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ABSTRACT

Performance of the double pass solar air heater can be enhanced by increasing the heat
transfer area. There are various methods used to enhance the performance of double pass
solar air heater viz. using corrugated surfaces, extended surfaces, packed bed etc. The
thermal efficiency of double pass solar air heater is more than the single pass solar air heater
due to more heat transfer area. Based on the literature review, it is concluded that most of
the studies are done on double pass solar air heater integrated with porous media and
extended surface but less studies are done on corrugated surfaces. In order to enhance the
thermal efficiency of a solar air heater artificial roughened surface on absorber plate
considered to be an efficient technique. In various literatures it has been observed that the
use of artificial roughened surfaces on the absorber plate can enhance the characteristics of
Air heaters to a greater extent. The solar air heaters efficiency can be affected by various
parameters such as collector length, number of channels, depth of channels, type of
absorber plate, number and material of glass covers, air inlet temperature and air velocity.

Xi



CHAPTER -1 INTRODUCTION

1.1 OVERVIEW

Based on the today’s world scenario energy saving is one the major factors to maintain a
stable economic growth the country. Energy can be renewable or non-renewable.
Renewable is that form of energy that can be reused and are easily available in nature like
solar energy, geothermal energy, wind energy etc. Non-renewable energy is that form of
energy that is derived from fossil fuels like coal, petroleum. The non-renewable energy
reservoirs are getting depleted with its usage. Research is going on renewable sources to
replace these non-renewable energy sources. In developed countries like US, Russia etc are

using the non-renewable energy sources in various form without the use of non-renewable

energy. [1]

Energy is the major universal measure of work done of all types by nature and humans.
Everything which occurs in this world is the expression of one form of energy flow. Many

persons use the energy word for input to the machines and to their bodies. [1]

The sources of energy can be divided into three ways:

a) Primary Energy Sources: The sources which gives net energy flow are known as
primary energy sources. Examples are Coal, Uranium, Oil etc. The energy needed
to form these fuels is much less in comparison to the energy needed during

combustion. The energy yield ratio is very high for these sources.

b) Secondary Energy Sources: The sources which does not produce any net energy are
known as secondary energy sources. Their energy yield is less than the input.
Examples are solar energy, tidal energy, water energy, wind energy, intensive

agriculture etc.

c) Supplementary Energy Sources: The sources whose net energy yield is zero are
known as supplementary energy sources. These sources need highest investment in

terms of energy, Example is thermal insulation. [1]



Future of World Energy: At present the population of world is increasing at a very fast
rate. If this rate continues the world will be heavily crowded in some years. The non-
renewable sources of energy (coal, petrol, natural gas, wood etc.) are depleting at a very
fast rate. Nuclear energy needs a very skilled labour along with safety. These are very
hazardous and produce large amount of pollution. So there is a need to think towards the
renewable energy sources. These sources are solar energy, tidal energy, wind energy etc.

These sources are pollution free, and non-exhaustible in nature.

The amount of energy sources (in percentage) consumed by the world shown in the
following table 1.1. [1]

Table 1.1: Percentage use of sources consumed by world [1].

Energy Sources Percentage Utilization

Oil 38.3%

Coal 32.5%
Gas 19%
Wood 6.6%
Hydro 2.0%
Dung 1.2%
Waste 0.3%

Uranium 0.13%

1.2 RENEWABLE ENERGY SOURCES

Among all the renewable energy sources solar energy is the major source for the economic

growth of the country. Solar energy is the major source having a potential of 178 billion



MW. It is about 20,000 times the world’s demand. [1]. But still it could not be developed
on a large scale. The energy from the Sun could be used as photovoltaic and thermal. Solar
energy as thermal is being used for

1) steam

i) hot water production.
Wind energy is another source of renewable energy. It requires certain locations where a
minimum wind speed of 3 m/s is available. In USA a state named California is generating
500W energy. For generating such energy it requires 900 wind turbines. In various

countries across the world around 0.7 million of wind pumps are in operation.

1.3 SOLAR ENERGY

Solar energy is most easily available form of renewable energy. The total energy received
from the sun is around 35000 times the total energy used by man. The average intensity of
solar radiation in India works out to be approximately 2000 kWh/m? as compared to the
world average of 2500 kWh/m?. But of the total solar energy reaching the earth’s surface
only 7-8% is being used, so there is a need to explore it and use it in a more efficient way.
This energy source has been used for various applications for many years. The technologies
developed from solar energy are classified into active solar and passive solar. Active solar
techniques are that which involves the usage of photovoltaic systems and concentrated
solar power to harness the solar energy. Passive techniques include the designing of space
for natural air flow etc. Solar energy technology includes solar cookers, photovoltaic cell,
solar air heater, solar collectors etc. These technologies are emerging in a rapid manner as
this technologies are proved to save energy in many applications. In 1877 solar energy was
utilized to heat a home.[1]

Some of the applications of solar energy are:

(1) Heating and cooling of residential building.

(2) Solar water heating.

(3) Solar drying of agricultural and animal products.

(4) Solar distillation on a small community scale.



(5) Salt production by evaporation of sea water or inland brines.

(6) Solar cookers.

(7) Solar engines for water pumping.

(8) Food refrigeration.

(9) Bio conversion and wind energy, which are indirect sources of solar energy.
(10) Solar furnaces.

Generally solar energy refers to the energy generated and transfer in the form of radiation
from the Sun to the Earth. This energy can be directly or indirectly converted to other forms
of energy. These forms are heat and electricity which can be used by human beings. The

major disadvantages of application of solar energy are

) the variable manner between Sun and Earth’s surface
i) the area required for collection of energy is very large.

SWOT analysis of solar energy [2]:

STRENGTH:

Never ending source of energy.
Pollution free.

Scope for decentralization.
Easy to operate.

Saves fossil fuel deposits.

Less hazardous.

N o g s~ wDdh e

Can be utilized in any form of energy.

WEAKNESS:
1. Problem for storage.
2 Not available in cloudy or eclipse days.
3 Initial investment is high.
4. Needs subsidy.
5 Spares not easily available.

6

Quantum varies according to seasons or weather.

4



7. Not yet taken on priority list.
OPPORTUNITY:

Scope for utilizing magnetic energy from solar wind.
Chance of hazard is less.
Scope of decentralization.

Totally pollution free.

o r w0 N E

Vast opportunity for expansion in many uses.
THREAT

Threat from oil lobby.
Threat from coal lobby.
Opposition from different forces due to subsidy.

Fluctuations due to season or weather may discourage consumers.

o > w0 N

Lack of knowledge of common consumers.

Solar Constant

In Sun heat is generated by different fusion reactions. The diameter of the Sun is 1.39x10°
km. the diameter of Earth is 1.27x10* km. The mean distance between Sun and Earth is
1.50x108 km. At the Earth’s surface an angle of only 32 minutes subtends by the Sun. The
radiations (beam radiations) receiving by the Earth from the Sun is almost parallel. [3]. The
Sun’s brightness varies from its center to its edges. The standard value of the solar constant

defined by the National Aeronautics and Space Administration (NASA) is given below:

1. 1.353 kilowatts per square meter.
2. 116.5 langleys (calories/m?) per hour.
3. 429.2 BTU per square feet per hour.
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Figure 1.1: Relationship between the Sun and Earth [4].

The solar radiation reaches the Earth surface having three components. These components

are given below:

1. Direct or Beam Radiations.
2. Diffuse Radiations.
3. Reflected Radiations.

Direct or Beam radiation (I,): The radiations coming from the Sun penetrates the
atmosphere of the earth and reach the surface of the earth. These amount and character of
the radiations varies from top to the earth’s surface. Some radiations are reflected back
from the clouds [5]. Some radiations are absorbed partially by the air molecules. A solar
radiation that reaches the surface directly without been absorbed or reflected back is termed
as direct or beam radiation. It produces a shadow when comes in contact with an opaque

object.

Diffuse radiation (I4): When the solar radiations crosses through the earth’s atmosphere,
some of the radiation is absorbed by the air and water vapour. Some radiation gets scattered
by air molecules, aerosols, dust particles and water vapours. This part of solar radiation

which is scattered and absorbed is termed as diffuse radiation.
The total or global radiation (1) is given by:

| = Ib + Id (11)



REFLECTED BACK DIRECT

INTO SPACE A i
A DIFFUSE J\-L
U SCATIERING /
/‘-/7 : 7\'\ ‘;F/_f\v?}
REFLECTED BACK (-1 .0 . ) | /L’“J
BY SURFACE NG vt ATMOSPHERIC
A ABSORPTION
DIFFUSE \ (WARMING OF AIR)
\/ RADIATION {
EARTH'S SURFACE

Figure 1.2: Direct radiations and Diffuse radiations [1].

1.4 SOLAR COLLECTORS

A device used to collect the radiations of the Sun and transfer this energy to a fluid passing

in contact with it is called solar collector. Basically there are two types of solar collectors.
1. Non-concentrating or Flat plate solar collector.

2. Concentrating or focusing solar collector.



FLATPLATE

Figure 1.3: Flat and Parabolic type Collectors.

Table 1.2 shows that the various solar collectors along with the concentration ratio and

there working temperature range.

Table 1.2: Solar collector types and their temperature range [4]

S. No. Types of Collectors Concentration Typical Working
Ratio Temperature Range (°C)
1 Flat Plate Collector 1 <70
2. High Efficiency Flat Plate 1 70-120
Collector
3. Fixed Concentrator 3-5 100 — 150
4. Parabolic Trough Collector 10-50 150 — 350
5. Parabolic Dish Collector 200 - 500 250 — 750
6. Central Receiver 500 - >3000 500 ->1000




1.4.1 Flat Plate Collectors or Non-Concentrating Solar Collectors

Flat Plate collectors are for temperatures below 90°C are adequate. This is because they
are used for water heating. These are made in rectangular panels. The area of panels are
about 1.7 to 2.9 m2. They generally collect both direct and diffuse solar radiations. Simple
flat plate collector has a flat surface called as absorber plate which has high absorptivity
for solar radiations [6]. An absorber plate is a metal plate painted with black colour to
absorb the solar radiations. A heat transfer medium such as air is used to transfer the energy
from the plate. The upper surface of the absorber plate is covered with a transparent cover

like glass so that it transmits shorter wavelength solar radiations.

Flat plate collectors consist of five components:

1. A transparent cover such as glass.

2. Heat transfer medium such as tubes, fins, passage or channels which carry the fluid (air).
3. The absorber plate

4. Insulation on the back and sides this minimizes the heat losses.

5. The casing or container to enclose the other components.

BLACK ABSORBER PLATE OUTER COVER INNER COVER
i ]
- O (@) @) O (-
INSULATION

COLLECTOR BOX FLUID CONDUIT

Figure 1.4: Flat plate collector [1].

On the basis of fluid of transfer of heat flat plate collectors are categorise in two types.

These are:

(@) Liquid heating collectors.



(b) Air or Gas heating collectors.
a) Liquid heating collectors

A liquid heating collector consists of an absorbing surface which absorbs high solar
radiation. Generally, a metal plate, of steel, copper or aluminium has been used along with
the plate. The thickness of absorber 1 to 2 mm and tubes diameter ranges from 1 to 1.5 cm.
Liquid stores in tank flows through tubes. This takes up the heat from the absorber plate.
This heat returns to the tank. The application of flat type collectors are space heating,

seasoning of timber, curing of industrial products, and crop drying.

SOLAR RADIATIONS

REREREEIE

ABSORBER ~J

[~
o

INSULATION

N

HEAT TRANSPORT FLUID

Figure 1.5: Liquid heating collector [1].
b) Air or Gas heating collectors:

Air/gas heating collectors are used widely because of their simplicity and less cost. These
collectors are having various applications like crop drying, space heating, curing of
industrial products and seasoning of timber. A typical flat plate air heating collector is
shown in figure 1.6. Generally it includes an absorber plate. Another parallel plate along

with absorber plate is placed below. The aspect ratio (W/H) is high.

10
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Figure 1.6: Solar air collector [1].

1.4.2 Focusing Collectors

Flat plate collectors obtained higher temperature are responsible for energy transmission in
many applications. Delivery energy temperature is enhanced by reducing the area. This
area is the area from which losses of heat takes place. This is achieved by using an optical
device. This device is placed between the source of energy absorption and the radiation
source. For similar absorbing temperature the heat losses are less for small absorber as
compare to a flat plate collector. Due to this reason the concentrating collectors are used.
Concentrating collectors collects the solar radiations from relatively large area and by using
parabolic mirrors focus these rays on a point. A device which is used to collect high
intensity solar radiation as solar energy on the surface of energy absorption is called as

focussing collector.

Refractor or reflector is a form of optical system used by these collectors. It is a special
modified form of flat plate collector by introducing a concentrator between the absorber
and solar radiations. A focusing collector consist of

1) parabolic receiver
i) cylindrical receiver

iii) spherical receiver.

Among these three receivers parabolic reflector gives high concentration from optical point

of view.

11



An alternative is to use auxiliary mirrors to navigate the concentrator. These auxiliary
mirrors are used to track the Sun and reflect the rays on to the parabolic concentrator.
However some efficiency losses occur by using auxiliary mirrors. When high temperature
required then these focusing collectors are used. Figure 1.7 shows the concentrating type

solar collector.

— REFLECTOR

ABSORBER —

Figure 1.7: A Parabolic or concentrating type solar collector [1].

1.5 SOLAR AIR HEATERS

Air is used as a heat transfer medium in many of the energy conversion systems. Solar air
heaters are made in different designs. In some of the absorber surface below the glazing

includes

e overlapped glass plate,

e spaced glass plate,

e clear glass plate,

e black glass plates,

e single smooth metal sheets,

o flow through stacked screen or mesh,

e corrugated metal plates and others.

In other air passing below the plate. This air passage reduces downward heat loss.
Figure 1.8 shows a sectional view of flat plate solar air heater.

12
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Figure 1.8: Flat plate solar air heater.

1.5.1 Simple flat plate collector

Simple flat plate collector is most commonly used. It includes of one or two glazing. It also
includes insulation over the plate. The air flow may be either above or below or both the

absorber plate. This is as shown in Figure 1.9.

}— ABSORBER

[TTTTT T 7777777777 msvamen

Figure 1.9: Simple flat plate collector [7].

1.5.2 Finned plate collector

This collector is modified type of the simple flat plate collector. Fins are used to increase
the heat transfer coefficient. The fins are usually located in the air flow region. This is as

shown in figure below.
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Figure 1.10: Finned plate collector [7].

1.5.3 Corrugated plate collector

The configuration of the simple flat plate collector is known as corrugated plate collector.
The absorber is corrugated by rounded troughs or V-troughs. This configuration increases

the heat transfer coefficient. This is as shown in Figure below.

AVAVAVAVAVAVAVAVAVS

S

Figure 1.11: Corrugated plate collector [7].

1.5.4 Matrix type collector

An absorbing matrix is provided between the absorber plate and transparent cover. The
matrix material may be the metal plate, or cotton gauge. This collectors gives high heat

transfer to volume ratio. It may also give low friction losses. Figure 1.12.

ATRIX
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Figure 1.12: Matrix type collector [7].
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1.5.5 Overlapped transparent plate type collector

This type of collector consist of a group of transparent plates. These plates are partially
blackened. The bottom of unit is insulated. For moderate rise in temperature these collectors
reflects good efficiencies. These collectors has a low pressure drop. Figure 1.13 shows

overlapped transparent plate type collector.

- BLACKHEAD
PORTION

S S

Figure 1.13: Overlapped transparent plate type collector [7]

1.5.6 Transpiration collector

It is a modified design of overlapped transparent plate type collector. The black absorber
plate is replaced by closely packed matrix material. The air enters just under the innermost
cover. This air is then flows downward through the porous bed. This air is then distributed

in the distributing ducting. Figure 1.14 shows the transpiration collector.

i

Figure 1.14: Transpiration collector [7]

1.5.7 Bare air type solar collector

It consist of an air duct with an absorber plate in uppermost surface. Heat transfer through
the back side of absorber plate. This heat transfer to the air stream from absorber platre.

Figure 1.15 shows a simple bare type solar collector.
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Figure 1.15: A bare air type solar collector [6].

1.5.8 Covered type air solar collector

To minimize the heat losses from upper side one or more glass covers are used. This type
of collector is called as Covered Plate Air type Solar Collector. This cover protects the

absorber plate from external effects. There are 4 types of such collectors.

i) Front Pass Covered Plate Air Type Collector.
i) Back Pass Covered Plate Air Type Collector.
iii) Suspended Plate Covered Plate Air Type Collector.
iv) Perforated Plate Covered Plate Air Type Collector.

Figure 1.16 shows covered type solar air collector.

ABSORBER PLATE

GLAZING

INSULATION

CASING

Figure 1.16: Covered type solar air collector [6].

1.5.9 Perforated Plate Covered Plate Air Type Solar Collector

It is a modified form of suspended plate air type solar collector. It is also known as matrix
solar heater. Blackened gauze which is a porous high surface area absorber is used to make
such type of collector. This type of collector has an advantage of more efficiency as
compare to the other. This is because of greater heat transfer coefficient and greater surface
area. It has certain disadvantages which are:
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i) high pressure drop
i) high technical stress on absorber.

Figure 1.17 shows this type of air collector.
PERFORATED (MATRIX)

ABSORBER PLATE
GLAZING /

INSULATION
CASING

Figure 1.17: Perforated plate covered plate air type solar collector [6].

1.5.10 Two-pass solar air heater

To reduce the losses in two pass solar air heater as suggested by Satcunanathan and
Deonarine.[8] The air first passed between the covers of a two glass cover heater and then
under the absorber plate as shown in Figure below. This results in reduction of outlet glass
cover temperature by 2-5°C. This results in reduction of the losses and the efficiency of the

collector is increased by 10 to 15% than a conventional heater.

TRANSPARENT
COVER

AIR INLET

AR OQUTLET

IHSULATICN

Figure 1.18: Double Pass Solar Air Heater [8].

1.6 Performance Enhancement Techniques For Solar Air Heaters

The performance can be enhanced in many ways. The following are some techniques to

enhance the performance of solar air heaters.
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1.6.1 Reduction of heat losses

Heat loss is one of the main reason for low heat transfer which further effects the efficiency
of the heater. Minimization of heat loss, increases the properties of solar heater. The ways

of reducing heat losses are discussed below.

1.6.1.1 By lowering convective as well as radiative heat losses

Two or more glass covers are used to reduce the convective and radiative heat losses when
operated at moderately high temperatures. Surface treatment is used to reduce glass
reflectance. Glass cover transmits solar radiations having lower wavelengths and

eliminates radiations with higher wavelengths.

1.6.1.2 By Using Alternate Medium or Vacuum in the Gap Space

By Optimization of the gap space minimizes the convective heat losses. Malhotra et. al. [9-
10] investigated that reduction of heat losses up to 34% can be achieved by the use of heavy
gases. It was reported that using a combination increases the daily energy collection by
278% and thus making the collector to operate at 150°C. A daily energy collection

efficiency more than 40%.

1.6.1.3 By Selective Absorber Surfaces

When the temperature of the absorber plate is very high from the ambient air temperature
then the selective surfaces plays an important role. Usually large amount of heat loss occurs
from the absorber surface. At wavelength of about 10 microns, maximum radiation loss
appears. Maximum solar energy absorbed by the absorber plate is between 0.3 microns and
2.5 microns . This results in increase in efficiency of solar collector. Also makes it possible

to achieve higher temperature.

1.6.2 Improvement of Heat Transfer from Absorber Plate

High absorber plate temperature with high heat losses to the environment can be achieved
by using low convective rate of heat transfer. This rate is between the absorber plate and

the duct air. By reducing the temperature of the plate losses can be reduced. The absorber

18



plate temperature is reduced by increasing the heat transfer coefficient. This coefficient is

between the absorber plate and the duct air. This can be achieved by following methods.

1.6.2.1 By Providing Packed Bed Absorbers for Solar Air Heating Collectors

The major disadvantage of this type of collector includes the high initial cost and large

pumping power requirement in comparison to simple solar air heaters.

1.6.2.2 By Increasing the Area of Heat Transfer without Effecting the Convective Heat
Transfer Coefficient

Surfaces that are used to increase heat transfer area are called extended surfaces fins. Bevill
and Brandt [11] explains a solar air collector which includes 96 aluminium fins. These fins
were arranged parallel. The spacing between these fins were uniform. These are kept
beneath the glass cover. The collector was designed in such a way to obtain high collector
efficiency, low pumping power to pass air through the collector. The result shows that more

than 80% of the efficiency is achieved.

1.6.2.3 By Increasing Convective Heat Transfer Coefficient using Artificial Roughness

The flow at the turbulent heat transfer surface result in high convective heat transfer co-
efficient. The energy for creation of turbulence is derived from the fan or the blower. The
excessive turbulence means excessive power requirement. So it is desirable that turbulence
must be created close to the surface. In laminar sub layer only, so that the heat exchange
takes place and the core of the flow is not unduly disturbed to avoid excessive losses. This
can be achieved by using roughened surfaces on the air side. Usage of artificial roughness

improves the coefficient of heat transfer.

1.6.3 Thermohydraulic performance of solar air heaters

The introduction of artificial roughness on the rear side of the absorber plate results in high
heat transfer co-efficient. This leads to high collection efficiency. Consideration of
artificial roughness enhances the thermal performance of solar air heaters. This results in
high friction factor and a high pumping power. So optimization of the system is required
to maximize the thermal exchange. The friction losses should be at the minimum possible

level.
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CHAPTER -2 SCOPE OF STUDY

The future scope of this research study are for following applications:

>

>

Heating and cooling of residential building.
Solar water heating.

Solar drying of agricultural and animal products.
Solar distillation on a small community scale.

Salt production by evaporation of sea water or inland brines.

Solar cookers.

Solar engines for water pumping.

Food refrigeration.

Bio conversion and wind energy, which are indirect sources of solar energy.

Solar furnaces.
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CHAPTER -3 OBJECTIVE OF STUDY

> The main objective is to enhance the rate of heat transfer.

> To improve the efficiency of double pass solar air heater and compare the obtained

results with the single pass solar air heater.

> To achieve such results W-shaped ribs are attached to the absorber plate so that the

heat absorption capacity is increased.

> To investigate the Nusselt number and friction factor and also compare with the

results obtained for single pass solar air heater.

> To find out thermal and thermo-hydraulic efficiency based on hydraulic diameter.
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CHAPTER -4 REVIEW OF LITERATURE

A comprehensive purpose of literature review is to get background information regarding
the problems to be considered during present study. The article includes the brief review
on the methods adopted for the enhancement or increase the heat transfer. One of the
various techniques which considered to rise the forced convection heat transfer. The flow
should be turbulent closer to the surface of the heat transfer to get higher heat transfer
coefficient. However, blower or fan give the energy required to generate such turbulence.
The excessive turbulence results in excessive requirement of power for flow of air through

duct. So, it is required to minimise such loss of power to increase its efficiency.

Because of this roughness, generation of turbulent boundary layer along with little laminar
sub-layer occurred on the surface of absorber plate. Very high resistance offer to the flow
of heat due to this laminar sub-layer. The characteristics of heat transfer rate and the friction
factor can be improved by breaking laminar sub-layer. It is further enhances the thermo-

hydraulic performance and the thermal efficiency of solar air heater.

Abhishek Saxena et. al. [12] investigated the design and performance of a solar air heater
with long term heat storage. The main objective of this is to increase the heat transfer rate
and to raise the efficiency of simple solar air heater. He introduced an absorbing media i.e.
granular carbon inside solar heater. The calculation of thermal performance of solar heater
had been done on four distinct arrangement of parts or elements by operating it on both
natural and forced convection. He designed and fabricated two solar air heaters (s1 and s2)
of identical particular dimensions to offer hot air for space heating and drying. It was
reported that for ‘sl’ the maximum efficiencies were 16.16%, 19.02%, 17.04%, and
18.16% on natural convection for four distinct arrangements while for ‘s2’ the maximum
efficiencies were 17.79%, 20.77%, 18.27%, and 18.95% on similar arrangements of parts
and elements on natural convection and the maximum efficiencies for ‘s1’were 39.5%,
46.51%, 53.05%, and 56.91% while for ‘s2’ were 43.14%, 53.97%, 55.64%, and 73.65%

on similar arrangements of parts on forced convections.

Sukhmeet Singh et. al. [13] investigated the correlations of friction factor and heat transfer
of solar air heater with discrete V — down ribs as artificial roughness on the absorber plate.
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He examined the rectangular duct heated the one wide wall and artificial roughness
provided as V — down ribs subjected to consistent heat flux which is having Reynold
Number (Re) shifted from 3000 — 15000, with relative gap position (d/w) =0.20 — 0.8, and
relative gap width (g/e) = 0.5 — 2.0, angle of attack (o) = 30° - 75°, relative roughness
pitch (P/e) =4 — 12, and relative roughness height (e/Dy,) = 0.015 — 0.043. It was reported
that maximum increment in Nusselt number (Nu) is 3.04 and maximum increment in
friction factor (f) is 3.11 when contrasted with smooth pipe. It was likewise reported that
in the scope of parameters concentrated, these correlation foresee the estimations of f and

Nu with average absolute variation of 2.1% and 3.1% respectively.

Sharad Kumar et. al. [14] investigated the performance of a solar air heater based on CFD.
He used an arc shaped geometry made up of thin circular wire as artificial roughness. It
was analysed that the impact of arc shaped geometry on friction factor, heat transfer
coefficient, and performance increment was examined covering the scope of roughness
parameters (Re from 6000 to 18000, e/D from 0.0299 to 0.0426, solar radiation of 1000
W/m?, a/90 from 0.333 to 0.666). The ribs (arc shaped wires) are given on one side of
absorber plate and opposite side kept smooth. It was reported that Nu increases as the Re
increases. While friction factor decreases as the Re increases for all assemblage of 0/90
and e/D and the maximum value of overall enhancement ratio is 1.7 for roughness

geometry related to /D 0f 0.0426 and /90 of 0.333for the scope of parameters considered.

S.K. Singal et. al. [15] investigated experimentally the thermal performance of solar air
heater with roughness element in the form of blend of inclined ribs and transverse ribs
attached on the absorber plate. It was examined that blend of transverse ribs and inclined
ribs attached on the absorber plate with parameters such as Re scopes from 2000 to 14000,
e=16 mm, WH=10,P/e=3-8,P=5-13 mm, e/D;, = 0.030 for examination to
concentrate the friction characteristics and heat transfer. The heat transfer and friction
characteristics first calculated and then compared with the smooth duct. It was reported
that under same stream conditions the geometry with P/e value of 8 results in maximum
thermal efficiency. Further it was also accounted for that the maximum heat transfer

coefficient found for the best thermal performance.

Brij Bhushan et. al. [16] investigated the correlations of Nusselt number and friction factor
(f) for solar air heater with roughness element in the form of protrusions/dimples applied

on the absorber plate. It was examined that so as to foresee execution of the framework
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having such sort of roughened absorber plate, correlations of Nusselt number and friction
factor as a function of framework and working parameters have been produced by utilizing
trial information. It was reported that maximum increment in Nusselt number and friction
factor had been found 3.8 and 2.2 times separately in contrast with smooth duct for the
examined scope of parameters and the most extreme increment in heat transfer coefficient
had been found to happen for S/e of 31.25, L/e of 31.25 and d/D of 0.294.

M. Samiev [17] investigated the solar air heating collector for finding the efficiency using
a very simple moving plate heating model. It was reported that the static efficiency n can
be about 0.5 for surrounding air temperature t, = 40°C, for t, value of 50°C the n is around
0.45, and t, value of 60°C the n is around 0.37.

Prashant Dhiman et.al. [18] investigated analytically the solar air heater having packed bed
roughness element placed in a novel parallel stream for finding out the thermal
performance. A mathematical model was developed for analysing the solar heater thermal
performance, and calculated by utilizing a developed PC code that uses an iterative
arrangement method. It was reported that the difference between the results after simulation
and exploratory information with a mean blunder of 9.2%, and the created mathematical
model gives reasonable expectations of the execution of a PFPBSAH and can be a helpful

design device for future advancement to fulfill particular applications.

Kaushik Patel et. al. [19] investigated the double pass solar air heater by utilizing baffles
and longitudinal fins to increase the thermal performance. This investigate study is a near
investigation of metallic wiry sponge to the baffles and longitudinal fins embedded inside
the double pass solar air heater. It was reported that the maximum sun based radiation got
in the metallic wiry sponge type double pass solar air heater when contrasted with the solar
air heater with baffles and longitudinal fins and the greatest effectiveness had been picked
up in the double pass solar air heater with metallic wiry sponge when contrasted with the

other.

Sunil Chamoli et. al. [20] investigated the double pass solar air heater using absorber plate
artificially roughened from both sides to enhance the performance. It incorporates the heat
transfer increment, design of double pass solar air heater, pressure drop, and flow
phenomenon in duct. The double pass solar air heater’s performance and the different

techniques those misrepresent their performance and numerical models of a few designs of
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double pass solar air heaters are explored both experimentally and analytically. It was
reported that there is enormous scope for future investigation of double pass solar air heater
coordinated with roughness element on absorber plate surface on both upper and lower
side. The most extreme efficiency is acquired if the duct depths and mass flow rate of air

is similar in both the upper duct and lower duct.

Kaushik Patel et. al. [21] investigated the double pass solar air heater using fins, baffles
and porous media to improve the thermal efficiency and determined the impact of various
kind of media on the efficiency of double pass solar air heater. The impacts of major
parameters air velocity, temperature difference, mass flow rate, pressure difference of the
air had been watched for these perform contemplate. It was reported that the maximum
efficiency was observed when the absorber material uncoated metallic wiry sponge in the
solar still. It was lower cost effective and availability in the market was easy.

Anil Kumar [22] investigated the double pass solar air heater’s performance having
artificial roughness using CFD. The roughness geometries used were V-shaped thin
circular wire, Multi V-shaped ribs and Multi V-shaped ribs with gap. The roughness
parameters are as relative roughness width (W/w) value 6, relative gap width (g/e) is 1.0,
relative gap distance (G,/L,) is 0.69, aspect ratio (W/H) is 12, relative roughness height
(e/D) is 0.043, relative roughness pitch (P/e) is 10, and angle of attack (a) is 60°. It was
reported that the increment in heat transfer is observed to be expanded to 1.7 times with
that of the heat transfer of seamless surface for V-shaped, increased to 4.7 times for multi
V-shaped and 5.6 times for Multi V-shaped with gap ribs.

Pongjet Promvonge et. al. [23] investigated the solar air heater for the thermal performance
of turbulent channel flows over absorber plate having triangular (isosceles), wedge (right-
triangular) and rectangular shaped ribs. The main aim of this study was to develop the
experimental data accessible on different triangular rib shapes (i.e. right-triangular and
isosceles) with comparable e/H proportion of 0.3 placed on a high aspect ratio duct having
turbulent duct flows in a scope of 4000 to 16000. It was reported that the staggered
triangular rib ought to be connected rather than the rectangular one to acquire higher heat
transfer and thermal performance of around 50-65%, prompting to more short heat
exchanger and the best working administration for all rib turbulators was found at the most

reduced Reynolds number values.
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R. P. Saini et. al. [24] investigated experimentally the solar air heater with arc shaped wire
as roughness for the development of correlations for Nusselt number and friction factor so
as to enhance the heat transfer coefficient. The flow of air in the duct was taken parallel for
this investigation. It was reported that the most extreme increment in Nusselt number had
been calculated as 3.80 times circumstances comparing the relative arc angle (a/90) =
0.3333 at relative roughness height = 0.0422, the enhancement in friction factor was 1.75

times only comparing to these parameters had been noted.

Subhash Chander et. al. [25] investigated the solar air heater with multi-gap V-down ribs
along with staggered ribs attached on one side of the absorber plate as roughness element
for examine the friction factor, heat transfer, and thermo-hydraulic performance properties
of stream in a rectangular duct. The rectangular duct with Re scope from 4000 to 12000,
aspect proportion of 12, rib height to hydraulic diameter (e/D;,) proportion from 0.026 to
0.057, rib pitch to height (P/e) proportion scope from 4 to 14, angle of attack (a) scope
from 40° to 80°, staggered rib length to rib height proportion (w/e) = 4.5, gap width to rib
height (g/e) proportion = 1, relative staggered rib pitch (p/P) = 0.65 and 2 number of gap
(n) placed on each side of V-leg were used. It was reported that the 2 peaks for Nusselt
number related to the P/e of 6 and 12 and decrement in the Nusselt number was noted for
increment in the e/D,, more than 0.044 and the maximum increment reached in Nusselt

number and thermo-hydraulic performance was of 3.34 and 2.45 times separately.

Ravi Kant Ravi et. al. [26] investigated the double pass solar air heaters (DPSAHS) for
various methods used for the enhancement of the performance. The performance of a
traditional solar air heater (SAH) can be adequately improved by diminishing the
misfortunes from the collector surface by giving the best possible insulation and expanding
the convective coefficient between working fluid and heat collecting surface by increasing
the heat transfer area. This heat transfer area can be enhanced by double pass design. He
utilized packed bed materials (PBMs), corrugated absorbing surfaces, and extended
surfaces. The aim of this research was to review various heat transfer increment methods
utilized in DPSAHSs. It was reported that the recycling concept can be utilized to improve
the thermal efficiency of DPSAHSs. It was likewise reported that in case of finned DPSAH,
number and orientation of the fins, fin height were found to be the critical parameters and
in the event of artificially roughened DPSAH, roughness geometry and height, and fin
height was considered as the imperative parameters.
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Satyender Singh et. al. [27] investigated the double pass solar air heater with packed bed
as roughness element for the increment of thermal performance. The material used in this
investigation was porous packed bed in the upper duct of double pass solar air heaters. The
thermal performance increases significantly in comparison with packed bed when porous
material is applied in the lower channel and solar air heaters except packed bed. A wide
literature review of double channel DPSAH had been displayed in this study with a goal to
stress the significance of double duct double pass packed bed solar air heaters. It was
reported that that there is significant ascent in the heat transfer coefficient with packed bed
solar air heaters and thus, enhance thermal efficiency. It was likely reported that the
hypothetical and exploratory reviews show that the double pass for example counter and
parallel flow packed bed solar air heater work superior to the single pass packed bed solar
air heaters attributable to the decreased thermal misfortunes from the intro and back

surfaces of double duct system.

K. Kalidasa Murugavel et. al. [28] investigated experimentally the double pass solar air
heater with storage of thermal energy. Paraffin wax in aluminium round and hollow
(cylindrical) capsules was utilized as a medium of thermal storage on the absorber plate.
The experimental study was led to assess the performance of the DPSAH with different
setups under the metrological atmosphere of K.R. Nagar (9°11°N, 77°52°E) which is in the
state Tamil Nadu, India. It was reported that the paraffin wax as energy storing material in
solar air heater transfers nearly high temperature air for the duration of the day and
additionally the efficiency is also higher amid evening hours and the capsules placed on

the absorber plate of double pass solar air heater was the efficient one.

Nima Mirzaei et. al. [29] investigated the solar air heater for finding the best arrangement
by outline and examination of try different things with single pass and double pass solar
air collectors with wire mesh layers and ordinary and punctured covers rather than an
absorber plate. The porous media were placed in a way that it reaches a high porosity (0.83)
and a small pressure drop around the collector. The main purpose of this study was to
tentatively explore the performance of solar air heater and recommend the arrangement
which prompts to the maximum thermal efficiency. The design and investigation of
experimental technique are utilized to frame the same solar based collector and the
information was dissected with IBM’s Statistical Package for the Social Sciences (SPSS)

software. The most extreme average efficiency was reported to be 54.8% at a value of mass
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flow rate was 0.032 kg/s. This was acquired from the double pass collector with a quarter
perforated 10D cover, while the most extreme mean thermal efficiency got from the
counter-flow collector with a typical Plexiglas cover was found to be 50.9% at the similar

flow rate.

Raheleh Nowzaria et. al. [30] investigated experimentally the double pass solar air heater
in which absorber plate was exchanged with 14 steel wire mesh layers (cross section of 0.2
x 0.2 cm) opening, and were fixed in the channel which was parallel to the glazing. The
separation between every arrangement of wire mesh layers was 0.5 cm to minimize the
drop in pressure. The black paint was applied on wire mesh layers before introducing them
inside the collector. It was reported that the maximum temperature gradient (AT) (53°C)
was accomplished at the rate of flow = 0.011 kg/s and the mean efficiency got for the
double pass solar air collector with height of channel of 3 cm was 53.7% for the value of

mass flow rate = 0.037 kg/s.

S. M. Shalaby et. al. [31] investigated theoretically and experimentally the double pass
finned solar air heaters (DPFIPSAH) and V-shaped corrugated absorber plate
(DPVCPSAH) for the thermal performance by the mode of heat transfer i.e. forced
convection. Mathematical model was performed for calculating the enhancement in the
thermal properties. Various measurements and comparisons were done like outlet
temperature of air stream, absorber plate temperature, double pass finned power at outlet.
It was reported that the DPVCPSAH was more efficient from the range of 9.3 to 11.9% as
compared to DPFIPSAH, there was enhancement in thermal efficiencies of DPFIPSAH
and DPVCPSAH with increment in mass flow rate value until it reached to 0.04 kg/s, past
which, the expansion in thermal efficiencies of both of two systems were irrelevant, the
thermo hydraulic efficiency of the DPVCPSAH having maximum value of 17.4% more as
compared to that of the DPFIPSAH, the ideal estimations of the thermo hydraulic
efficiencies of the DPVCPSAH and DPFIPSAH were found when the mass flow rates of
the streaming air equal 0.0225 and 0.0125 kg/s, respectively.

L. B. Y. Aldabbagh et. al. [32] investigated experimentally the single and double pass solar
air heater with roughness element as fin attached and utilizing a steel wire mesh on absorber
plate for finding the thermal performance. The impacts of mass flow rate of air on the
thermal efficiency and exit temperature ranges between 0.012 kg/s and 0.038 kg/s was

studied. The utilized porous media comprise of steel wire mesh layers placed in an
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arrangement from base to top at a distance of 1 cm above one another to give high porosity
and to lessen the drop in pressure over the solar air heater. To expand the surface region of
the collector the longitudinal fins were introduced and settled along the upper and lower
passage of the solar air heater. The second point of this work was to explore the impact of
the primary passage height of solar air heater on the thermal performance. It was reported
that for both single pass and double pass solar air heaters for the constant mass flow rate

of air = 0.038kg/s the greatest thermal efficiency got was 59.62% and 63.74% respectively.

Table 4.1: Literature review chart for findings in various investigations:

Investigator Solar Air Heater Findings

System

Prashant et. al. [18] | Parallel Flow Solar Air | It was concluded that the correlation
Heater between the simulation solution and
test information with a mean error of
9.2% and this numerical model gives
sensible forecasts of the execution of
PFPBSAH and can be a helpful design
plan device for future advancement to

fulfill particular applications.

Avdhesh Sharma et| Double Pass Solar Air | It was concluded that the increment in
al. [33] Heater having “V’ | the heat transfer by applying artificial
shaped roughness on | roughness on all the sides of absorber
absorber plate. plate and the most extreme value of
heat transfer increment observed to be
1.7 times when compared to the pipe
with  smooth surface and the
increment in the friction factor found
to be 1.9 times as compared to the pipe

with smooth surfaces.
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Rahelen Nowzari et.
al. [30]

Double Pass Solar Air
with ~ Wire
Mesh Layer on the
Absorber Plate

Heater

It was concluded that the fractional
uncertainty of the efficiency and the
mass flow rate was observed to be
0.0079 and 0.0033, separately. It was
likely reported that the mean
efficiency got was 53.7% for the
double pass air collector for the value

of mass flow rate of 0.037 kg/s.

A.A. El-Sebaii et. al.
[34]

Double Pass Solar Air
Heater with Packed

Bed

It was concluded that the

enhancement in thermo-hydraulic
efficiency 7., with increasing

until a typical value of 0.05 kg/s
beyond which the increment in 7.,
becomes inappropriate. It was likely
concluded that gravel provided
slightly improvement in performance

as compared to limestone.

Brij Bhushan et. al.
[35]

Solar air heater duct
having protrusions as

roughness geometry

It was reported that maximum
increment in Nusselt number and
friction factor had been found 3.8 and
2.2 times separately in contrast with
smooth duct for the examined scope
of parameters and the most extreme
increment in heat transfer coefficient
had been found to happen for S/e of

31.25, L/e of 31.25 and d/D of 0.294.

R. P. Saini et. al. [24]

Solar  Air  Heater
having arc-shape
parallel wire  as

roughness element

It was reported that the most extreme
increment in Nusselt number had been
3.80

circumstances comparing the relative

calculated as times

arc angle (0/90) = 0.3333 at relative
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0.0422, the

enhancement in friction factor was

roughness height =

1.75 times only comparing to these

parameters had been noted.

Dinkar Prasad Singh
et. al. [36]

Double Pass Solar Air
Heater having discrete

ribs on absorber plate

It was concluded that with increment
in the Reynolds number both thermo-
hydraulic and thermal efficiencies
also increases and achieved the most
extreme value at relative roughness
pitch = 10 and after applying ribs the
1.3

compared to the surface of smooth

efficiencies were times as

plate.

Satcunanathan et. al.

[8]

Counter Flow Solar

Heater

It was concluded that the solar air
heater having ordinary two glass
cover solar air heater can be worked
as a double pass solar air heater by
before the air passing black end
collector the air initially pass in the
gap between the glass panes. It was
noted that the output was proper
rectification in the execution of the
collector. This rectification was got at

no increment in the unit cost.

Subhash Chander et.
al. [25]

Solar Air Heater with
multi-gap V-down ribs
combined with

staggered ribs

It was reported that the 2 peaks for
Nusselt number related to the P/e of 6
and 12 and decrement in the Nusselt
number was noted for increment in the
e/D, more than 0.044 and the
reached in

maximum increment

Nusselt number and thermo-hydraulic
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performance was of 3.34 and 2.45

times separately.

Kaushik Patel et. al.
[19]

Comparison of Double
Pass Solar Air Heater
with Solar Air Heater
with Baffles and with

Longitudinal Fins

It was reported that the maximum sun
based radiation got in the metallic
wiry sponge type double pass solar air
heater when contrasted with the solar
with  baffles

longitudinal fins and the greatest

air  heater and
effectiveness had been picked up in
the double pass solar air heater with
metallic wiry sponge when contrasted

with the other.

S.K. Singal et. al. [15]

Comparison of Double
Pass Solar Air Heater
with Solar Air Heater
with Baffles and with

Longitudinal Fins

It was concluded that the roughness
element geometry having relative
roughness pitch value of 8 had the
most extreme thermal efficiency. It
was likely concluded that the
recommend way of operation can be
successfully used for forecasting the

performance of solar air heating.

33




CHAPTER -5 EQUIPMENT, MATERIAL, AND
EXPERIMENTAL SET-UP

5.1 INTRODUCTION

It can be said from the literature review that the application of artificial roughness on the
absorber plate which is used in solar air heater enhances the thermal performances. The
artificial roughness on the absorber plate increases the heat transfer coefficient and the
friction factor. Various studies have been going on single pass and double pass solar air
heater to display the impact on the heat transfer enhancement. The enhancement can be
made by adding artificial roughness. The artificial roughness has been provided by using
inserted tapes, machining, ribs, etc. Various investigators concluded that ribs glued is one
of the effective methods to develop artificial roughness. The different shapes like inclined,
transverse, V, W etc. developed glued over the surface of the absorber plate to increase the

heat flow rate as well as friction factor.

5.2 EXPERIMENTAL SET-UP

Fig. 5.1 shows a schematic diagram of the experimental set-up. The experimental set-up
includes a double pass rectangular duct, solar simulator, plenum, temperature measuring
devices, pressure measuring devices, and blower. To analyse the impact of artificial
roughness it is essential to design and fabricate a double pass rectangular duct utilized in
double pass solar air heater. The experimental set-up includes a wooden rectangular duct.
The dimensions given to the rectangular duct are 2070 mm x 250 mm x 25 mm. Total
height of 50 mm is given to the rectangular duct of double pass air heater. The duct includes

an entry region, test region and a minute gap so that the air can move up easily. The entry

of the duct has been designed as defined by ASHRAE standards [37] i.e. 5VWH. The entry

region parameters are as follows:
Test section = 1600 mm, gap provided for proper air circulation = 70 mm

The suction of air is done from blower through lower part of double pass rectangular duct.
The capacity of blower is 3 HP. This air moves up to upper part of the rectangular duct
from the gap provided after/beyond the test region. The exit air then passed through the
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flexible pipe which is made up of GI material to the mixing chamber which is known as
plenum. The calibrated orifice plate has been inserted in the Gl pipe. It has been utilised to
find out the mass flow rate of air. A U-tube manometer has been attached to the Gl pipe to
measure the pressure drop.

Air Outlet Halogen Bulbs
I Control Valve pl . - ~ ]
enum =
. Flexible Pipe — A s
Orifice Meter AbsorberPlate  Glass Cover
N\ AN

@ N —

AirInlet —»
Blower \

U-Tube Manometer

Figure 5.1: Schematic Diagram of experimental set-up

An absorber plate made up of galvanised iron acts as the test section. With the help of ribs
the roughness is applied on the lower & upper surfaces of the collector plate. For constant
heat flux halogen bulbs are provided. These halogen bulbs acts as solar simulator. The heat
flux from the simulator incident on the absorber plate through a transparent cover. The
transparent cover is made up of glass. The temperature of test specimen and air heated in
the rectangular duct are measured. This is done by using copper-constantan thermocouples
and a digital micro-voltmeter. The micro-manometer is used to find the pressure drop
across the test section. There are two control valves provided, one of which is at the inlet
of blower. The other is at the outlet of the blower. These are used to control the air mass
flow rate. The brief description of components are as under.

5.2.1 Solar Air Heater Duct

Fig. 5.2, 5.3 and 5.4 shows the 3-D, sectional, and pictorial view of the double pass solar
air heater duct. The cross section of duct is rectangular and is fabricated from the wood.
The W/H of the duct is 45.45. The length of the absorber plate/test section is 1600 mm. the

rectangular duct is designed according to ASHRAE standards [37] given by 5¥WH. The

bottom of the duct is made up of wooden plank having thickness of 19 mm and a plywood
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of thickness 6 mm is fixed over it. The other two sides of the duct is made up of wooden
plank having thickness of 25 mm. Sunmica laminate of 1 mm thickness has been glued on
the top of the plywood to have a smooth surface. A 70 mm gap is provided for proper air
circulation after 2000 mm lengh. A glass sheet having 4 mm thickness and 50 mm height
is used so that the channel formed is of double pass. This is because the solar rays can be

fall easily on to the absorber plate.

Figure 5.2: Double pass solar air heater duct (3-D view)

ABSORBER PLATE

GLASS COVER

L .
i

=]
e et S e

k30

Figure 5.3: Sectional view of duct
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Figure 5.4: Pictorial view of solar air duct

5.2.2 Solar Simulator

Fig. 5.5 shows the pictorial view of solar simulator. For both concentrating and non-
concentrating applications of solar system these solar simulators have been design. The
main aim of solar simulator is to simulate the spectral and spatial solar radiation distribution
of sun based radiations into a focal plane of a solar system. Solar simulator is required to
get a constant heat flux of 900W/m2 fall on to the absorber plate. Solar simulator includes
six halogen lamps having intensity of 500W each. These halogen lamps are attached on a
stand exactly above the duct. The heat flux from these lamps directly incident over absorber
plate. The heat flux intensity is measured by pyrometer. Fig. 5.6 shows the combined

assembly of solar duct and solar simulator.

Figure 5.5: Pictorial view of solar simulator
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Figure 5.6: Combined assembly of solar simulator and solar air heater channel

5.2.3 Absorber Plate

A pictorial view of discrete W-shaped roughened absorber plate is shown in figure 5.7 and
figure 5.8. The absorber plate is made up of galvanised iron. The size of absorber plate is
1600 mm x 250 mm. Discrete W-shaped ribs are provided on both sides of the absorber
plate. Top side of the absorber plate is painted black and the bottom side of the absorber
plate remains unpainted. The heat flux has been incident in the top surface of the absorber

plate and the plate gets heated.

Figure 5.7: Pictorial view of absorber plate (o = 60°) Figure 5.8: Pictorial view of absorber plate (o = 30°)
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5.2.4 Air Handling Equipment

Atmospheric air is sucked by centrifugal blower through the lower channel of the
rectangular duct. The capacity of the centrifugal blower is 3 HP, 3-phase, 230 V and 2820
rpm motor. The upper channel or we can say that exit of the duct is connected to the
centrifugal blower by a galvanised iron pipe of 80 mm diameter. A calibrated orifice and a
plenum is attached to this pipe. At entry and exit of the blower two control valves are
provided for the control of rate of flow of air. To reduce the transmission of vibrations from
blower to duct a flexible pipe of 600 mm in length is provided between the control valves
and orifice plate. Gaskets and seals are provided in all the connections to prevent air

leakages.

5.2.5 Instrumentation

5.2.5.1 Pressure Measurement

To measure the pressure difference across the test section a projection manometer is used.
The manometer is having the least count of 0.01 mm. It includes a fixed and movable
reservoirs. These reservoirs are connected with a transparent tube with flexible tubing. A
lead screw is used for the mounting of the movable reservoir. Lead screw having pitch of
1 mm, and a dial gauge having 100 divisions. Each division shows the movement of
reservoir of 0.01 mm. The reservoirs are connected with air traps of the duct. The meniscus
is maintained at a fixed mark. This is done by moving the moving the reservoir down and

up. The movement readings are noted and the difference in pressure is then measured.

5.2.5.2 Temperature Measurement

The temperature of the absorber plate and air was measured with the help of thermocouples.
The thermocouples type used in this investigation are copper-constantan (T type)
thermocouples. These thermocouples were initially calibrated. Figure 5.10 shows the
calibration curve for the thermocouples. Twelve thermocouples were attached on top
surface of the absorber plate. The measured temperatures at these points were then
averaged to find the mean temperature of the plate. Figure 5.9 shows the location of

thermocouples on to the absorber plate. One thermocouple was provided at the inlet of duct
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and one thermocouple at the exit of the duct. The inlet and exit temperatures were also

averaged to find the mean temperature of the flowing air.

T
2 T10 O 17 O T4 [l p
O T11 O OTs a T2 2s0 250
QT2 o7 O T6 O
-~ 1600

Figure 5.9: Location of the thermocouples on the absorber plate
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Figure 5.10: Calibration curve for thermocouples

5.2.5.3 Air Flow Measurement

The air flow rate through the duct was measured with the help of concentric orifice plate.
This orifice plate was designed, and fabricated. This fabricated orifice plate was then fitted
in the galvanised iron pipe of 80 mm diameter in which air was flowing from plenum to

the blower. Orifice plate was calibrated against the pitot tube. The coefficient of discharge
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value of orifice plate was determined as 0.612. This coefficient of discharge is used to
calculate the mass flow rate of the air. To measure the pressure difference across the orifice

plate a U-tube manometer was used.

Table 5.1: Description of Equipment Used:

Sr. Equipment Material Dimension Capacity

No.

1. Solar Air Wood 2070 x 250 x 25 -
Heater Duct mm

2. Absorber Plate| Gl Sheet 1600 x 250 mm -

3. Flexible Pipe Gl 80 mm dia. -
4. Flexible Pipe Plastic 600 mm length -
5. Projection - 0.01mm LC/ 100 -
Manometer divisions
6. Centrifugal - - 3 HP, 3 phase, 230 V
Blower and 2820 rpm
7. | Solar Simulator - - 900 W/m?

8. Thermocouple|  Copper- - -

constantum

9. Glass Sheet Glass 4 mm — thickness -
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5.3 Roughness Geometry and Range of Parameters

Aluminium ribs are attached on both sides of absorber plate by using glue. These ribs are
circular in shape. These ribs are attached in discrete W shape. The height of ribs and the
pitch are defined in non-dimensional form. These are mentioned as e/Dy, and p/e. The angle
of inclination of ribs is referred as angle of attack (a). Table 5.2 shown the range of

parameters.

Table 5.2: Range of Parameters

S. No. Parameter Range

1. Aspect Ratio (W/H) 10

2. Relative Roughness Height (e/Dy,) 0.044

3. Relative Roughness Pitch (p/e) 5-20

4. Angle of Attack (o) 30°-60°
5. Reynolds Number (Re) 4000-18000

5.4 EXPERIMENTAL PROCEDURE

It is necessary to inspect the apparatus that there should be no leakage before starting the
experimental work. All the entry and exit sections, pipe fittings and duct joints were
properly inspected for leakage. These joints, fittings and sections were sealed properly to

avoid leakage.

To obtain the appropriate data for the values of heat transfer and friction factor, it was
necessary to run the experiment under quassi-static state. The following data were

recorded:

1. Temperature of absorber plate at 12 different locations and entering and leaving air
temperature through the duct.
2. Pressure drop across the test section.

3. Pressure difference across the orifice plate.
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5.5 DATA REDUCTION

The experimental data required to calculate the heat transfer coefficient, friction factor, and

Nusselt number have been given below:
5.5.1 Mean Air and Plate Temperature:

The average of temperature of absorber plate at 12 various locations gives the mean

temperature of plate, T, and is given by

p =
12

(5.1)

T¢, bulk mean temp is the arithmetic mean of air temperature at entry and exit region

_ T4+ T + T3+ T,y
T, = " (5.2)

5.5.2 Mass Flow Rate of Air (1m):

Mass flow rate of air is calculated by the drop in pressure across the orifice meter, and is

given by the following relation

m=@%/%%? (5.3)

5.5.3. Velocity of Air through Duct (V):
Velocity of air is calculated by the following relation of mass flow rate and the flow area

m

V= —— (5.4)

5.5.4 Hydraulic Diameter (Dy,):

The hydraulic diameter of the flow channel is calculated by the following relation

p, = e (5.5)
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5.5.5 Reynolds Number (Re):
The relation of Reynolds number is given by

pVDp
u

Re =

(5.6)

5.5.6 Friction Factor (f):

Fiction factor is calculated by the Darcy Wiesbach equation. For that pressure difference across

the length of test section is measured. The relation is given by

— 2(APquct)Dn
f= T (5.7)

5.5.7 Heat Transfer Coefficient (h):

The heat transfer coefficient is calculated by

Qu
h=— e .
Ap(Tp=Ty) (58)

Where, “T,” and “T” are the temperature (mean) absorber plate and the fluid i.e. air,

respectively, heat transfer rate (Q,,) to the air is given by,

Qu = me(To - Ti) (59)

5.5.8 Nusselt Number (Nu):
The Nusselt number is given by the following relation

hDp
Nu = . (5.10)

5.6 VALIDATION OF EXPERIMENTAL SET-UP

Before starting the experiment, the system should be calibrated. The system is tested for
validation of instruments and set up. The experimental investigation is done on a

conventional flat smooth plate. The flow and heat transfer characteristics are then
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calculated by experiment. These experimental values of friction factor and Nusselt number
are then compared with the values obtained by modified Blassius equation [38] and Dittus

Boelter equation [39] respectively.

Figure 5.11 and Figure 5.12 shows the deviation of experimental value with the predicted
value of friction factor and Nusselt number with same value of Reynolds number

respectively.

Modified Blassius equation

fi =2 X 0.085Re™0-25 (5.11)
Dittus-Boelter equation
Nug = 2 x 0.024Re®8pr0+ (5.12)

The modified Blassius equation as well as Dittus-Boelter equation both multiplied by 2

because of double pass air flow in the rectangular duct.

0.022

0.020 -
_ 0018 -
(@]
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@
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Figure 5.11: Comparison of experimental Friction factor with predicted value of Friction factor for smooth plate
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Figure 5.12: Comparison of experimental Nusselt number with predicted value of Nusselt number for smooth plate

It is reported that the maximum variation of experimental values from predicted values of
friction factor and Nusselt number found to be 5% and 7.2% respectively. This certified

that the data obtained by this experiment is satisfactory.

5.7 UNCERTAINTY ANALYSIS

For uncertainty analysis the proposed method explained by Kline and McClintock [40] has

been used. For all the roughned plates maximum uncertainty found were given below

) Reynolds number (Re) = 2.287%
i) Nusselt number (Nu) = 4.173%
iii) Friction Factor (f) = 3.308%.
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CHAPTER -7 THERMAL PERFORMANCE

7.1 INTRODUCTION

Solar energy has been used in various applications. These applications are solar air heater,
solar cooker, solar dryers. Radiations of sun is converted into heat energy. It is generally
called as solar thermal energy (STE). Solar collectors are used for this purpose. Generally
there are two types of collectors which are used for conversion of solar energy to heat
energy. These collectors are high temperature collectors and low temperature collectors.
The efficiency of the solar air heater is low. This is because of low convective heat transfer
coefficient. Therefore to increase the efficiency the most common method is to apply

artificial roughness on the surface of the absorber plate.

For single pass solar air heater artificial roughness is provided on the lower side of the
absorber plate. For double pass solar air heater roughness is provided on the both sides of
absorber plate. By doing this the efficiency is increased. The ribs breaks the laminar sub
layer. The artificial roughness makes the turbulent flow near the walls in both lower and
upper channels. This results in the increase in the heat transfer. The effect of operating
parameters and roughness is being observed. A comparison has been done between solar
air heaters having roughened absorber plate with the solar air heater having smooth plate.
The comparison is done to evaluate the increase in performance of solar air heater due to

use of inclined ribs.

7.2 PROCEDURE FOR EVALUATION OF THERMAL EFFICIENCY

The Nusselt number and friction factor were calculated for the absorber plate. Mass flow
rate of 0.0122, 0.0173, 0.0214, 0.0247 and 0.0303 kg/s were achieved for each absorber
plate. Then each absorber plate was tested for given mass flow rate. The various
experimental parameters were recorded by various devices. These parameters are intensity
of solar simulators, ambient temperature, air and plate temperatures. This data has been

used to determine the thermal efficiency by following procedure:

Step I: Mass flow rate calculation by use of various drop in pressure across the orifice meter

with the help of U-tube manometer.
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Step II: The heat transfer coefficient is determined by:

Qu

hz———— 7.2
Ap(Tp—T§) (7.2)
Where Q,, is the net heat gain and is given by
Qu = me(To - Ti) (73)
Step 111: Thermal efficiency is calculated by:
— Qu
Nen = Al (7.4)

This performance calculation has been done on fixed relative roughness height, various

relative roughness pitch and angle of attack.

7.3 THERMAL EFFICIENCY

The thermal efficiency of smooth and roughened absorber plate has been calculated. Figure
7.1 and 7.2 show the effect of roughness and operating parameters.

7.3.1 Effect of Relative Roughness Pitch

Figure 7.1 shows the change of thermal efficiency with Reynolds number. This variation is
for the various relative roughness pitch ranges from 5 to 20. The value of relative roughness
height and angle of attack is fixed i.e. 0.044 and 60°. It is concluded that maximum thermal
efficiency achieved for p/e of 10, after this value thermal efficiency starts reducing. This is

because of flow separation explained by Verma and Prasad. [41]

At p/e of 5 the efficiency of roughened plate is less. It is similar to that of smooth plate.
This is because of the gap between the ribs is very small. So the plate behave like a smooth

plate. The flow does not separated. No reattachment point has been formed.
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Figure 7.1: Variation of thermal efficiency with Reynolds number for different values
of relative roughness pitch and keeping relative roughness height and angle of attack fixed.

7.3.2 Effect of Angle of Attack

Figure 7.2 shows the change of thermal efficiency with Reynolds number. The variation is
for the angle of attack varies from 30° to 60°. The values of relative e/D;, and p/e are fixed
i.e. 0.044 and 10 respectively. The maximum value of thermal efficiency is achieved at an

angle of attack of 60°. The value of thermal efficiency starts decreasing from 60° to 30°
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Figure 7.2: Variation of thermal efficiency with Reynolds number for different values of

angle of attack and keeping relative roughness height and relative roughness pitch fixed.
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7.4 OVERVIEW OF THERMOHYDRAULIC PERFORMANCE

The efficiency of the solar air heater is low. This is because of low convective heat transfer
coefficient. This coefficient is between the absorber plate and the flowing air through the
duct. So, to enhance the rate of thermal exchange the flow should be turbulent in the vicinity
of the heat transfer surface. Hence to make the turbulent flow and to break the laminar sub-
layer the artificial roughness is provided on both sides of absorber plate. This results in

turbulence in the flow thereby increasing the heat transfer rate.

However, excessive turbulence results in excessive friction losses. Excessive friction losses
results in greater power requirement. Therefore to reduce the friction losses to minimum

possible level, the turbulence must be generated near the duct wall surface.

7.5 THERMOHYDRAULIC PERFORMANCE OF SOLAR AIR
HEATER

Thermohydraulic performance includes the thermal and hydraulic characteristics

consideration.
Thermohydraulic performance = Thermal performance + Hydraulic characteristics

The electrical energy is used in pumping operation. According to 2"¢ law of
thermodynamics it has been concluded that a considerable amount of thermal energy is
reducing. Hence there is a need of a power. This power is termed as pumping power. It is
required to convert in to thermal energy to calculate thermal efficiency. The thermal

efficiency is given by:

Pm
Qu——F

Meh= (7.5)

1A,
Where C = nenmnre Nz
nr = Efficiency of Fan or Blower.
ny = Efficiency of the Electrical Motor used for Driving Fan.

N = Efficiency of Electrical Transmission.
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nrr = Thermal Conversion Efficiency of Power Plant.

By calculations the value of conversion factor comes out to be 0.2.

7.5.1 Determination of Thermal Energy Gain (Q,)

The rate of useful thermal energy gain for roughened solar air heater is given
by:

Qu = me(To - Ti) (76)

7.5.2 Determination of Mechanical Power (P,,)

The mechanical power is required to drive the air through the duct. It is given

by:
P, = VA(AP,) (7.7)

The pressure drop across the duct is given by:

2
LV

ap, =4LVP (7.8)
Dp

The equivalent diameter is given by:

5 _4><(%) XW xH 79

T 3xw '
Putting the values of eq. 8.8 and 8.9 in eq. 8.7, we get:
P, =15WvzfLp (7.10)

7.6 Energy Balance for a Solar Air Heater

It has been noticed that at low Reynolds number there is an increase in the rate of useful
energy. At higher Reynolds number the curve is also become flatter. However at lower
Reynolds number the increase rate in consumption of power is low. In case of smooth plate

if Reynolds number is high then the net gain in energy steeply increases. The rate of energy
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collected becomes almost constant. The rate of net energy gain might disappear. Hence, as
Reynolds number increases the consumption of power and collection of useful energy

becomes equal.

7.7 RESULTS AND DISCUSSION

The effective efficiency of smooth and roughened absorber plate has been found out by
method explained by Cortes and Piacentini [42]. The effects of different roughness
parameters have been shown in figure 7.3 and 7.4. It is concluded from these figures that

the roughened absorber plate results in better efficiency as compared with smooth plate.

It is also concluded from the figure that as Reynolds number increases the efficiency also
increases. But after a certain value of Reynolds number the efficiency start decreasing. This
IS because of the decrease in the heat collected and increase in the pump work. The

maximum value is obtained at the e/D;, of 0.044, p/e of 10, and o of 60°.

0.9
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e 0.7
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0.3 ; ;
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Figure 7.3: Variation in the effective efficiency as a function of Reynolds number for

different values of relative roughness pitch and fixed value of angle of attack and relative roughness height.
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Figure 7.4: Variation in the effective efficiency as a function of Reynolds number for different
values of angle of attack and fixed value of relative roughness height and relative roughness pitch.

Therefore generally it is concluded from above graphs that for double pass solar air heater
the thermal as well as Thermohydraulic efficiencies are increases up to a certain point. The
maximum efficiency is at an angle of attack of 60° and p/e of 10. At p/e of 5 the plate
behaves as a smooth plate. This is because the ribs attached very close to each other. Hence
no vortex regions are formed. Generally more than 20% increase in the thermal as well as

Thermohydraulic efficiencies as compared with the smooth plate have been obtained.
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CHAPTER -8 RESULTS

8.1 INTRODUCTION

Roughness induce turbulence i.e. flow when interact with element (both above and below)
changes to turbulent. It happens due to:

. Separation of flow
. Formation of reattachment points
. Breaking of laminar sub-layer

This process leads to elevated heat transfer parameters such as: a) pumping power b)
friction factor and c) heat transfer coefficient. Thus, parameters associated with roughness

as well as operating parameters are detailed mainly:

relative roughness height (e/D;,)

relative roughness pitch (p/e)

. angle of attack (o) and

Reynolds number

Comparison between roughened and smooth surface is made. It has been concluded that
both Nusselt number as well as friction factor value has increased for double pass solar air

heater.

8.2 RESULTS AND DISCUSSION
8.2.1 Nusselt number (Nu)

For altered alignments of roughness geometry, Nusselt number (Nu) and Reynold number
characteristics are plotted. The Nusselt number is an increasing function of Reynolds
number. At (p/e) = 10 and (o) = 60° maximum Nusselt number is obtained. Variation of

other parameters is shown below:
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8.2.1.1 Effect of Relative Roughness Pitch (p/e)

The variation in Nusselt number for (p/e) values of 5, 10, 15 and 20, a & e/D;, of 60° and
0.044 respectively. Figure 8.1 shows that Nusselt number increases for different values of
relative roughness pitch as Reynolds number increases. The value for p/e = 10 is maximum
for Nusselt number. The flow separates in rib downstream. However, does not reattaches

for lesser value of relative roughness pitch (p/e) than 10 as in p/e=5.

Reattachment point finds maximum heat transfer. Hence, maximum heat transfer occurs at
p/e = 10. As the value of relative roughness pitch (p/e) elevates reattachments are lowered
causing lesser heat transfer. Figure 8.2 shows Nusselt number variation and relative
roughness pitch (p/e) for varying Reynolds number. The value of angle of attack (o) and
relative roughness height (e/D;,) remains constant. For lesser value of Reynolds number
negligible change in Nusselt number is seen. However, it becomes significant in higher
range of Reynolds number.
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Figure 8.1: Variation of the Nusselt number with the Reynolds number for different values of p/e and for
fixed e/Dy, = 0.044 and a = 60°.
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Figure 8.2: Variation of the Nusselt number as a function of relative roughness pitch for

various Reynolds number and for fixed relative roughness height and angle of attack.

8.2.1.2 Effect of Angle of Attack (a)

Figure 8.3 angle of attack (a) varies 30° and 60° keeping relative roughness height (e/Dy,)
of 0.044 and relative roughness pitch (p/e) of 10 as constant. Nusselt number is directly
proportional to angle of attack. This happens as the ribs create anti-rotating secondary flow
along test section length as by Hans et al. [43] and Varun et al. [44]. Heat transfer is

achieved maximum for angle of attack (a) of 60°. This decreases as angle of attack up to

30° due to lower anti-rotating secondary flow.
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Figure 8.3: Variation of the Nusselt number with the Reynolds number for different values
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of alpha and for fixed e/D;, = 0.044 and p/e = 10.
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Figure 8.4: Variation of the Nusselt number as a function of angle of attack for different values
of Reynolds number and for fixed relative roughness height and relative roughness pitch.

8.2.2 Friction Factor (f)

Effect of different roughness geometry orientations are discussed for friction factor. The
friction factor behaves inversely with Reynolds number. However, relative roughness
height of (e/D;,) 0.044 finds maximum friction factor at an angle of attack (a) of 60 &
relative roughness pitch (p/e) of 10.

8.2.2.1 Effect of Relative Roughness Pitch (p/e)

Figure 8.5 shows the variation of relative roughness pitch (p/e) of 5, 10, 15 and 20 keeping
e/D, of 0.044 & a of 60° constant. Friction factor reduces with Reynolds number.
Maximum value is achieved at p/e = 10. In Figure 9.5 the Friction factor decreases linearly

for all p/e.
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Figure 8.6: Variation of the friction factor as a function of relative roughness pitch for
different values of Reynolds number and for fixed relative roughness height and angle of attack.

8.2.2.2 Effect of Angle of Attack (o)

Figure 8.7 shows variation of angle of attack (o) of 30° and 60°. The value of p/e of 10 and
e/D,, of 0.044 is kept constant. It is found that maximum friction factor is obtained at 60°

due to larger anti-rotating secondary flow at high a. The variation of friction factor as a
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function of angle of attack for different values of Reynolds number. For fixed value of /Dy,

and p/e has been shown in Figure 8.7.
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Figure 8.7: Variation of friction factor with the Reynolds number for
different values of alpha and for fixed e/Dh =0.044 and p/e=10.
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Figure 8.8: Variation of the friction factor as a function of angle of attack for different values

of Reynolds number and for fixed relative roughness height and relative roughness pitch.
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CHAPTER -9 CONCLUSION AND SUMMARY

Experiments are carried out on Double pass solar air heater using discrete W-shaped ribs
on both sides of the absorber plate and then compare it with that of Single pass solar air
heater of the same geometry. It is found that double pass solar air heater has more thermal
as well as Thermohydraulic efficiency than single pass solar air heater under same angle of
attack and pitch conditions. The thermal efficiency of approximately 87% is being recorded
for double pass solar air heater. The thermo-hydraulic efficiency of approximately 84% is
being recorded for double pass solar air heater. Hence it is concluded that the thermal and
Thermohydraulic efficiencies for double pass solar air heater having discrete W shaped ribs
on both sides of the absorber plate are more as compared with double pass solar air heater
having continuous W shaped ribs. Also this type of solar air heater is having better

efficiency as compared with single pass solar air heater having same geometry.
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