the outlet of SAH.

Weighing machine

Make —Samsung

Model- S10

Quantity-One

Range and Accuracy— 0 to 10 kg, + 0.03 kg

Role of the instrument- To measure the weight of the
product
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Figure 3.23 Weight of the product (a)Onion before drying, (b) Tomato before drying,
(c) Onion after drying, (d) Tomato after drying.
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\ Solar Panel Wind anemometer

l Solar meter

for inlet condition

12 V DC exhaust fan

Temperature and
Humidity Sensor
for Outlet condition

y ] Anemometer to measure

- outlet air velocity

/{ Pressure transmitter

Battery for Wind

’ Universal data logger -‘  . anemometer
l Charge controller

Battery for 12 VDC
exhaust fan

Two batteries of 12 VDC
connected in series for |

supplying current to the
data logger

(b)
Figure 3.24. A photo of the experimental set-up of SAH (a) front view, (b) back side
view.
The single tray is prepared from Gl slotted bar and with Aluminium wire mesh attached
to it. The single tray with 2m x 0.91m is assembled and rollers are attached to easily
move the SAH in different location. The three sections are prepared and 250 gm of
Onion and Tomato in each section are dried at three different locations. The three
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locations are inlet side, middle side and outlet side. The average of all the 750 gm of
product were considered for evaluation purposes. The moisture content of the product
is measured from 9.00 hrs to 16.00 hrs for every one hour duration. The performance
is evaluated on the basis of moisture content, moisture ratio and drying rate of the

product.

3.9 PERFORMANCE PARAMETER FOR SPSAH
3.9.1 Evaluation of performance factor for the metal foam SPSAH in numerical
method

The average air velocity (Vair), is determined by Equation 3.71

m
Average air velocity = m (3.71)
The Hydraulic diameter can be obtained by Equation 3.72
Hydraulic di t (D)—4(WXH) (3.72)
ydraulic diameter(Dy, S TWEm .
The Reynold number is determined by Equation 3.73
Re = % (3.73)
The bulk mean fluid temperature (Tb) is calculated as mentioned in
Equation 3.74
T+ T
Ty = —— (3.74)
2
The convective heat transfer coefficient (h) in W/m? K is calculated by Equation 3.75
dw
h=——— 3.75
Tom — T (3.75)
The Nusselt number is calculated by the Equation 3.76
hDy,
Nu = (3.76)
kair
The friction factor (f) across the SAH is calculated by Equation 3.77
prAPDh
f=0r—— 3.77
2L (3.77)
The performance factor is determined by Equation 3.78
1
np = Som /(Gom (378)
Nu, f,
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3.9.2 Evaluation of Nusselt number, thermal efficiency and thermohydraulic
efficiency of SPSAH in experimental method
The thermal efficiency of both the empty and the porous channels can be calculated

by following the definition given in (Sukhatme 2018),

Qu
Ir X A,

Ner = (3.79)

where It and Ac are the solar intensity entering the SAH and area of the SAH,
respectively, and i shows the thermal efficiency of the SAH.

The thermohydraulic efficiency of the SAH can be found by Equation 3.80 (Singh
2022),

Qu — Pfan

Mene =7 S a (3.80)

where Pr, represents the power of the fan used in the system. It shows that the power
needed to force the air through the channel is calculated by Equation 3.81 (Singh
2022),

Pﬂow
Py = —— 3.81
an Nfan X Nmotor ( )

where the Nfn and nmotor are the efficiencies of the fan and motor, assumed as 70 %
and 90 %, respectively (Singh 2022).

Prow can be calculated as (Singh 2022),
m X AP
Pﬂow = (382)
P

The heat transfer coefficient (h) for the entire channel with or without a WM 1is

calculated by Equation 3.83 (Cengel 2006),

h = Qu

Ap X (Tpm — Tp)

where Ty is the bulk temperature and Tp is the absorber plate temperature is calculated

(3.83)

by averaging all of the temperatures of thermocouples near to the inlet, in the middle,
and near to the outlet location, each one kept above the absorber plate. Similar
arrangements have been performed in the recent literature for glass and absorber
plates (Kesavan et al. 2019; Nowzari et al. 2021; Rajarajeswari et al. 2018).

The average temperature for the absorber plate is calculated by Equation 3.84 as,
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Tpm — Tabsi + Tat:)gsm + Tabso (3.84)

where Tabsi, Tabsm, and Tapso are the temperatures measured at the inlet, middle, and

outlet side of the absorber plate as shown in the Figure 3.17 b.

Nusselt number (Nu) for the entire channel is calculated by Equation 3.85 (Cengel

2006)

_ hxDy
k

Nu (3.85)

3.9.3 Evaluation of exergy efficiency of SPSAH
The Exergy inlet of the SPSAH can be determined by Equation 3.86 (Kesavan et al.
2019),

T;
Exip, = hCp ((Ti —T,) — T,In (T—l)> (3.86)
a
Where, i and a are the suffixes for inlet and ambient temperature.
The Exergy outlet of the SPSAH can be solved by Equation 3.87 (Kesavan et al.

2019),

' To (3.87)
Exoue = mCp | (To — Tg) — Taln (T_>
a
The Exergy efficiency can be measured by Equation 3.88 (Kesavan et al. 2019),
EXout
flex = 5o (3.88)

3.9.4 Evaluation of moisture content and drying rate
Moisture content helps to compare the results of final dried product in open sun
drying as well as beginning mass of the product before drying. Moisture content on

the dry basis can be calculated by

MCgp=—2 x 100 (3.89)
Instantaneous Moisture available on wet basis can be calculated by
Mtz% x 100 (3.90)

Where, W is the total weight of the Onion or Tomato in kg, W; is the instantaneous

weight of the product in kg and W, is the weight of dry Onion or Tomato in kg.

96



Moisture ratio (MR) is the ratio of moisture available at time of instant ‘t” and at the
beginning moisture available in the Onion or Tomato.

Moisture Ratio can be calculated by

Mg
MR —t-Me (391)

Mi_ M,

The drying rate of the Onion or Tomato can be determined by

DR= aM _ Mesae — My (3.92)
dt At

Where, M, is the moisture available in the Onion or Tomato and At is the
time required.

3.9.5 Economic analysis
Economic analysis of solar air heater is required to compare conventional system in
terms of initial cost and operational cost. Solar energy has high initial cost but low
operational cost. There are three approaches namely capital cost, net profit per year,
Pay-back period for an economical evaluation of solar air heater. This is useful for
making profit-oriented application. The levelized cost of drying (LCOD) is decided
on the basis of all costs incurred over the life time of an energy system over its life
time. LCOD may be considered as minimum cost at which the drying product must
be sold in order to break even over the life time of the system (Sukhatme and Nayak
2018). The total cost of the system is calculated by Equation 3.93 as

P=Ci+Co+Cn+Lyw+Px (3.93)

Where, C; is the total cost of the raw material per year, C, is the total operational cost
per year, C, 1s the total maintenance cost per year, Ly is the labour cost per year, and
P is the packaging charges per year.
The net weight of the product after drying per year is

__ (Total weight of the Onion per year/Weight of the Onion after drying per batch)

Pw Weight of the Onion per batch (3.94)
The dried product selling price can be calculated by Equation 3.95
Ps = Pw X Selling price in Rs. Per kg in the local market (3.95)
The net profit of the product can be calculated by
Pr,=Ps-P (3.96)
The simple payback period of the SAH is determined by
P, =P/Ps (3.97)
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The levelized of cost of dryer (LCOD) is calculated by equation 3.98

LCOD = Total Cost — benefits
~ Dried product produced by the system per year

(3.98)

Where total costs includes the installation costs, maintenance charges, manpower
charges, raw material charges and packaging charges. The benefits consist of the net
profit of the drying vegetables. Dried product produced by the system is calculated
by Equation 3.99 as

Dried product produced by the system

= Total kg dried per year X number of hours per day X number of days per (3.99)
year X annual capacity factor of the system

The annual capacity factor is calculated by the Equation 3.100

Annual dried weight in kg of the dried product
ACF = — . : (3.100)
Anual initial total weight of the product in kg

3.10 UNCERTAINTIES IN MEASUREMENT
During experiments, different measuring instruments are utilized for measuring
different parameters. The details of the accuracy of the devices are given in the Table
3.12 and Table 3.13. An uncertainty analysis is performed to ascertain the standard error
in the measurement of the mass flow rate and thermal efficiency (Holman 1994; Kumar
and Layek 2022; Saravanan et al. 2021).
3.10.1 Uncertainty for mass flow rate

The fractional uncertainty in experimental results such as for mass flow rate, wy, is

obtained as follows.

The mass flow rate () can be calculated by Equation 3.101 as in (Holman 1994;

Singh 2020),

m=pQ (3.101)

where p is the density of the air and Q is the volume flow rate.

The density of the air (p) is obtained by Equation 3.102 as in (Holman

1994).

(3.102)

98



Here, Rair is the gas constant which has a constant value. Therefore, the density of the
air depends on the pressure and temperature values.

The uncertainty in the result is considered as wgr, and wi, w2 ... Wy are the
uncertainties in the independent variables. Thus, the uncertainty in the independent

variables can be calculated by Equation 3.103 as in (Holman 1994),

1/2
R \* [OR \° G
= |(— - e [— (3.103)
R l(axl Wl) + (ax2 WZ) o (axn Wn) l
where X1, X2, and X are the independent variables.
Using the above Equation 3.100, the uncertainty for the mass flow rate is calculated

by Equation 3.104 as,

N[ =

o\ dm \* am \?
. _ - (3.104)
O = [<6T ‘”Ta) (ap “’P> * (OQ ‘*’Q> l
The volume flow rate (Q) is calculated by Equation 3.105 as,
Q = Af X uyir (3.105)

where Ar is the frontal area and u.ir is the velocity of air at the inlet. As the frontal
area is constant, m is a function of Ta, p, and u in the air. It is calculated according to
the method explained in Refs. (Azad et al. 2021; Yadav and Saini 2020), and the

uncertainty in the mass flow rate is calculated by Equation 3.106 as,

N[ =

2 2

dm dm dm 2
(™ om (3.106)
L I( wTa) + (E)P ‘*’P) + (auair ‘*’“air) l

3.10.2 Uncertainty for thermal efficiency

The fractional uncertainty in thermal efficiency w,,, is calculated by the below

Equation 3.107,

W 2 2 Wip -, 1
— [( ) +( ) +( ) 12 (3.107)
Nth

The obtained values of uncertainty for the mass flow rate and thermal efficiency are

shown in Table 3.15.
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Table 3.16 Uncertainties in measuring parameters during experimental work.

Uncertainty
Uncertainty Unit
in measurement
Mass flow rate, m +1.47 %-1.03 % kg/s
Thermal efficiency, 1y, + 3.48 %

As can be seen from the above table, the errors in the trials conducted are a result of the
uncertainties in the instruments, which must be known to report an uncertainty analysis.
It is well known that uncertainty analysis must be performed for measured experimental
readings to obtain the errors in the measured values of mass flow rate, temperature,

solar intensity, and calculated thermal efficiency.

3.11 PRECAUTIONS CONSIDERED DURING THE NUMERICAL AND
EXPERIMENTAL STUDIES

The orthogonality for the all-numerical model maintained near about 99 % so that it
improves the numerical stability and accuracy. It is also useful to get better
representation of the flow and heat transfer in the system. It solves the problem with
high-speed convergence and cost effective and energy saving computation.

The soap bubble test is performed to observe the leakages in the joints. The silicon

sealant and epoxy resin are used for joints.

3.12 CLOSURE

In this chapter, details of the analytical, computational and experimental studies of solar
air heater including and excluding porous materials to accomplish the objectives. The
detailed information of geometry, meshing, material properties, boundary conditions,
solution and set up are disclosed in this chapter. Also, dimensions of the experimental
set up, measurement procedure, performance parameters for analysis revealed for the

single pass solar air heater including and excluding porous materials.
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CHAPTER 4

NUMERICAL STUDY FOR ENHACEMENT OF HEAT TRANSFER USING

DISCRETE METAL FOAM WITH VARYING THICKNESS AND POROSITY

IN SPSAH BY LTNE METHOD

4.1 INTRODUCTION

As single pass solar air heater (SPSAH) has less manufacturing and maintenance cost
compared to double pass and triple pass SAH. Hence, the SPSAH is selected for the
present study. The outlet temperature has calculated with help of trial-and-error method
and it is the systematic standard process which is useful to calculate the thermal
performance accurately. Then the numerical analysis was performed for the same input
parameters with two dimensional CFD simulation process. The velocities considered
for this study are 0.2268, 0.2646, 0.3023, 0.3401 and 0.3779 m/s at inlet velocity which
is referred in Rajarajeswari et al 2018. The heat transfer enhancement was performed
with the addition of discreate metal foam of 10 (® = 0.8769), 20 (® = 0.8567), and 30
(®=0.92) PPI of 22-, 44 and 88 mm thicknesses at equal distances. The discrete metal
foam with different thickness was compared with empty channel SPSAH.

The analytical method, computational domain, meshing and boundary conditions etc
are mentioned in section 3.4 and 3.5 respectively. The results are compared with the
previous literature to observe the rise in temperature, velocity and temperature contours,
effect of Nusselt number, friction factor, performance parameter in order to check the

thermal performance.

4.2 VALIDATION OF ANALYTICAL AND NUMERICAL STUDY WITH
PREVIOUS LITERATURE FOR SAME INPUT PARAMETERS.

The analytical and numerical results of the present study are similar to the conventional
SAH (Rajarajeswari et al. 2018). The average deviation between the analytical and CFD
results with (Rajarajeswari et al 2018) is 9.66 %. Figure 4.1 shows that as the mass flow

rate increases, the temperature difference between outlet and inlet gives less deviation.
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The analytical and numerical studies show a similar trend. The average deviation

between the analytical and CFD results is 2.78 %.

The present study is performed with Renormalisation group (RNG) k-epsilon model
with enhanced wall function for the same input parameters. The analytical and
numerical results having deviation less than 5 % shows that the assumed conditions for
analytical and numerical test are correct. The numerical results are higher than the
experimental results of (Rajarajeshwari et al. 2018) because the experimental results
are having instrumental error, heat losses due to sudden change in the environmental
conditions. But the deviation is also less than 10 % hence the assumed conditions are
correct. Same is the case for the porous channel.

The temperature rise for the empty channel is from the 17 to 30 °C and it decreases with
increase in mass flow rate. The thermal efficiency of the empty channel SAH is
obtained between 48 and 67 % for the mass flow rate of 0.03 and 0.05 kg/s. The
Rajarajeswari et al. 2018 noted that the empty channel thermal efficiency for 0.01 to
0.055 mass flow rates are 37 to 62 %. Hence, it shows that the analytically and
numerically developed model is correct and result are within the range compared with

literature (Rajarajeswari et al. 2018).

65
—=— Expt empty channel (Rajarajeswari et al. 2018)
60 ——CFD empty channel (Rajarajeswari et al. 2018)
—&— CFD empty channel present study
S5t —v— Analytical empty channel present study
50t Expt porous (Rajarajeswari et al. 2018)
- CFD porous (Rajarajeswari et al. 2018)
8 451 CFD porous present study
~
5 40t
<
)
T 35¢
—~
< 30t
25+
! é’_\\‘:'
15¢

0030 0.035 0.040 0.045 0.050
Mass flow rate (kg/s)

Figure 4.1 Validation of analytical and numerical results of present empty channel
SPSAH with (Rajarajeswari et al. 2018)
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4.3 TEMPERATURE DISTRIBUTION AND VELOCITY DISTRIBUTION FOR
DIFFERENT THICKNESS

Figure 4.2 a—c presents the temperature contour relative to 0.92 porosity 30 PPI Copper
metal foam for 0.3779 m/s velocity for the thicknesses of 22, 44, and 88 mm. In the
case of porous media such as metal foam, the maximum temperature represents the
temperature near the absorber plate. In the case of the lower thickness of the metal
foam, the absorber plate temperature is higher, as shown in 4.2. The temperature is
uniform throughout the channel except near the absorber plate. For the same PPI and
porosity, as the thickness of the metal foam increases, the absorber plate temperature
decreases due to more heat transfer area.

I ——
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Figure 4.2 Contour of temperature for 30 PPI 0.92 porosity copper metal foam at 0.3779
velocity of (a) 22 mm, (b) 44 mm and (c) 88 mm thick metal foam.

4.4 VELOCITY DISTRIBUTION FOR DIFFERENT THICKNESS

Figure 4.3 represents the velocity distribution for 0.3779 m/s velocity for 30 PP1 0.92
porosity copper metal foam at (a) 22 mm, (b) 44 mm and (c) 88 mm thick metal foam.
Figure 4.3 a—c shows the maximum velocity in the middle of the channel. The velocity

near the wall is close to zero because of the shear resistance effect.
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45 EFFECT OF OUTLET TEMPERATURE AND ABSORBER PLATE
TEMPERATURE

Figure 4.4 a, b shows the variation of temperature with varying mass flow rate from
0.03 t0 0.05 kg/s. With 10 PPI with porosity of 0.8769, 20 PPI with a porosity of 0.8567,
and 30 PPI with porosity of 0.92 for 22 mm, 44 mm, and 88 mm metal foam thicknesses

are considered.
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Figure 4.3 Contour of velocity distribution for 30 PPI 0.92 porosity copper metal foam

0.600

at 0.3779 m/s velocity for (a) 22 mm, (b) 44 mm and (c) 88 mm thick metal foam.

It shows that as the mass flow rate and thickness of the metal foam increases, the
difference between the absorber plate temperature and bulk fluid temperature reduces.
A similar trend is observed for the difference in the absorber plate and outlet
temperatures with an increase in mass flow rate. Due to turbulent flow and velocity of
air, the difference in the absorber plate and bulk fluid temperatures change. The lower
velocity takes more time to travel in the channel, so that the temperature difference
increases. Figure 4.4 a show that the 22 mm 10 PPI copper metal foam has an 8.79 %
and 11.45 % higher average temperature difference of absorber plate temperature and
bulk fluid temperature compared to the metal foam of 20 and 30 PPI, respectively. The
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44 mm 10 PPI copper metal foam has the same percentage of increase in an average
temperature difference of absorber plate temperature and bulk fluid temperature, which
is about 3.30 % and 3.04 % increase for 20 PPl and 30 PPI, respectively. The same
trend is observed in 88 mm thickness for 10 PPl compared to 20 PPI and 30 PPI, which
is 2.03 % and 2.46 % higher than 20 PPI and 30 PPI, respectively.

Figure 4.4 b shows that the average temperature difference for 22 mm thickness 10 PPI
is higher than all other PPI and all other thicknesses. As the thickness of metal foam
increases, the temperature difference between the absorber plate and outlet temperature
decreases. As the mass flow rate increase, the temperature difference also decreases.
The 22 mm thickness of 10 PPl metal foam is having 10.86 % and 14.32 % more
average temperature difference than 20 PPl and 30 PPI, respectively, for the same
thickness. The 44 mm, 10 PPI copper metal foam has 4.22 % and 3.90 % increase in
average temperature difference than 20 PPl and 30 PPI, respectively, for the same
thickness. The average temperature difference between absorber temperature and outlet
temperature of 10 PPI is 2.26 % and 3.26 % higher than the 20 PPI and 30 PPI of 88
mm metal foam thicknesses. The above discussion concludes that 10 PPI has a higher
temperature difference than 20 PPI and 30 PPI because of more interfacial surface area
of the metal foam. As the thickness of metal foam increases, more conduction occurs
near the absorber plate, and hence more heat is transferred to metal foam. So, it is
noticed that the average temperature reduces as the thickness of metal foam increases.
The empty channel has high average absorber plate temperature than the porous media

channel.
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Figure 4.4 The temperature difference of the absorber plate and bulk mean temperature

with varying the mass flow rate (a) variation of temperature between absorber plate and

bulk mean fluid temperature vs. mass flow rate. (b) variation of temperature between

absorber plate and outlet temperature vs. mass flow rate. (c) variation of a temperature

difference between absorber plate and bulk fluid temperature for empty channel and 22

mm thickness 10 PPl 0.8769 porosity. (d) variation of the temperature difference

between absorber plate and outlet temperature for empty channel and 22 mm thickness
10 PP1 0.8769 porosity.
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4.6 EFFECT OF NUSSELT NUMBER AND FRICTION FACTOR

Figure 4.5 (a) shows that the Nusselt number is directly proportional to the mass flow
rate. As the mass flow rate increases, the Nusselt number also increases. With an
increase in thickness, the Nusselt number also increases. Figure 4.5 (a) observes that
the 20 PPI of 0.8567 and 30 PPI of 0.92 porosity has a higher Nusselt number compared
to 10 PPI of 0.8769 porosity metal foam for 22, 44, and 88 mm thickness of the metal
foam. The Nusselt number for 30 PPI of 0.92 porosity is 11.70 %, 2.86 %, and 2.32 %
more compared to 10 PPI of 0.8769 porosity for 22, 44, and 88 mm, respectively. The
Nusselt number for 20 PPI 0.8567 porosity and 30 PPI 0.92 porosity is almost in the
same range for 22, 44, and 88 mm thickness of the metal foam. The results show that
with an increase in porosity, the Nusselt number increases because more fluid is flowing

through the metal foams.
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Figure 4.5 Variation of (a)Nusselt number and (b) friction factor for different mass flow
rates for different PPI and different thicknesses.

Figure 4.5 (b) shows that the friction factor decreases with an increase in mass flow
rate. As the thickness of metal foam increases, the friction factor also increases. The 30
PPI 0.92 porosity metal foam has 31 % and 2.62 % higher friction factor than 20 PPI
0.8567 porosity and 10 PPI 0.8769 porosity copper metal foam for 22, 44, and 88 mm
thickness of the metal foam. As the thickness of metal foam increases with twice the
value of the previous thickness, the friction factor increases with the same percentage.

Hence, it shows that more the PPI, the higher the disturbance to flow, which gives a
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higher friction factor. More the thickness of the metal foam, greater the disturbance of

the fluid flow; hence, an increase in friction factor.

4.7 EFFECT OF PERFORMANCE FACTOR AND DIFFERENT MATERIAL
METAL FOAM

Figure 4.6 (a) shows the performance factor distribution with an increase in mass flow
rate. The figure shows that the 22 mm thickness of 20 PP1 0.8567 porosity metal foam
is higher than other 44 mm and 88 mm metal foam thickness for 10 PP1 0.8769 porosity
and 30 PPl 0.92 porosity. The maximum performance factor for the 20 PPl 0.8567
porosity is 0.0055, 0.0050, and 0.0044 at 22, 44, and 88 mm metal foam thickness,
respectively. It is noticed that the performance factor has the maximum value near to

0.0055 at a lower mass flow rate and reduces as the mass flow rate increases.
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Figure 4.6 The variation of performance factors for different mass flow rates for (a)
different PPI and different thicknesses, (b) different material for 88 mm 10 PPI1 0.8769

porosity

Figure 4.6 (b) shows the difference between different material performance factors. The
material considered for comparison is copper, Aluminium, and nickel. Figure 4.8 shows
the performance factor for nickel is minimal compared to Aluminium and copper. Since
copper has high thermal conductivity, the absorber plate and outlet temperature
difference are less than nickel. It is observed that the temperature difference reduces as

the thermal conductivity increases. The copper metal foam has 3.13 % and 9.63 % lesser
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mean temperature difference of the absorber plate temperature and bulk mean fluid

temperature than Aluminium and Nickel, respectively, for 88 mm thick metal foam.

4.8 SUMMARY

The two-dimensional rectangular channel was modelled to evaluate the effect of partial
filling of different porosity of copper metal foam in SPSAH. The complete length of
the rectangular channel was 2.35 m, and the height was 0.120 m. The computational
analysis was performed for three different thicknesses with variation in PPl and
porosity of the copper metal foam. Based on the current investigation, the following

points are observed:

e With increasing mass flow rate, the outlet temperature decreases for the empty
channel as well as for the partially filled porous channel in all cases of PPl and
porosity. The same is achieved for different thickness of metal foam. The average
temperature difference between the absorber plate and bulk mean fluid temperature
is lowest for 88 mm thick metal foam than 22 and 44 mm thick metal foam.

e The Nusselt number is higher at higher mass flow rate and rises with increasing PPI
and thickness of metal foam. The Nusselt number is highest for 88 mm metal foam,
rather than 22 and 44 mm thick metal foam The Nusselt number for 22, 44, and 88
mm thicknesses is 157.64 %, 183.31 %, and 218.60 %, respectively, higher than the
empty channel.

e The pressure drop increases with higher thickness and it increases with increase in
mass flow rate. Amongst the 10, 20 and 30 PPI copper metal foam, the 20 PPI gives
a lesser pressure drop than 10 and 30 PPl metal foam for 22, 44, and 88 mm
thickness. The highest pressure drop belongs to 30 PPI, having 28 % and 2 % more
average pressure drop than 20 and 10 PPI, respectively, for 22, 44, and 88 mm
thickness.

e The performance factor is higher for lower velocity, irrespective of PPl and porosity.
The 20 PPI 0.8567 porosity with 22 mm thick metal foam has highest performance
factor compared to all 10 and 30 PPI metal foam. For mass flow rate of 0.03 kg/s,
the maximum performance factor for the 20 PP1 0.8567 porosity is 0.0055, 0.0050,
and 0.0044 at 22, 44, and 88 mm metal foam thickness, respectively.
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e The temperature difference of the absorber plate and the bulk mean fluid temperature
depend on thermal conductivity of material. The copper has lowest temperature
difference of the absorber plate and bulk mean fluid temperature compared to

Aluminium and Nickel because of its thermal conductivity.

e With respect to performance factor, 22 mm 20 PP1 0.8567 porosity is best in terms

of pressure drop and cost involved in manufacturing the solar air heater.

4.9 CLOSURE

This chapter explicated the complete information of heat transfer enhancement using
discrete metal foam with different PPI, porosities and different thicknesses in SPSAH
forced convection system. Three different thickness with three different PPl and
porosities were used to check the thermal performance of SPSAH and same is compared
with the empty channel SPSAH. The next chapter deals with the GAWM of different
PPI and porosities for the thermal performance evaluation and experimental study of

the SPSAH using wire mesh as porous media.
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CHAPTER 5

THERMOHYDRAULIC EFFICIENCY OF A SOLAR AIR HEATER IN THE

PRESENCE OF GRADED ALUMINIUM WIRE MESH - A COMBINED

EXPERIMENTAL — NUMERICAL STUDY.

5.1 INTRODUCTION

The wire mesh as porous media has many advantages like easily available, easy to
manufacture, less cost compared to metal foam. Hence, this chapter included with the
different PPI and porosities combined together to form graded wire mesh (GWM)
configuration and to increase the heat transfer rate in the SPSAH instead of metal foam.
In order to check the thermal performance, the outlet temperature, pressure drop has
calculated with help of three-dimensional numerical analysis using Rosseland radiation
model with RNG k-g enhanced wall treatment. First the experimental trials were tested
for two different velocities such as maximum and minimum inlet velocities. Then this
empty channel numerical and experimental results are validated for the same input
parameters with three dimensional CFD simulation process. The velocities considered
for this study are 1.7 and 3.6 m/s at inlet velocity which is measured at inlet of the
SPSAH by anemometer. The heat transfer enhancement was performed with the
addition of combined graded wire mesh of 3 (® = 0.894), 9 (® = 0.812), and 18 (® =
0.917) PPI for four different locations from inlet such as 0, 0.5, 1 and 1.5 m away from
inlet. The best combination out of four locations of GWM was compared with empty
channel SPSAH. The computational description and experimental details  are
mentioned in section 3.6 and 3.8.1 respectively. The results are compared with the
previous literature to observe the rise in temperature, velocity and temperature contours,
effect of Nusselt number, friction factor, performance parameter in order to check the

thermal performance.

111



5.2 VALIDATION OF NUMERICAL AND EXPERIMENTAL STUDY FOR
SAME INPUT PARAMETERS.

Comparisons between numerical and experimental results are performed, and the
agreement between them validates both the obtained numerical and experimental
results. Figure 5.1 a show the change in the temperature difference between the inlet
and outlet during two days in September 2022 for two different values of air mass flow
rate for the empty channel. As can be seen, there is a good agreement between the
measured experimental and obtained numerical results, and the deviation in the
temperature rise between the numerical and experimental value is 4 %. Furthermore,
the thermohydraulic efficiency of the experimental and numerical setups are calculated
and shown for scenarios of 0.027 kg/s and for 0.058 kg/s in Figure 5.1 b. The deviation
between them do not exceed + 8 % for 0.027 kg/s and for 0.058 kg/s for the empty
channel. The validation for the temperature rises via the thermohydraulic efficiency for
the numerical and experimental trials is between = 8 %. A similar average range of
deviation is considered in the work of Singh (Singh 2022).
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Figure 5.1 (a) Variation in the rise in temperature with time. (b) Parity plot for
validation of the thermohydraulic efficiency in numerical and experimental trials for
the 0.027 kg/s and 0.058 kg/s mass flow rates.

A numerical analysis is performed for the date 4 September 2022 at 13.00 hr with a
sunshine factor as 0.809 (Rajarajeswari et al. 2018; Tian et al. 2004). The experimental

inlet temperature, ambient temperature, and solar intensity are considered for numerical
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study on the same day. The average temperature of the absorber plate and glass plate
of the empty channel is considered as the inlet temperature for the WM SAH in the

numerical simulation (Rajarajeswari et al. 2018).

5.3 NUMERICAL RESULTS FOR DIFFERENT CASE STUDIES

A numerical comparison of Cases 3-9-18, 9-18-3, and 18-3-9 is performed for 0.027
and 0.058 kg/s. Figure 5.2 shows that the THPP for the full length of Case 9-18-3 is
13.04 % and 11.92 % higher than for Case 3-9-18 and 18-3-9 PPI case, respectively.
The 9-18-3 PPI case has porosities of 0.812, 0.917, and 0.894, respectively.

The lower porosity contains more material. Hence lower porosity near the wall (i.e.,
near to absorber plate) absorbs more heat from the absorber plate towards WM and then
to the air which is available in the channel (Gill et al. 2012; Gupta and Garg 1967).
Further, the lower porosity occupies a greater specific area density and increases the
volumetric heat transfer coefficient. For this reason, there is a greater heat transfer to
the working fluid which minimizes the absorber plate temperature, reducing the thermal
losses to the atmosphere; therefore, the thermal efficiency increases. Hence, the
sequence from the absorber plate side is a 0.812 porosity near to the wall, then 0.917
and 0.894 porosities of Al WM, as the porosity for the 18 and 3 PPI is nearly identical.

3-9-18 PPI
55l 9-18-3 PPI
" 18-3-9 PPI
2.0}
B
A N
= N
=
15f
1.0

0.027 0.058
Mass flow rate (kg/s)

Figure 5.2 Variation in the THPP vs. mass flow rate for the full length of 3-9-18 PPI,
9-18-3 PPI, and 18-3-9 PPI.
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For the same porosity, the decreasing gradient in PPl from the absorber plate side
minimizes the thickness of the thermal boundary layer which lowers the pressure drop
and ultimately reduces the friction factor and increases the thermohydraulic
performance parameter. The pitch-to-wire diameter ratios for the 9-18-3 PPI case are
3.54, 6, and 7.54, respectively. For the 0.917 and 0.894 porosities, the pitch-to-wire
diameter ratios are 6 and 7.54 respectively. The friction factor is less for the 0.917
porosity and the pitch-to-wire diameter ratio of 6 occurs due to a reduced pressure drop.
A similar trend is observed in the work of (Prasad et al. 2009; Varshney and Saini
1998). For the 18 and 3 PPI cases, the ratios of the pitch-to-wire diameter are 6 and
7.54, which is nearly the same. The 1/n® ratios for 9-18-3 PPl are 0.31, 0.14, and 0.37,
respectively. For the same pitch-to-wire diameter ratio, the 1/np ratio increases and the
friction factor also increases; hence, the 18 PPI should be near to the absorber plate to
obtain a higher THPP. The results were similar for the 9 and 3 PPI Al WM; the 1/n®
ratios are 0.31 and 0.37, which are very similar. For the same 1/n® ratio, the friction
factor is lower for lower values of the pitch-to-wire diameter ratio, and hence the THPP
is high. The same consideration was investigated in the literature (Prasad et al. 2009;
Varshney and Saini 1998). Thus, the present numerical analysis calculated and
presented in Figure 5.2 is correct. Hence, further simulations consider Case 9-18-3 to
be the full-length WM condition and the results are compared with a WM of 25 % of
the length of the full-length test section for four different scenarios, i.e., 0, 0.5, 1, and

1.5 m from the inlet.

54 COMPARATIVE STUDY OF TEMPERATURE RISE, NUSSELT
NUMBER, FRICTION FACTOR, AND THPP

The case of a WM of 25 % of the length of the WM of the full-length test section is
simulated at four different locations for the same input conditions. The thermal
performance of SPSAH is evaluated on the basis of temperature rise, Nusselt number,
friction factor and THPP.

5.4.1 Effect of temperature rise and Nusselt number
The outlet side has a higher temperature in the absorber plate compared to the inlet side;

keeping the GWM at the outlet side, it absorbs more heat from the plate due to more
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material towards the outlet and when air passes through it, the velocity of the air is
minimized, which increases the residence time. Hence it absorbs more heat, and finally
the temperature at the outlet is higher. So, temperature rise is more for 25 % of full
length of test section at a distance of 1.5 m from inlet. The heat transfer coefficient is
higher for this case because the mean absorber plate temperature is lower and bulk mean
fluid temperature is higher. Hence, temperature difference between the mean absorber
plate temperature and bulk mean fluid temperature is lower which gives higher heat
transfer coefficient. Figure 5.3b shows that the Nusselt number is higher for the 25 %

of full length of test section at a distance of 1.5 m from inlet.

Figure 5.3 a, b shows the temperature rise and Nusselt number variation for the 0.027

and 0.058 kg/s mass flow rates. The 25 % length case at a distance of 1.5 m from the
inlet shows a greater temperature rise and a greater heat-transfer enhancement
compared to other 25 % length cases at distances 0, 0.5, and 1 m from the inlet. The
average temperature rise and average Nusselt number for the 25 % length case at a
distance 1.5 m from the inlet is 2.34 % and 38.65 % higher for the 0.027 kg/s mass flow
rate and 1.51 % and 72.60 % higher at the 0.058 kg/s mass flow rate, respectively,
comparing all other cases.
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Figure 5.3 Comparison study between the 25 % length case at a distance of 0, 0.5, 1,
and 1.5 m from the inlet for (a) temperature rise, (b) Nusselt number, (c) friction factor,
and (d) THPP.

5.4.2 Effect of friction factor and THPP

The GWM at the outlet is helpful to lower the resistance of incoming air, and is better
for reducing the pressure distribution which gives a reduced pressure drop (Jadhav et
al. 2021). Hence, the 25 % length case at a distance of 1.5 m from the inlet is lower
friction factor than the other cases in Figure 5.3 C. THPP is higher for the higher
Nusselt number and lower friction factor. Hence, 25 % length case at a distance of 1.5
m from the inlet is having higher THPP than all other cases in Figure 5.3 d.

Figure 5.3 ¢ shows a lower friction factor for the 25 % length case at a distance 1.5 m
from the inlet compared to all of the other cases. It has a lower friction factor by an
average of 48 % and 8.5 % for the 0.027 and 0.058 kg/s mass flow rates, respectively.
The temperature rise reduces as the mass flow rate increases; this is because at high
mass flow rate, the travel time for air is lower, hence it absorbs less heat. The 25 %
length case at a distance of 1.5 m from the inlet had a better THPP value compared to
distances of 0, 0.5, and 1 m away from the inlet for the 0.027 and 0.058 kg/s mass flow
rates, as shown in Figure 5.3 d. It is an average THPP that is 72.69 % and 77.83 %
higher than the all of the other cases. The outlet side has a higher temperature in the

absorber plate compared to the inlet side; keeping the GWM at the outlet side, it absorbs
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more heat from the plate and when air passes through it, the velocity of the air is
minimized, hence it absorbs more heat, and finally the temperature at the outlet is
higher. The GWM at the outlet is helpful to lower the resistance to incoming air, and it
is better for reducing the pressure distribution which gives a reduced pressure drop
(Jadhav et al. 2021). Hence, the 25 % length case at a distance of 1.5 m from the inlet
is better than the other cases. Hence, a WM of 25 % of the full-length WM at a distance

of 1.5 m from the inlet is selected for experimental analysis.

55 TEMPERATURE AND VELOCITY DISTRIBUTION IN THE 25 %
LENGTH CASE AT A DISTANCE 1.5 M FROM THE INLET FOR SINGLE-
PASS SAH

Figure 5.4 a, b shows the fluid temperature distribution along the plane and in the 25 %
length case of porous media near the outlet, respectively. It shows that the temperature
is more homogenous in the porous zone. The heat transfer from the absorber plate to
the WM and from the WM to the fluid is uniform. A 15 mm thickness of GWM at the
outlet side gives a uniform temperature distribution. Figure 5.5 shows the velocity
distribution along the plane in the porous SAH. The velocity in the porous zone is more
uniform. Due to the lower velocity in the WM, a greater amount of heat is being

absorbed; hence, there is an increase in the outlet temperature.
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Figure 5.4 Temperature distribution of air for mass flow rate 0.027 kg/s and | = 851.24
W/m? (a) along the plane and (b) in the 25 % length case at a distance 1.5 m from the

inlet.
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Figure 5.5 Velocity distribution of fluid for the 25 % length case at a distance 1.5 m
from the inlet for mass flow rate 0.027 kg/s and | = 851.24 W/mZ.
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5.6 EXPERIMENTAL RESULTS OF EMPTY CHANNEL AND POROUS SAH
5.6.1 Thermal performance of porous bed SAH

Figure 5.6 a, b shows the solar intensities and ambient temperature variation from 9.00
hr to 16.00 hr during the experimental trials. Figure 5.6 a shows the maximum solar
radiation ranges from 11.00 hr to 14.00 hr. The average solar radiation is obtained
between 700 to 800 W/m?. The ambient temperature range during the experimental
trials is 29 °C to 37 °C. Figure 5.7 a show the temperature rise in the porous media for
the 0.027 and 0.058 kg/s mass flow rates. For the 0.027 and 0.058 kg/s mass flow rates,
the outlet air temperature ranges between 43 °C to 80.4 °C and 39.7 °C to 64 °C,
respectively. The maximum temperature rise attained is 43.9 °C for the 0.027 kg/s mass
flow rate. Figure 5.7 b shows the difference between the average absorber plate and the
outlet air temperature for the empty and porous channel with a maximum mass flow
rate of 0.058 kg/s. The average absorber and outlet air temperature difference is greater
for the empty channel. Hence, the heat-transfer rate is higher for the graded WM
compared to the empty channel.
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Figure 5.6 Variation in solar intensity and ambient temperature with time. (a)
distribution of intensity of solar radiation during the experimental trials, (b) distribution

of ambient temperature during the experimental trials.
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Figure 5.7 Variation in the temperature difference with time for the empty channel and
the 25 % length case at a distance 1.5 m from the inlet. (a) temperature rise parameter
versus time of day, (b) temperature slip between the average absorber plate temperature

and the outlet fluid temperature.

5.6.2 Comparison of porous-bed SAH with empty-channel SAH
For the same average solar intensity, the percentage increase in the thermal efficiency
of the GWM is 20.91 % at 0.027 kg/s and 23.32 % at 0.058 kg/s greater than the empty

channel, as shown in Figure 5.8.
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Figure 5.8 The variation in maximum thermal efficiency and maximum Nusselt number

between the empty channel and the 25 % length case at a distance 1.5 m from the inlet.
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Table 5.1 Comparison with previous similar type of rectangular single-pass SAH.

Author Year and  Mass Flow Different Porous Thermal
Ref. Rate (kg/s) Absorbers Efficiency (%)
3 Aluminium expanded
(ngg%a and Garg 13%;3 (s) metal mesh with carbon 50
black coating
(Omojaro and 0.012 to . N .
Aldabbagh 2010) 0.038 WM with longitudinal fins Max. 59.62
(Aldabbagh et al. 0.012 to WM without absorber
2010) 0.038 plate Max. 45.93
. Iron 61.47,
(2%'{‘3)“ and Panwar 4 455g1 Brass 64.42,
Copper 64.42
%ggzarl etal. 0.011,0.032 WM with different covers 48
(A’}Igﬁa;é rz?nzc:) ) 0.011, 0.032 Partially V\E)i?;f\c;\r/?\t/led cover 55
ggg;\;in Abed et al. 0.033 U and Va(l;c;[)rrubgez?ted WM NM
(Rajarajeswari et al. 3
2018) 0.01 to 0.055 Cu WM 15-88
(Gill et al. 2012) 006%%1;35 Iron chips 37.45
35.8 t0 69.5 for
Partially filled Al WM 0.027 kgls
Present study 0.(())255a8nd with different PPI and and
' porosity 53.8t0 84.12

for 0.058 kg/s

The heat transfer enhancement in the GWM is demonstrated in terms of the Nusselt

number in Figure 5.8. The Nusselt number increases with the Reynolds number. For
0.027 kg/s and 0.058 kg/s, the Nusselt numbers are 86.33 and 121.29, respectively, for

the same input condition in the GWM. The increase in performance is due to the

temperature rise in the GWM because of the lower velocity in the GWM. Table 5.1

shows a comparative study of the present study with recently studied literature using

different configurations of wire mesh as a heat-transfer enhancement media. It shows

that the resulting 69.5 % and 84.12 % thermal efficiency is better than the wire mesh

material cost and the performances of all of the other references mentioned in the Table

5.1.
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5.7 SUMMARY

The present study involves experiments and analysis of the 3D geometry of single-pass
SAHSs by a numerical finite volume method. The flow inside the SPSAH is assumed to
be incompressible and steady state. The Rosseland radiation model with a solar ray
tracing method is considered to evaluate the thermal performance of the SPSAH using
a WM as a porous media. The properties of air are calculated at a bulk mean temperature
and assumed to be constant throughout the length. Al WMs with three different
porosities is combined together to enhance the heat-transfer rate in single-pass forced
convection SAH. The Al WM is assumed to be isotropic, homogenous, and non-
deformable. The wire mesh length, width, and thickness of each porosity is assumed to
be 500 x 985 x 5 mm (i.e., 25 % of the full length of the test section) in the present
study. A local thermal equilibrium method was applied for the heat transfer from the
WM to the air inside it. Experiments are performed for the 0.027 and 0.058 kg/s mass

flow rates. The following results have been obtained based on the present work:

e For the full-length case, 9-18-3 PPI is the best suitable combination compared to
Cases 3-9-18 and 18-3-9 PPI in terms of maximum outlet temperature, Nusselt
number and THPP. Case 9-18-3 PPI has 7.62 % and 7.22 % higher average THPP
than Case 3-9-18 and 18-3-9, respectively, for both the mass flow rate.

e The 25 % length of the GWM of the full-length test section was kept at four
different locations (i.e., 0, 0.5, 1, and 1.5 m from the inlet) in numerical analysis.
The thermal performance was analysed with respect to temperature, Nusselt
number, friction factor, and THPP at these four locations. It shows that the rise in
the outlet temperature was nearly the same for all of the cases. The Nusselt number
is higher in the WM of 25 % of the length of the full-length test section than all
other cases considered above as a result of the changes in the absorber plate
temperature and bulk mean fluid temperature. The friction factor was lower and
THPP was higher for the case of 25 % of the length of the WM of the full-length
test section among all of the other cases.

e The 25 % length of the WM of the full-length test section at a distance 1.5 m from
the inlet is more valuable than all other cases in terms of the overall performance

of porous SAH. As the mass flow rate increases, thermal efficiency also increases.
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The enhancement in the thermal efficiency was 23.32 % higher for 0.058 kg/s than
the empty channel.
5.8 CLOSURE
This chapter deals with the graded aluminium wire mesh for heat transfer enhancement
in the SPSAH. The 25 % of full length of test section 1.5 m away from the inlet gives
higher THPP and which can be useful for drying application. The transverse and
longitudinal graded aluminium wire mesh partially filled porous media and its effect on
heat transfer and THPP are clarified in the next chapter.
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CHAPTER 6

ENERGY, EXERGY AND ECONOMIC ANALYSIS OF SOLAR AIR

HEATER COMPARING DIFFERENT DIRECTIONS OF GRADED WIRE

MESH FOR DRYING ONION AND TOMATO.

6.1 INTRODUCTION

The present study involves the single pass solar air heater (SPSAH) operated by forced
convection. The 9 and 18 PPI Al wire mesh of porosity 0.812 and 0.917, respectively,
are kept in the channel of SPSAH. Single pass solar air heater equipped with wire mesh
structure is one of the low-cost technologies to harness the solar energy in an efficient
way to dry vegetables. Solar air heater is constructed with 9 and 18 pore per inch (PPI)
Al wire mesh of porosity 0.812 and 0.917, respectively to improve heat transfer
performance. This wire meshes are arranged one wire mesh over the other wire mesh
in the transverse direction and the same quantity of wire mesh is folded to 50 % length
and kept one after the other in a longitude direction. So, these combinations are (9-18,
18- 9)T, (9-18, 18-9)L to obtain gradient wire mesh in transverse and longitudinal
directions, respectively. The numerical study is performed with the Rosseland radiation
model with the solar ray tracing method. The Renormalisation group k-g with enhanced
wall function viscous model is used for further 3D analysis because the calculated
Reynolds numbers are 4134 and 7398. The computational description and experimental
details are mentioned in section 3.7 and 3.8.2 respectively. The results are compared
with the previous literature to observe the rise in temperature, velocity and temperature
contours, effect of Nusselt number, friction factor, performance parameter in order to
check the thermal performance. Also, economic investigation is studied to get the

simply payback period.
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6.2 VALIDATION OF NUMERICAL RESULTS WITH EXPERIMENTAL
TESTING OUTCOMES

The comparison between numerically simulated results with experimental testing
outcomes has performed to observe the accuracy and correctness of the steps
implemented during each method. Figure 6.1(a) shows the outlet temperature during
two different days in May 2023 for two different values of air mass flow rate tested in
empty channel. The deviation is between + 10.5 % for 0.05 kg/s and 0.08 kg/s for
empty channel as displayed in Figure 6.1 (b).

120 100

—#—17-05-2023 Experimental study for 0.05 kg/s
~—0—17-05-2023 Numerical study for 0.05 kg/s
—A— 18-05-2023 Experimental study for 0.08 kg/s
—¥—18-05-2023 Numerical study for 0.08 kg/s

100 | 80

——-10.5%

80 60

jZa==x2

20
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Outlet temperature (°C)

20

Numerical outlet temperature (°C)

L L L L L L 0 - . - 3
9 10 11 12 13 14 15 16 0 s 20 ;“’ : s - 100
Time (hr:min) cxperimental outlet temperature (°C)

(a) (b)

Figure 6.1. (a) Validation of outlet temperature for numerical and experimental readings
with varying the time for 0.05 and 0.08 kg/s mass flow rates on 17-05-2023 and 18-05-
2023 respectively in empty channel SAH. (b) Parity plot for numerical and

experimental outlet temperature result for 0.05 and 0.08 kg/s mass flow rates.

The average deviation between numerically simulated results with experimentally
testing outcomes has 5.59 % which is acceptable. In Figure 6.1, the numerical readings
are calculated with assumptions and input parameters which represent the predicted
output parameters. The actual experimental readings are affected by instrumental
errors. Also, the boundary conditions and the thermophysical properties of air are
considered constant but in actual experimental setup, the material properties may
change. The outer box is considered as the adiabatic wall but in actual experiments few

losses to atmosphere can happen. The numerical model assumes the constant heat flux
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throughout the plate but in actual experimental trial, it is not possible. Hence, the

experimental readings are lower than the numerical readings.

The maximum solar intensity of the day is obtained at 1300 hr. Hence, further numerical
study is performed based on the 17" May 2023 at 1300 hr. Recent studies used similar
conditions at 1300 hr. (Alic et al. 2021; Rajarajeswari et al. 2018; Shetty Shreyas, N.
Madhwesh 2021)

6.3 TEMPERATURE AND VELOCITY DISTRIBUTION FOR EMPTY
CHANNEL AND 9-18 LONGITUDINAL GWM

Figure 6.2 (a) and (b) shows the temperature distribution in the empty channel and 9-
18 L GWM temperature distribution in the SPSAH. Figure 6.2 b is having higher
temperature distribution compared to Figure 6.2a empty channel. Figure 6.2 a show that
50 % of the empty channel is less than 50 °C temperature and Figure 6.2 b shows that
50 % of the test section are above 50 °C. This is because of the GWM kept inside the
test section. The air flowing in between wire mesh is having lower velocity from inlet
to outlet. Hence, the incoming fluid absorbs more heat while moving in the porous
media. Figure 6.3 (a) and (b) shows the velocity distribution in the empty channel and
9-18 L GWM porous media. The porous media has lower velocity compared to empty

channel.
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Figure 6.2 Temperature profile of air at 0.35 m/s heat flux 707 W/m? for (a) empty
channel, (b) 9-18 L porous arrangement of GWM.
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Figure 6.3 Velocity distribution of air at 0.35 m/s heat flux 707 W/m? for (a) empty
channel, (b) 9-18 L porous arrangement of GWM.

6.4 EFFECT OF DIFFERENT TRANSVERSE AND LONGITUDINAL
POROUS ARRANGMENTS OF GWM IN NUMERICAL STUDY

Figure 6.4 (a) and (b) shows the difference as well as change in outlet temperature,
Nusselt number, friction factor and thermohydraulic performance parameter for 9-18
T,18-9 T, 9-18 L and 18-9 L arrangements of GAWM for 0.05 and 0.08 kg/s mass flow

rates respectively.

6.4.1 Effect of outlet temperature and Nusselt number

The outlet temperature is higher for 18-9 L GWM compared to all other cases, then 9-
18 L GWM has higher outlet temperature than 9-18 T and 18-9 T GWM. 9 PPI has less
porosity and has more material. The lower porosity has smaller pores in WM which
reduces the velocity of air. The residence time of air in 9 PPI WM is more. The
thickness in longitudinal GWM is more compared to transverse GWM. So, more air
obstruction happens in longitudinal GWM. In longitudinal case, 9 and 18 PPI is having
twice the thickness of transverse GWM case. The obstacles to air flow are high so the
residence time is more and more heat is absorbed by the incoming fluid. Hence, the

outlet temperature is higher for longitudinal case. The absorber plate temperature is
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lower in longitudinal case compared to transverse case. Hence, heat transfer coefficient
is higher in longitudinal case. Thus, Figure 6.4 shows that the Nusselt number is higher

for longitudinal case than transverse GWM.
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Figure 6.4 variation in outlet parameters for 9-18 T, 18-9 T, 9-18 L and 18-9 L
arrangements of GWM at 0.05 kg/s and 0.08 kg/s (a) outlet temperature and Nusselt
number, (b)friction factor and THPP
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6.4.2 Effect of friction factor and THPP

The friction factor is lower for higher mass flow rate and lower with increase in porosity
of WM. The transverse GWM has same thickness throughout the channel so no
deviation in the velocity and porosity from the start of the absorber plate to end of it.
Hence there is no change in the friction factor. In case of 9-18 L GWM the porosity at
inlet and outlet are 0.812 and 0.917, respectively. The first half of test section with
lower porosity i.e. 0.812 has more material and smaller opening compared to 0.917
porosity material. Hence, the residence time is more for air in the first half of test
section. So, in the first half section air absorbs more heat and enters into the higher
porosity region i.e. 0.917. The higher porosity region is having larger opening than first
half of test section. Air will flow with higher velocity than the first case which reduces
the friction factor. The Figure 6.4 shows that the 9-18 L is having lesser friction factor
than 18-9 L.

Figure 6.4 (a) and (b) indicated that the outlet temperature, Nusselt number and friction
factor are higher for 18-9 L arrangement of GWM compared to all other cases. But, in
order to obtain the higher thermohydarulic performance, friction factor should be less.
Figure 6.4 (b) the 9-18 L arrangement of GWM has lower friction factor compared to
all other cases, in both mass flow rates. The friction factor for 9-18 L arrangment is
8.83 % and 7.39 % lower than average friction factor for all other three GWM
arrangment in 0.05 and 0.08 kg/s mass flow rates respectively. Hence, further it is
noticed that 9-18 L arrangment of GWM has average 2.45 % increase in the THPP
compared to average of all THPP of all three cases i.e., 9-18 T, 18-9 T and 18-9 L
GWM arrangement. Results presents that as rise in mass flow rate, outlet temperature

decreases, and Nusselt number, friction factor, THPP increases.

Figure 6.4 (b) shows the higher THPP for the case 9-18 L than all other cases in both
the mass flow rate and THPP is higher for the higher Nusselt number and lower friction
factor. THPP increases with increasing porosity with increase in mass flow rate. 9-18
L case is having lower porosity towards inlet side and higher porosity towards the outlet

side. It results in reduced friction factor as increase in porosity with increase in mass
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flow rate. Higher porosity has lower resistance to air flow. So, the best configuration

comparing with Nusselt number, friction factor and THPP is 9-18 L GWM.

6.5 EXPERIMENTAL OUTCOMES OF EMPTY CHANNEL AND 9-18 L GWM
SAH

In the initial stage, the experimental testing has been conducted for two times for each
mass flow rate. It is very difficult to obtain the same ambient temperature and solar
intensity for all the days. The environmental conditions may be varying time to time.
Table 6.1 shows the average reading of solar intensity and ambient temperature for
complete day which was measured for empty channel and 9-18 L GWM. The mass flow
rates are 0.05 and 0.08 kg/s for empty channel and 9-18 L GWM porous media. From
the Table 6.1, it represents that the solar intensity on 25-05-2023 and 23-05-2023 is
more or less the similar for 0.05 kg/s mass flow rate. Similarly, on 27-05-2023 and 24-
05-2023 same average solar intensity and surrounding temperature are observed for
0.08 kg/s mass flow rate. Therefore, Figure 6.5 represents the graph of change in (a)
ambient temperature, (b) solar intensity, (c) rise in temperature, (d) exergy efficiency,
varying with respect to time for the same date.

6.5.1 Effect of ambient temperature and solar radiation

The range of surrounding temperature and solar intensity measured in
experimental testing are 33 to 38 °C and 220 to 860 W/m? respectively. The maximum
effect of solar radiation is from 11.00 hrs. to 14.00 hrs. for all the day of the
experimental trials as shown in the Figure 6.5 (b). The solar intensity first increases till
13.00 hrs. and then it decreases. The peak of the solar intensity starts from 12.30 hrs. to
till 13.00 hrs. which ranges from 800 to 860 W/m?.

6.5.2 Effect of rise in temperature and exergy efficiency

The rise in temperature increases as the mass flow rate reduces for the both cases in
empty channel and 9-18 L GWM arrangement. But the rise in temperature for 9-18 L
GWM is higher than empty channel in both mass flow rate as heat transfer area
increases due to wire mesh insert in the test zone. The rise in temperature for 9-18 L
GWM is 12.44 % and 15.98 % higher than the empty channel for 0.05 and 0.08 kg/s
mass flow rates. The empty channel where there is no porous media, air moves quickly

in the test zone and absorbs less heat, hence the outlet temperature of without WM is
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less. In 9-18 L GWM channel, when air moves through the wire mesh, velocity reduces
due to small gaps in the wire mesh and absorbs more heat so outlet temperature of the
air is more. The range of rise in temperature for 9-18 L GWM for 0.05 and 0.08 kg/s
mass flow rates are from 9.84 to 31.60 °C and 8.95 to 26.97 °C respectively.

The exergy values are obtained for maximum solar intensity from 11.00 hrs. to 14.00
hrs. The exergy efficiency of dryer is more with lower temperature rise between the
inlet and outlet temperature of SPSAH. So, higher mass flow rates have higher exergy
efficiency and similar trend in empty channel and 9-18 | GWM cases are seen.

Table 6.1. Average experimental measured reading of ambient temperature and solar
intensity in the month of May 2023 for 0.05 and 0.08 kg/s mass flow rates.

saq  Mass flow 0.05 0.08

rate (kg/s)
28-05-

Date 25-05-2023 2023 26-05-2023 27-05-2023

Avg. Solar
intensity 652.71 686 594.71 678.88
(W/m?)
Avg.
Ambient
temperature

(°C)
23-05-
Date 21-05-2023 2023 22-05-2023 24-05-2023

Empty
channel

36.26 36.52 36.08 36.61

Avg. Solar
intensity 696.6 645.2 707 679
(W/m?)
Avg.
Ambient
temperature

(°C)

9-18 L
GWM

37.05 36.25 36.04 37.02
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Figure 6.5 Variation of (a) ambient temperature, (b) solar intensity, (c) temperature rise,

and (d) exergy efficiency varying the time for 0.05 and 0.08 kg/s mass flow rates.

6.6 CHARACTERISTICS OF 9-18L GWM SAH WITH EMPTY CHANNEL
SAH FOR DRYING THE ONION AND TOMATO

Onions and Tomatoes are dried in the empty channel and 9-18 L GWM SAH for 0.05
and 0.08 kg/s mass flow rates. The actual practical trials have been conducted for two
days. The weight of the Onion and Tomato has kept 0.750 kg to dry.
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6.6.1 Effect of relative humidity

Figure 6.6 shows the changes in ambient, inlet and outlet relative humidity of air. The
variation of relative humidity was 60 to 70 %, 47 to 62 % and 10 to 49 % for the
ambient, inlet and outlet of the air respectively. The relative humidity reduces first from
9.00 hr. to 13.00 hr. then increases again. Similar trend is observed for empty and GWM
SAH.
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Figure 6.6 Change in the Relative humidity of ambient, inlet and outlet humidity with
respect to time for (a) 0.05 kg/s mass flow rate empty channel SAH, (b) 0.08 kg/s mass
flow rate empty channel SAH, (c) 0.05 kg/s mass flow rate 9-18 L GAWM SAH, (d)
0.08 kg/s mass flow rate 9-18 L GAWM SAH.
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The relative humidity is low at the higher temperature because higher the temperature
more the moisture extraction rate. 9-18 L GWM SAH is having 14.53 % and 25.46 %
lower outlet relative humidity than the empty channel SAH due to the higher
temperature in the GWM channel.

6.6.2 Effect of moisture content and moisture ratio and drying rate for empty
channel and 9-18 L GWM SAH and open drying

The drying time is determined by moisture content on the dry basis. As the temperature
increases the relative humidity decreases for both mass flow rates and for both empty
channel and 9-18 L GWM SAH. The moisture removal rate from 9.00 hrs. till 11.00
hrs. is less due to lesser solar intensity. As the solar intensity increases, the temperature
inside the channel increases and relative humidity reduces, so moisture removing rate
is higher from 11.00 hrs to 14.00 hrs. The maximum moisture removal occurs in this
time duration. The average drying time for the Onion and Tomato are 380 and 240 min
respectively. The Figure 6.7 shows moisture content with drying time for Onion and
Tomato for different mass flow rates in empty channel and 9-18 L GWM case.
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Figure- 6.7 Moisture content with drying time for (a)Onion and (b)Tomato for
different mass flow rates in empty channel and 9-18 L GWM case.
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Figure 6.8 Effect of moisture removal varying with time for open sun drying, empty
channel and 9-18 L GAWM for 0.05 and 0.08 kg/s mass flow rates.

Figure 6.8 shows the change in moisture ratio with time for open drying, empty channel
and 9-18 L GWM SAH. The initial weight before drying of the Onion and Tomato is
250 gm for open sun drying, empty channel and 9-18 L GWM. The experiments are
started at 8.00 hr i.e., one hour before to get steady state. Then, at 9.00 hr the product
placed in the dryer. In the morning the moisture ratio is higher and then it decreases to
zero as shown in Figure 6.8. In the first 120 min, the moisture ratio is nearly same. As
the solar radiation increase from 11.00 am onwards, the moisture ratio decreases as the
moisture removal is higher at higher temperature. The moisture ratio of Onion and

Tomato has similar pattern as observed from Figure 6.8. Also same is the pattern for
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drying rate in Figure 6.9. The product dries quickly in the initial 120 min and then it
reduces gradually due to quick surface moisture exchange rate at the beginning. The
total average drying hours for the slices of Onions and Tomatoes are 5 and 4 hours
respectively. The GWM arrangement reduces the time of drying by 26.78 and 55 %
for tomato and onion respectively compared to empty channel SAH comparing both

mass flow rates.
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Figure 6.9. Effect of drying rate with time for empty channel and 9-18 L GWM SAH
varying mass flow rates

6.7 ECONOMIC ANALYSIS
The parameters chosen for the present study in the economic investigations are

annualized cost, net profit and payback duration. These categories are explained as
follows-

6.7.1 Annualized cost

For twelve-month capital cost has been considered by using the purchased material to
build the SAH, labor required to transport it and the special assembly done by special
machining and its costing. The sum of these includes the annual capital cost. The
twelve-month maintenance cost of the SAH is 10 % of the annual capital cost. The
salvage value is 10 % of the twelve-month capital cost. The SAH operated days in a

year considered as 250 days for the calculation purposes (Kesavan et al. 2019). The
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dryer was operated on the 12 V DC solar panel operated exhaust fan; hence the
electricity charges are zero. The amount of Onion and Tomato drying processed in a
year at SAH is 660 kg and 260 kg respectively. The price of the dried 1 kg of Onion
and Tomato slices is equivalent to the price of same product available in the market.
So, 1 kg dried Onion and Tomato selling price considered as Rs.305 and Rs. 585
respectively. The capital cost of the studied single pass SAH is shown in the Table 6.2.

6.7.2 Levelized cost of the dryer and simple payback period

A solar air heater has been running 7 hours per day from 9.00 hours to 16.00 hours. The
working days are 250 per year. The total weight of the product in initial state before
drying is 20 kg which shows that the loading capacity of tray.

Table 6.2 Capacity of drying vegetable in kg per year

Vegetable Onion Tomato
Type Empty 9-18L Empty 9-18L
channel GWM channel GWM
Per day capacity of the loading tray at 20 20 20 20
initial stage (kg)
Yearly capacity of the tray in kg 5000 5000 5000 5000
Per day running time of the system 420 420 420 420
(minutes)
Complete duration of drying 20 kg of 420 378 282 240
vegetables (minutes)
Weight of the initial loaded vegetables 2.64 2.64 1.04 1.04
after drying
Per year drying vegetable weight 660 660 260 260
Extra time available to dry vegetable on 0 42 138 180
the same day (minutes)
The extra loading capacity factor on the 0 0.11 0.49 0.75
same day (kg)
The extra loading capacity per year 0 73 127 195
The extra initial vegetable required per 0 550 2447 3750
year (kg)
Total dried vegetable weight per year 660 733 387 455
(kg)

Yearly initial loading capacity of the tray 5000 5550 7447 8750
with extra loading (kg)
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The time required to complete dry the vegetables are 420, 378, 282 and 240 min for
empty and 9-18 L GWM channel, in case of Onion and Tomato respectively. The dried
product weight for one day after completion of test is 2.64 kg and 1.04 kg for Onion
and Tomato respectively. The yearly capacity to drying vegetables in kg is noted in the
Table 6.2. Table 6.2 shows that the 9-18 L has 11 % and 17.50 % more drying capacity
than empty channel for Onion and Tomato respectively. At the same time the initial
loading fresh vegetables increases as per modification done in SPSAH. The capital cost
of the SPSAH is shown in Table 6.3. The capital cost of empty channel and 9-18 L
SPSAH are Rs. 29216 and Rs. 32345 respectively. The capital cost includes GST

charges, Labour charges and transportation charges.

Table 6.3 Capital cost of SPSAH (including GST, Labour and transportation charges)

Name of the part Material Price (Rs)
Absorber plate Aluminium (Al) 1780
Transparent cover Toughened glass 4050
Insulation Ceramic wool 3100
Outer frame Polyvinyl Chloride (PVC) 9500

sheet
Black paint Matte black paint 1160
Wire mesh Aluminium (Al) 3129
Exhaust fan 12V DC 738
Battery 12VIA 2200
Solar panel and 20 W capacity + Battery
_ > 1700
accessories charge controller + wiring
Nut + bolt + washer +
Miscellaneous Silicon sealant + Wires + 2000
Insulation tape.
Angular Support for SAH  Mild Steel (MS) 3600
Tray (Slotted bar) Galvanized Iron (GI) 1088
Total 32345

The net profit is calculated from the price of dried product per year and selling value of
dried product per year. The levelized cost of the dryer for Onion is 0.19 Rs/kg h and
0.18 Rs/kg h for empty channel and 9-18 L GWM. Also, for Tomato it is 0.22 Rs/kg h
and 0.18 Rs/kg h for empty channel and 9-18 L GWM. The levelized cost of dryer
minimized with addition of wire mesh by 5.26 % and 18.18 % compared to empty
channel. It shows that the system is the best with wire mesh and useful for future

application. The assessed average simple payback duration is 0.89 year which is shorter
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Table 6.4 Economic analysis of single pass solar air heater

Vegetable Onion Tomato
Empty 9-18 L Empty 9-18 L
Type of SPSAH channel GWM channel GWM
Capital cost (Cc) (Rs) 29216 32345 29216 32345
Maintenance charges (10%  ,q51 5 3345 2021.6 32345
of Cwm) (Rs)
Man power charges (Rs. 300
per day per unit for 250 75000 75000 75000 75000
days) (Cv) (Rs)
Raw material charges (Cr)
(Rs)
(Rs 20 kg/ per day x rate of 100000 111000 74470 87500
product x 250 days in year)
Packaging charges (Px) (Rs) 5000 5000 5000 5000
Total cost (P) 212138 226580 186608 203080
Initial total weight of the 5000 5550 7447 8750
vegetable per year
Number of hours required
for drying per day
(Considered single batch of 7 7 7 7
the vegetables so no addition
of the product in between)
Number of days system 250 250 950 250
operated per year
Annual drl_ed weight of the 660 733 387 455
vegetable in kg
Annual capacity of factor of 0.13 0.13 0.05 0.05
the system
Cost of the dried vegetable 305 305 585 585
per year (Rs)
Dried product fresh selling 51350 993443 226530 266175
price per year (RS)
Net benefits -10838 -3137 39922 63096
Levelized cost of Dryer
(LCOD) 0.19 0.18 0.22 0.18
Simple payback period
(SPP) 1.05 1.01 0.82 0.76
for empty 0.94

channel
Average SPP 9-18 L 0.89

GWM

than lifespan of the SAH. The addition of the wire mesh reduces the payback period
by 5.26 %. Hence the present manufactured single pass SAH is profitable, fruitful,
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monetary useful for the drying vegetables and fruits in the rural areas. The details of
the localized cost of dryer and simple payback period are shown in the Table 6.4.

(c) Empty channel SAH drying
Figure 6.10 Colar of the Onion at different arrangement in (a) Onion before drying,
(b) Open Sun drying (c) Empty channel SAH drying, (c) 9-18 L Al GWM SAH drying.

@ Tomato before drying (b) Open Sun ding
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(c) Empty channel SAH drying

(d) 9-18 L GAWM SAH drying
Figure 6.11 Colar of the Tomato at different arrangement in (a) Tomato before drying,
(b) Open Sun drying (c) Empty channel SAH drying, (c) 9-18 L Al GWM SAH drying.

Table 6.5 Some comparative studies about development of capabilities of different solar

air heaters and its drying application of Onion

Mass Weight Drying
Dryer Modification flow of the .
Ref. Nth Nex time
type type rate product (min)
kgls (9)
(Beyeet Direct  Greenhouse dryer - - - - 360-600
al. 2019)
(S6zen et Indirect Tubular absorber 0.010, 56.32—- NM 100 180
al. 2021) with inserting 0.013 71.30
Aluminium wool
(Hadibi Direct  geo-exchange 0.018 1.48%— - 5000 28 hr
et al. energy assisted- 48.90%
2022) insulated north
wall solar dryer
(Tuncer  Indirect PVT dryer with 0.009, 61.32- 59.16- - 220-320
et al. grooved absorber 0.014  77.49 68.31
2023) surface, baffles
and spherical
turbulators
Present Direct  Graded 0.05, - 20-70 750 280
study Aluminium wire  0.08

mesh
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Table 6.6 Some comparative studies about development of capabilities of different solar

air heaters and its drying application of Tomato

Mass Weight Drying
Dryer Modification flow nmn Nnex  of the i
Ref. time
type type rate (%) (%) product (min)
(kg/s) (9)
(Rajkumar Indirect Vacuum - - - - 360-600
et al. assisted
2007)
(Hossain  Indirect Reflectorand - 22.35 - 79-139 88 hr
et al. thermal -
2008) storage system 45.80
(Dorouzi Indirect liquid - - - 500 250
et al. desiccant-
2018) assisted SAH
equipped with
aPV-T
regeneration
system
(Ebadi et Indirect Hybrid 0.01, 11- 1-6 5-10 231
al. 2021) compound 0.025, 25
parabolic 0.04
concentrator
;f”z%tgg Indirect zx/;therma' 3493 44.66 5000 13 hr
Green house
gﬁgrg;‘g)et Direct them;\?th 0.06 5020 - 4000 300
storage
Graded
Present Direct  Aluminium 00> 20- - I5p 240
study . 0.08 70
wire mesh

Figure 6.10 and 6.11 shows the picture of before drying, open sun drying, empty

channel and 9-18 L GAWM drying for Onion and Tomato respectively. It shows that

within one day time period from 8.00 hr. to 17.00 hr. with even partly sunny days drying

the product with SAH is very effective and the product dried in less time compared to

open sun drying system. Table 6.5 and 6.6 shows the results of present research work
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and previous investigations were performed by researchers. The present study has

acceptable agreement with literature studies for both Onion and Tomato drying.

6.8 SUMMARY

The three-dimensional numerical analysis was performed with ANSY'S fluent software.
The Rosseland radiation model was used with solar ray tracing approach. The forced
convection SPSAH was used to dry Onion and Tomato in the present study for two
different mass flow rates as 0.05 and 0.08 kg/s numerically and experimentally. The
improvement in the empty channel SPSAH is performed by adding GAWM of 9-18 in

longitudinal direction.

e The empty channel experimental trials performed for 0.05 and 0.08 kg/s mass flow
rates and average rise in temperature is from 9 °C to 32 °C and solar radiation was
observed 300 to 950 W/m?,

e The different combinations of GAWM were studied numerically to observed the
temperature rise, Nusselt number, friction factor and finally thermal performance
parameter of SPSAH. The 9-18 L is the best combination amongst 9-18 T, 18-9 T,
9-18 L and 18-9 L different configurations. The 9-18 L has an average of 2.45 %
higher thermohydraulic performance than all other combinations mentioned above
four types.

e The 9-18 L GWM case has an average of 63.45 % higher thermal efficiency than
the empty channel for both mass flow rates.

e The GWM arrangement reduces the time of drying by 26.78 and 55 % for tomato
and onion respectively compared to empty channel SAH.

e The assessed simple payback duration is 0.89 years which is good deal for rural
application. Hence, the studied manufactured SPSAH is profitable, fruitful,

monetary useful for the drying vegetables and fruits in the rural areas.

6.9 CLOSURE

This chapter deals with the transverse and longitudinal GAWM for heat transfer
enhancement in the SPSAH. The use of graded aluminium wire mesh shows the good
results for drying application. The simple payback period for Onion and Tomato is

average 0.89 year which is good comparing the average life of the system.
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CHAPTER 7

CONCLUSION AND FUTURE SCOPE WORK

7.1 CONCLUSIONS

The dominant priority of the present investigation is to design and develop a suitable
and efficient single pass solar air heater for drying the vegetable and fruits etc. purposes.
In this thesis, the main focus was to enhance the heat transfer in the entire channel by
using metal foam or wire mesh as a metal porous media. Different thicknesses, PPI and
porosities of metal foam and wire mesh were considered in order to evaluate the thermal
performance of SPSAH. To mitigate the testing of SAH on the conventional electric

supply and solar panel battery-operated testing was employed in this investigation.

7.1.1 Significant outcome of numerical study for enhancement of heat transfer
using discrete metal foam with varying thickness and porosity in SPSAH by LTNE
method

The two-dimensional rectangular channel was modelled to evaluate the effect of partial
filling of different PPl and porosity of copper metal foam in SPSAH numerically. Based
on the current investigation, the following points are concluded:

e The Nusselt number is highest for 88 mm metal foam, rather than 22 and 44 mm
thick metal foam The Nusselt number for 22, 44, and 88 mm thicknesses is
157.64%, 183.31%, and 218.60%, respectively, higher than the empty channel.

e Amongst the 10, 20 and 30 PPI copper metal foam, the 20 PPI gives a lesser
pressure drop than 10 and 30 PPI metal foam for 22, 44, and 88 mm thickness.
The highest pressure drop belongs to 30 PPI, having 28 % and 2 % more average
pressure drop than 20 and 10 PPI, respectively, for 22, 44, and 88 mm thickness.

e The 20 PPI 0.8567 porosity with 22 mm thick metal foam has highest
performance factor compared to all 10 and 30 PPI metal foam. For mass flow
rate of 0.03 kg/s, the maximum performance factor for the 20 PPl 0.8567
porosity is 0.0055, 0.0050, and 0.0044 at 22, 44, and 88 mm metal foam

thickness, respectively.
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e With respect to performance factor, 22 mm 20 PPI 0.8567 porosity is best in

terms of pressure drop and cost involved in manufacturing the solar air heater.

7.1.2 Significant outcome of thermohydraulic efficiency of a solar air heater in the
presence of graded aluminium wire mesh —a combined experimental — numerical
study.

This study involves experiments and analysis of the 3D geometry of SPSAH by a
numerical finite volume method. The flow inside the SPSAH is assumed to be
incompressible and steady state. The Rosseland radiation model with a solar ray tracing
method is considered to evaluate the thermal performance of the SPSAH using LTE
method for WM porous media. The properties of air are calculated at a bulk mean
temperature and assumed to be constant throughout the length. Al WMs with three
different porosities is combined together to enhance the heat-transfer rate in single-pass
forced convection SAH. The Al WM is assumed to be isotropic, homogenous, and non-
deformable. The wire mesh length, width, and thickness of each porosity is assumed to
be 500 x 985 x 5 mm (i.e., 25% of the full length of the test section) in the present
study. Experiments are performed for the 0.027 and 0.058 kg/s mass flow rates. The

following results have been obtained:

e For the full-length case, 9-18-3 PPI is the best suitable combination compared
to Cases 3-9-18 and 18-3-9 PPI in terms of maximum outlet temperature,
Nusselt number and THPP. Case 9-18-3 PPI has 7.62 % and 7.22 % higher
average THPP than Case 3-9-18 and 18-3-9, respectively, for both the mass flow
rate.

e The 25 % length of the GWM of the full-length test section was kept at four
different locations (i.e., 0, 0.5, 1, and 1.5 m from the inlet) in numerical analysis.
The thermal performance was analysed with respect to temperature, Nusselt
number, friction factor, and THPP at these four locations. The Nusselt number
is higher in the WM of 25 % of the length of the full-length test section than all
other cases considered above as a result of the changes in the absorber plate
temperature and bulk mean fluid temperature. The friction factor was lower and
THPP was higher for the case of 25 % of the length of the WM of the full-length

test section among all of the other cases.
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e The 25 % length of the WM of the full-length test section at a distance 1.5 m
from the inlet is more valuable than all other cases in terms of the overall
performance of porous SAH. The enhancement in the thermal efficiency was
23.32 % higher for 0.058 kg/s than the empty channel.

7.1.3 Significant outcome of energy, exergy and economic analysis of single pass

solar air heater comparing transverse and longitudinal direction graded

aluminium wire mesh for drying onion and tomato.

The forced convection single pass SAH was used to dry Onion and Tomato in the

present study for two different mass flow rates as 0.05 and 0.08 kg/s numerically and

experimentally. The improvement in the empty channel SPSAH is performed by adding

graded Aluminium wire mesh of 9-18 in longitudinal direction.

The different combinations of graded wire mesh were studied numerically to
observe the temperature rise, heat transfer coefficient, friction factor and finally
thermal performance parameter of SPSAH. The 9-18 L is the best combination
amongst 9-18 T, 18-9 T, 9-18 L and 18-9 L different configurations. The 9-18 L
has an average of 2.45 % higher THPP than all other combinations mentioned
above four types.

The 9-18 L GWM case has average of 63.45 % higher thermal efficiency than the
empty channel for both mass flow rates.

The GWM arrangement reduces the time of drying by 26.78 and 55 % for tomato
and onion respectively compared to empty channel SAH.

The assessed simple payback duration is 0.89 years which is good deal for rural
application. Hence, the studied manufactured single pass SAH is profitable,

fruitful, monetary useful for the drying vegetables and fruits in the rural areas.

7.1.4 Novel approach to scientific community

The present thesis involves some of the novel scientific approach which would be

helpful to industry as well as house hold applications.

e Design of SAH according to industrial scale
e Use of solar panel battery-operated data logger

e Portable SAH for easy mobility
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e Novel arrangements of wire meshes in SAH to improve the efficiency

e Focus is on drying of vegetables

7.2 FUTURE SCOPE

The following are the future plans in the area of SAH:

e Design and development of compact SAH as per the industry requirements.
e Waste to wealth concept: to use maximum waste material to make SAH.
e Integrating PCM and wire mesh in SAH for energy storage purpose.

e Analysis of different suitable conditions for drying of different vegetables.
7.3 CLOSURE

This work shows that the thermohydraulic performance parameter and thermal
efficiency can be improved by porous media. This chapter provides the major outcome
of the complete research work carried out to check the thermal performance of SAH by

numerical and experimental methods. Also, this chapter gives further development
related to SAH.
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