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<Pneface

The world is hurtling towards two major crises: serious energy

shortages and accelerating climate change. Together, they threaten to destroy

the achievements of human civilization. Solutions to both the crises are

interlinked; the diversification of the fuel base and adoption of emerging

clean and green alternative for energy production. Fortunately, such clean

and diverse alternatives have emerged on the technology horizon. But

society-wide barriers to their adoption are legion, especially in the

developing world.

Solar energy is one eternal source of energy, whose widespread

adoption is shrouded in misgivings and doubts. Globally, it is the well

accepted source of energy with an annual average growth of 35%, as seen

during the past few years. While the world is racing ahead for getting energy

directly from the sun, solar energy development in India has been tardy. The

only one area where discernible achievements have been made is in ‘solar

water heating’ The vast potential of solar energy in food processing

industries is not well exploited. Cumulative installation of solar photovoltaic

in India remained stagnant at around 16 MWP in 2005, whereas power from

solar thermal concentrating technology was nil.

The food crisis which is bitterly felt in the third world can be

effectively tackled by two methods, viz. (i) by increasing the available

supply of food materials and (ii) by bringing the population growth rate at

par with the rate of increase in food production. The total world population

by the year 2005 is 6.47 billion and it has been estimated that the population

will cross 9 billion by the year 2050. It is also estimated that 852 million

people across the world do not have enough food to consume and this

number is likely to increase with the increase in population. With the

increasing demand for food, caused by post harvest losses has become an
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urgent priority. In many developing countries, large amount of post harvest

losses occur from spoilage, microbial contamination, insect infestation, birds

and rodents and deterioration in storage. The amount of moisture present in

the food product is the most important factor in detemiining the extent of

deterioration in storage. Most agricultural products at the time of harvesting

have high moisture content, which causes the deterioration, due to the

growth of fungi and bacteria. For the preservation and long term storage of

agricultural produce, maximum moisture contents have been detennined

(known as “safe moisture content”), below which the produce can be stored

for definite duration, without the possibility of spoilage at ambient

temperature. There are several ways of preserving food for later use. Drying

is the traditional method for preserving food. It also helps in easy transport,

since the food becomes lighter, because of moisture loss. Drying of crops

prevents germination and growth of fimgi and bacteria. There are

recommended drying temperature and moisture content for different crops to

be stored over a year or more. The principal objective of drying operation is

the supply of required heat in an optimum manner to yield the best quality

product, with a minimum overall expenditure of energy.

Drying is a complicated process involving simultaneous heat and

mass transfer. Conventional drying techniques utilize air dryers that

consume large quantity of fossil fi.1el. But the escalating prices and shortage

of fossil fuels increased the emphasis on the usage of solar energy as an

alternate energy source, especially in developing countries. Electrical heating

of air for drying is preferred; but it is very expensive and not feasible in rural

areas of developing countries. Thus the usage of renewable energy sources

along with conventional sources to meet the demand of energy for

ecologically sustainable development in urban and rural areas become

inevitable. The techno—econornic viability of a number of systems and

devices, based on renewable energy sources, has been developed

II
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successfully in the domestic, commercial and industrial sector. Among the

other energy sources, solar energy may be the most promising answer to the

demands of drying, particularly in developing countries, most of which

receive a high degree of solar radiation throughout the year. India is blessed

with abundant solar energy [on an average of the order of 5 kWh/m2-day] for

over 300 days/year. This amount of energy could be well utilized for thermal

applications like agricultural crops drying. To achieve efficient drying

process, design of the drying systems has paramount importance since it

involves complex heat and mass transfer phenomena.

The intermittent and variable nature of solar energy generally results

in a mismatch between the rate and time of collection of solar energy. As a

result, it is ofien necessary to incorporate a storage system to meet the

energy requirements during non solar hours. The storage system stores

energy when the collected amount is in excess and discharges energy when

the collected amount is inadequate. Among different solar thennal energy

systems, latent heat thermal energy storage has the advantages of high

energy density.

Several types of solar air heaters have been developed over the

years. Among the solar air heaters, flat plate type is the most common. It is

simple to construct, easy to operate, and less costly to maintain. Since air is

the working fluid in air heaters, the problem of freezing or boiling of the

fluid does not occur. One disadvantage is that it has low density, low thermal

capacity and small heat conductivity of air, thus requiring larger ducts to

transport the required energy. These are probably the important negative

points of air panels; but probably their low cost and reliability make them

attractive. A conventional solar air heater generally consists of an absorber

plate with a parallel plate below, forming a passage of high aspect ratio,

through which the air to be heated flows. A transparent cover system is

provided above the absorber plate, while a sheet metal container filled with

III
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insulation is provided on the bottom and sides. There are two possible

alternatives for maximizing useful energy collection from air heaters.

Obviously, the first one is to maximize the collector area by lengthening the

absorber plate while keeping channel depth and mass flow rate constants.

For system with design constraints on fan power and collector length,

however, the only evident alternative is to employ higher air rates, by

constructing the channel deeper.

In the present work, we have designed and developed all types of solar

air heaters called porous and nonporous collectors. The developed solar air

heaters were subjected to different air mass flow rates in order to standardize

the flow per unit area of the collector. Much attention was given to

investigate the performance of the solar air heaters fitted with baffles. The

output obtained from the experiments on pilot models, helped the installation

of solar air heating system for industrial drying applications also. Apart from

these, various types of solar dryers, for small and medium scale drying

applications, were also built up. The feasibility of ‘latent heat thermal energy

storage system’ based on Phase Change Material was also undertaken. The

application of solar greenhouse for drying industrial effluent was analyzed in

the present study and a solar greenhouse was developed. The effectiveness

of Computational Fluid Dynamics (CFD) in the field of solar air heaters was

also analyzed. The thesis is divided into eight chapters and a brief

description of the contents of each chapter is given below.

CHAPTER 1 is a general introduction to solar energy and its different

thermal applications. It begins with the origin and use of solar energy and

the need to proliferate the widespread deployment of solar energy in the

current scenario of fast dwindling of conventional fuels. It describes the

working principle of different solar thermal gadgets and gives an elaborated

IV
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scanning of various types of solar air heaters. The chapter is concluded with

the enormous potentiality of solar air heaters in different sectors.

CHAPTER 2 presents an exhaustive review on solar air heaters, solar

dryers and latent heat thennal energy storage systems, pertaining to the

present work.

The design and standardization of solar air heaters of various models

depending on the type of air flow and other design parameters, is described

in CHAPTER 3. Five different types of solar air heaters were developed for

the standardization study. Two collectors were ‘overflow’ type. The absorber

plate of the one air heater was corrugated Galvanized Iron (GI) sheet while

that of the other one was plane aluminium sheet. An ‘underflow’ collector

with an absorber plate made up of thin black chrome copper was also

designed and investigated. The fourth model was a ‘double flow’ collector

having plane aluminium sheet as the absorber plate. Separate studies were

undertaken in all these collectors, with and without the provision of baffles.

A matrix collector was also developed in which double layered GI mesh was

used as the absorber. Each collector was subjected to different air mass flow

rates. The solar radiation flux at a horizontal surface was measured by using

a Solarimeter. Air velocity was measured with the help of Digital thermo

anemometer. A 0.5 HP centrifugal fan was used to push air through the

collector. Velocity of the centrifugal blower was adjusted using an externally

controlled regulator. Temperatures of ambient, air from the outlet of the

collector, top glass, absorber plate and the inlet air were monitored using LM

35 sensor. The sensor was connected to the computer using RS 232 interface

through a 16-channel data logger. It recorded the temperature at the required

points in every minute. The pressure drop across the collector was studied by

using a U-tube manometer using water. The experiments were conducted for

different mass flow rates for the two types of experimental set up, i.e., with

and without baffles. The pressure drop measurements were also carried out
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for each mass flow rate. The instantaneous and average efficiency for each

mass flow rates were found out. The pressure drop and corresponding

pumping power required for each mass flow rate in all the collectors with

and without baffles were also evaluated.

CHAPTER 4 narrates the development and testing of a 46 m2 roof

integrated solar air heater with a batch type solar dryer, particularly meant

for drying fruits and vegetables. The maximum temperature recorded at the

output of the solar collector was 76.6°C. The dryer was loaded with 200 kg

pineapple and the desired moisture content was achieved within 8 hours. A

detailed economic analysis was done by 3 methods namely ‘annualized cost

method’, ‘present worth of annual savings’ and ‘present worth of cumulative

savings’ The drying cost for 1 kg pineapple was calculated as Rs. 11 and it

was Rs. 19.73, in the case of electric dryer. The life span of the solar dryer

was assumed to be 20 years. The payback period was calculated as 0.54

years, which was very less considering the life of the system (20 years).

The development and testing of a new type of efficient solar dryer,

particularly meant for drying vegetables and fruits, is described in

CHAPTER 5. The dryer has two compartments: one for collecting solar

radiation and producing thermal energy and other for spreading the product

to be dried. This arrangement was made to absorb maximum solar radiation

by the absorber plate and to protect the product from direct exposure to solar

radiation. The dryer was loaded with 4 kg bitter gourd having an initial
moisture content of 95% and the final desired moisture content of 5% was

achieved within 6 hours without losing the product colour, while it was 11

hours for open sun drying. A detailed performance analysis was done by 3

methods namely ‘annualized cost method’, ‘present worth of annual savings’

and ‘present worth of cumulative savings’ The drying cost for 1 kg bitter

gourd was calculated as Rs. 17.52 and it was Rs. 41.35, in the case of

electric dryer. The life span of the solar dryer was assumed to be 20 years.

VI
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The cumulative present worth of annual savings over the life of the solar

dryer was calculated for drying bitter gourd which tumed out be Rs. 31660.

This was much higher than the capital cost of the dryer (Rs. 6500). The

payback period was calculated as 3.26 years, which was also very short

considering the life of the system (20 years). The chapter also describes in

detail about the design and investigation on latent heat thermal energy

storage system based on Phase Change Material (PCM). Acetamide

(CH3CONH2) was used as PCM and it was filled in a specially fabricated

stainless steel container having adequate heat transfer facility. The PCM

container was integrated with the solar cabinet dryer to study the feasibility

of energy storage for drying applications. A detailed study was undertaken

with the PCM integrated into the dryer to know the drying performance. This

was compared with open sun drying. In this work the dryer was loaded with

4 kg ripe banana having an initial moisture content of 78%. Final (desired)

moisture content of 15% was achieved within 12.5 hours, but the sample

kept in the open sun drying could not reach its final desired moisture content

in the same duration. It was found that the product loaded in the dryer,

during night time, had a reduction in moisture content of 2.41% and the

reduction in moisture during evening drying was 3.21%. The PCM

integrated dryer, designed and fabricated in the present work, could reduce

the drying duration and maintained a warm atmosphere inside the dryer

during night hours. This prevented the deterioration of the product even if

there was no sunlight.

A cost effective and simple ‘solar greenhouse was’ designed and

fabricated for evaluating its suitability for industrial drying application and

this is presented in CHAPTER 6. The greenhouse was loaded with copper

cake, which was an effluent generated by a zinc manufacturing industry.

Two courses of studies were mainly undertaken with the present

experimental set up. Maximum temperature recorded in the greenhouse,

VII
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when it was loaded with 60kg and 550 kg of copper cake, were 46.8°C and

506°C respectively. The objective of the study was to reduce the drying

duration of copper cake, which is a valuable effluent, generated by the

industry. The initial moisture content at the time of loading was 40% and the

final desired moisture content for the separation of copper was 10%. The

normal drying duration of this effluent, without any arrangement, was more

than one to two months, while it was only ten days when the system was

loaded with 550kg sample. With the present experimental set up, the drying

duration of the sample reduced considerably along with the reduction of

storage space, required for the effluent material in the factory premises.

The CHAPTER 7 gives the numerical simulation of solar air

heaters to optimize the flow path and heat transfer performance. Main

objective of this study was to analyze the prototype of a solar air heater in

order to enhance flow path and heat transfer performance. Since the design

and fabrication of all prototype solar air heaters for experimental study was a

complicated process, optimization was carried using CFD analysis. CFD has

distinct advantages like as cost, turn around time, detailed information and

ability to simulate real condition to name few. The educational/commercial

version of the soflware “Fluent” was used for the numerical simulations.

Typical CFD analysis involves pre-processing (building 2D/3D model, gird

generation, assigning boundary conditions), solving for given accuracy and

post-processing of the results. 2D/3D models were generated in CAD

packages like Catia, Pro/E etc and were incorporated in pre—processor of

CFD as CAD data. In this work, 3D model of solar air heater was built and

meshed using Gambit as preprocessor. Model was solved for the prediction

of flow path and heat transfer, using solver of Fluent. Finally results from

Fluent were post processed to visualize flow path, pressure drop, rise in

temperature (heat transfer) with different baffle configuration and mass flow

rates of air. Efforts were taken to compare the results from CFD with

VIII



fPre ace

available prototype experimental data. CFD may play instrumental role in

order to decide the optimized configuration of solar air heater.

CHAPTER 8 is a summary of the entire work. All the important

points are highlighted here.

IX



<Pu6Ebanbns

Journals

1. Performance of a roof-integrated solar air heating system for drying fruit

and vegetables

A.Sreekumar, T.V.Vimalkumar and K.P.Vijayakumar

Energy Conversion and Management (under review)

2. On the performance of an underflow copper solar air heater with baffles

A.Sreekumar, T.V.Vimalkumar and K.P.Vijayakumar

Energy Conversion and Management (under review)

3. Experimental studies on overflow corrugated solar air heater with baffles

A.Sreekumar, T.V.Vimalkumar and K.P Vijayakumar

Renewable Energy (under review)

4. Performance of an indirect solar cabinet dryer

A.Sreekumar, P.E. Manikantan and K.P Vijayakumar

Energy Conversion and Management (under review)

5. Performance ofa PCM integrated forced circulation indirect solar cabinet

dryer

A.Sreekumar, T.V Vimalkumar, K.P Vijayakumar

Energy Conversion and Management (under review)

6. Performance of a low cost solar green house to dry industrial waste

A.Sreekumar and K.P Vijayakumar

Energy (under review)

XI



(Pufilications

7. Experimental studies on a high flow channel depth solar air heater with

metal matrix absorber

A.Sreekumar, T.V Vimalkumar and K.P.Vijayakumar

Energy (under review)

8. Thennal performance of a double flow solar air heater with baffles

A.Sreekumar, T.V.Vimalkumar and K.P.Vijayakumar

Energy (under review)

9. Solar air heating system for energy efficient drying needs

A.Sreekumar and K.P.Vijayakumar

Energy & Fuel Users Journal LV (2), 74-78, 2005.

10. Potential for solar thermal applications in India

A.Sreekumar

Green Energy 3(4), 26-27, 2007.

1 1. Europe: Solar thermal strategy and action plan

A.Sreekumar

Green Energy 3(4), 43-46, 2007.

Conferences

1. Copper solar air heater for better thermal energy conversion to drying

needs

A.Sreekumar, T.V Vimalkumar and K.P.Vijayakumar

Discussion Meeting on Materials for Future Energy Systems, Material

Research Society of India (Mumbai Chapter), Mumbai, 2006

XII



fPu6lications

2. A 40 m2 solar air heating system for vegetables drying

A.Sreekumar and K.P.Vijayakumar

Asia Pacific Drying Conference (ADC-2005), Central Mechanical

Engineering Research Institute, Kolkata, 2005.

3. Solar air heating systems for energy efficient drying needs

A.Sreekumar and K.PVijayakumar

National Conference on Energy Management in Changing Business

Scenario (EMCBS-2005), Centre for Renewable Energy and Environment

Development, Birla Institute of Technology and Science, Pilani, Rajasthan,

2005.

4. Solar air heating system for drying fruits and vegetables: Design and

fabrication

A.Sreekumar, C. Sudha Kartha and K.P.Vijayakumar

National Seminar on Recent Trends and Issues in the Evolution of

Appropriate Technologies for Integrated Rural Development, Gandhigram

Rural Institute, Gandhigram, Tamil Nadu, 2005.

5. Solar drying of chillies-a viable altemative to conventional drying

A.Sreekumar, C. Sudha Kartha and K.P Vijayakumar

National Conference on Environment and Sustainable Development,

CUSAT, Kochi, 2004.

6. Design and Performance ofa solar air heating system for chilli drying 

A.Sreekumar, C. Sudha Kartha and K.P.Vijayakumar

National Conference on Solar Drying, Technology and their Applications

in India, Society for Energy, Environment and Social Development,

Hyderabad, 2003.

XIII



(Pu6lication.r

7. Design, fabrication and performance evaluation of a solar cooker cum

dryer with latent heat storage

A.Sreekumar

Thirteenth Kerala Science Congress, State Committee on Science,

Technology and Environment, KILA, Thrissur, 2001.

8. Construction and performance study of a salt gradient solar pond

A.Sreekumar

National Renewable Energy Convention (NREC’99), School of Energy

and Environmental Studies, Devi Ahilya Vishwavidyalaya, Indore, 1999.

XIV



Cliapter 1

INTRODUCTION TO SOLAR ENERGY AND

THERMAL APPLICATIONS

1.1 Introduction

Energy is the prime mover of economic growth and is vital to the

sustenance of a modem economy. Future economic growth crucially

depends on the long-term availability of energy from sources that are

affordable, accessible and environmentally friendly technology. The known

resources of fossil fuels in the world are depleting very fast and it is

estimated that, by AD 2030, man will have to increasingly depend upon

renewable sources of energy. The proven global coal, oil and gas reserves

were estimated to be, respectively, 9,09,064 million tones, 1208.2 billion

barrels and 181.46 trillion cubic metres by the end of 2006. World oil and

gas reserves are estimated at just 45 years and 65 years respectively. Coal is

likely to last a little over 200 years [1].

Apart from being freely available in nature, renewable energy

resources can be used in a decentralized manner, reducing the cost of

transmission and distribution of power. Renewed interest in solar energy has

developed since 1970 as a result of increasing costs of energy from

conventional resources and the problems of importing and extracting fuels

that are acceptable from environmental standpoints. In the second half ofthe

18”‘ century, coal came into use and helped the industrialization ofthe world.

In the second half of the 19'“ century, only about 150 years ago, mineral oil

started to be widely exploited, not only providing a lighting source, but also

making possible the individual long distance transport of large numbers of

people. Today several hundred million motor vehicles are in use worldwide,

with a correspondingly huge market impact [2,3].
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The renaissance of interest in solar energy began in the early 1970s,

due to three predominant reasons. First, the oil crisis of that decade brought

back to mind that the raw materials available in the Earth’s crust for fossil

and nuclear energy are finite. Moreover, this was concentrated in a limited

number of countries as to predestine, by geographical happenstance,

oligopolistic potentials. The second reason is that the liberal use of fossil

fuels is causing irreversible ecological damage at an increasing rate to nature

in general, to mankind, fauna and flora. In addition, irreplaceable cultural

monuments of a shared human heritage are being destroyed. The complex

relationship between the environment and the industrial and agricultural

behaviour of modern man is not yet well understood. Much remains still

hidden because of the long time scale, extending from decades to centuries,

against which nature’s reactions need to be measured [4—8]. The urgency of

this situation becomes evident with the realization that 90% or more of the

worlds energy consumed today is carbon-containing fossil energy, be it

coal, oil, or natural gas, and be it wood or agricultural and forestry waste

products. Invariably their utilization involves combustion processes with air

as oxidizer. The resulting oxidation reactants are being unavoidably released

into the environment. This includes C0, C03, S02, NOX, residual C,,H..,,

toxicants and heavy metals, as well as dust, and occasionally soot and

particulate. Again, if desulfurizing or denoxing equipment is used, gypsum

or surplus NH; are also resulted. Only the CO2 release from biomass

combustion is environmentally neutral because of the CO2 which is released

will be taken from the environment when the biomass is formed [9-1 1]. The

third and last reason for the renaissance of interest in solar energy is the fact

that nuclear energy is only reluctantly tolerated in many countries and

restricted by moratoria or quasi-moratoria in others. Failure to resolve the

radioactive waste disposal problem may provide an even more serious
limitation.
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Solar energy usage has two fundamental facets [12]. The first one

comprises a variety of local applications characterized by collection,

conversion and consumption of the solar energy on site. To this group,

belong passive solar energy usage in buildings, heat production by solar

radiation collectors, photovoltaic arrays for electricity generation, ambient

heat use in heat pumps, and the conversion of wind, hydropower, or biomass

into electrical energy, heat and gaseous or liquid fuels. What these solar

energy technologies have in common is that they are not restricted only to

those regions of the world that offer ideal solar conditions.

The offisite facet comprises thermal solar power plants with their

need for high direct irradiation, photovoltaic solar power plants, large

hydropower complexes and ocean thermal energy conversion (OTEC)

systems, etc. All belong to the category of solar energy converters whose

common feature is the necessity to deliver secondary energy over distances

up to several thousand kilometers as their primary users rarely reside in the

vicinity of the plant.

1.2 The Sun

Sun is an enormous fusion reactor at a distance of 150 x 106 km

from earth, which turns hydrogen into helium at the rate of 4 million tones

per second. It radiates energy towards the earth by virtue of its high surface

temperature, approximately 6000°C. The quantity of solar energy flowing to

and from the earth and its atmosphere is very large. Amount of solar energy

incident on the earth every year is

Equivalent to 160 times the energy stored in the worlds proven

reserves of fossil fuels.

Equivalent to more than 15000 times the worlds annual use of

fossil, nuclear fuels and hydropower [13].
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Spectrum of solar radiation extends from 200 to 3000 nm in wavelength. It is

almost identical with the 6000 K black body radiation spectrum. The

radiation is distinguished as:

(a) Ultra-violet radiation (200 to 380 nm) producing photochemical

effects, bleaching, sunburn, etc.

(b) Visible light [380 nm (violet) to 700 nm (red)].

(c) Infra-red radiation (700 to 3000 nm) or radiant heat, with some

photochemical effects.

As the solar radiation passes through the earth’s atmosphere [Fig. 1.1], it is

absorbed or scattered or reflected according to the following processes [12].

(a) A portion of the solar radiation is scattered when striking on

molecules of air, water vapor, and dust particles. The portion

scattered downward through the atmosphere arrived at the earth

surface in the form of diffuse radiation (30%).

(b) Another portion of solar radiation is absorbed (19%), and

(c) The remaining portion of the solar radiation traverses through

the atmosphere and reaches the earth’s surface in the form of

direct radiation (51%).

Incoming Solar
4% 20% 6%‘ Radiation 1 00%

Reflected by
Atmosphere

Reflected
by Cloudsf'\¢'\ 1 9% Absorbed((" 1". by Atmosphere_{.a J and Clouds

Reflected lrorn 51 % Absorbed at Surface
Surface

Fig. 1.1 Global modification of incoming solar radiation by atmospheric and
surface processes
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1.2.1 Solar Spectrum

We perceive solar radiation as white light. In fact, it spreads over a

wider spectrum of wavelength, from infrared (longer than red light) to

ultraviolet (shorter than violet). Pattern of wavelength distribution is

critically determined by the temperature of the surface of the sun [14].

Spectral distribution of sunlight is given in Fig. 1.2.

2.5 T 1 I j I ‘I ‘[ f
1"“—- 1° ' \ 6000 K black body "E I \5 I \/-_- I \e I ‘‘ I 5 ‘ \ > - -l

E - " p 3/ ANN rldulllonv I
II \ . .- Lg _ , \ AM1.5 radiation 3 I »~-/3 I \\C I \Q I \\-H as ~ I ‘ ~

I
I
I

/0 J 1 l L 1 l 1 10 0.2 0.‘ 06 0.8 I 0 1.1 1.4 1.5 1.8 2.0
Wavatonqth turn)

Fig. 1.2 Spectral distribution of sunlight. Shown are the cases of AM 0 and
AM l.5 radiation together with the radiation distribution expected
from the sun if it were a black body at 6000 K

1.2.2 Availability of Solar Radiation

Despite the absorption and scattering of the solar radiation in the

earth’s atmosphere, amount of energy received on earth’s surface in one hour

would still be enough to cover the energy requirements of the whole world

for one year. Hence the issue is not one of availability of solar energy, but of

the feasibility of converting it into fomis suitable for human use. As

indicated earlier, 30% of solar radiation is reflected immediately back to the

space. The remaining 70% is mainly used to warm the earth’s surface,
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atmosphere and oceans (47%) or is absorbed for the evaporation of water

(23%). Relatively very small proportions are used to drive the winds, waves

and for plants (in photosynthesis). Ultimately, all the energy used on earth is

radiated back to space, in the form of infrared radiation.

1.2.3 Direct and Diffuse Radiation

The earth is surrounded by atmosphere, which contains various

gaseous constituents, suspended dust and other minute solid and liquid

particulate matter and clouds of various types. Therefore, solar radiation is

depleted during its passage through the atmosphere before reaching the

earth’s surface. If the atmosphere is very clear then the depletion in the solar

radiation occurs simultaneously by three distinct physical processes:

(i) Selective absorption by water vapor, molecular oxygen, ozone and

carbon dioxide in certain wavelengths

(ii) Rayleigh scattering by molecules of different gases and dust

particles that constitute the atmosphere and

(iii)Mie scattering, which takes place where the size of the scattering

particles is greater than the wavelength of radiation.

Hence depletion in the solar radiation occurs both by true scattering

(involving a redistribution of incident energy) as well as by absorption by

the particles, where part of the radiant energy is transformed into heat. The

radiation received after its direction has been changed by scattering and

reflection is known as “diffuse radiation” During clear days, magnitude of

diffuse radiation is about 10 to 14% of the total solar radiation received at

the earth’s surface. Only diffuse radiation may reach the earth’s surface

during extremely cloudy days. Radiation received without any change in

direction or scattering is known as “direct radiation” (beam radiation). On a

clear day, direct radiation falling on earth’s surface can have the maximum

power density of l kW/m2 and is known as ‘l sun’ for solar collector testing
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purposes [12]. Direct and diffuse radiations are useful for most solar thermal

applications. But only direct radiation can be focused to generate very high

temperatures. On the other hand, it is the diffiise radiation that provides most

of our “day light” Sum of these two is called “total radiation” or “global

radiation”

1.2.4 Air Mass Ratio

Radiation available on the surface of earth is less than the radiation

available outside the earth’s atmosphere and this reduction in intensity

depends on atmospheric conditions (amount of dust particles, water vapor,

ozone content, atmospheric pressure, cloudiness, etc.) and solar altitude. The

later factor determines the length of atmosphere through which solar beam

has to travel before reaching the earth’s surface. If the altitude of the sun is

small, the length traversed by the beam is long. On the other hand if the sun

is at the zenith (overhead), solar beam traverses a vertical path, which is the

shortest path through the atmosphere. Path length of solar beam through

atmosphere is accounted through the term ‘air mass’ which is a numerical

comparison between the path length (which the solar beam actually

traverses) and the vertical path through the atmosphere [15]. Thus at the sea

level air mass (m), is unity when the sun is at the zenith. In general,

Path length traversedAirmass = (1.1)
Vertical depth of atmosphere

In space, solar radiation is obviously unaffected by the earth’s

atmosphere and has a power density of approximately 1365 W/ml The

characteristic spectral power distribution of solar radiation, as measured in

space is described as Air Mass 0 (AMO) distribution. When the sun is at its

zenith (i.e., directly overhead) the path length of solar beam is minimum, the

characteristic spectral power distribution of solar radiation is known as the

Air M(zs.s‘ 1 (AM!) distribution.
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When the sun is at a given angle 6’; to the zenith (as perceived by

an observer at sea level) the air mass is defined as the ratio of the path length

of the sun’s rays under these conditions to the path length when the sun is at

its zenith. This leads to the second definition of Air Mass ratio as:

Air Mass ~ l/Cos 0 Z (1.2)
The zenith angle 9; is the angle made by the sun’s rays with the

normal to a horizontal surface. It can be shown approximately that for

locations at sea level and zenith angles from O to 70°, the air mass is equal to

the secant of the zenith angle. Thus air mass zero (AMO) corresponds to

extra-terrestrial radiation, air mass one (AMI) corresponds to the case of the

sun at its zenith, and air mass two (AM2) corresponds to the case of a zenith

angle of 60°

An air mass distribution of 1.5, as specified by the standard test

conditions, therefore corresponds to the spectral power distribution observed

when the sun’s radiation is coming from an angle to overhead of about 48

degrees, since Cos 48 = 0.67 and the reciprocal ofthis is 1.5.

1.3 Solar Energy

The Sun is a very large source of energy and earth intercepts about

1.8Xl0" MW of power, which is several thousands of times larger than the

total energy rate on earth. Hence this quantity of energy consumption

certainly can meet the present and future needs of this planet on a continuing

basis. Thus, it is one of the most promising sources of energy. Unlike fossil

fuels and nuclear energy, it is an environmentally clean source of energy.

Secondly, it is free and available in adequate quantities in almost all pans of

the world where people live. Solar energy is always in an advantageous

position compared with depleting fossil fuels. In a tropical country like India

most of the energy demands can be met by simple systems that can convert

solar energy into appropriate forms. By proper application of technologies,
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excellent thermodynamic match between the solar energy resources and

many end-uses can be achieved.

However, there are many problems associated with its use. Major

problem is that, it is a dilute source of energy. Even in the hottest regions on

earth, the solar radiation flux available rarely exceeds 1 kW/m2 and the total

radiation over a day is at best about 7 kWh/m2 These are low values from

the point of view of technological utilization. Consequently, large collecting

area is required in many applications and this result in excessive cost. A

second problem associated with the use of solar energy is that its availability

varies with time. This occurs daily because of the day-night cycle and also

seasonally because of the earth’s orbit around the sun. In addition, variations

occur at a specific location because of local weather conditions.
Consequently, the energy collected from the sun must be stored for use

during periods when it is not available. This also adds significantly to the

cost of this energy. Thus, the real challenge in utilizing solar energy as an

energy altemative is economic in nature [16].

1.3.1 Various Methods of Solar Energy Utilization

A broad classification of the various methods of solar energy

utilization is given Table 1.1. It can be seen that energy from the sun can be

used directly or indirectly. Direct means include thermal and photovoltaic

conversion, while indirect methods include use of waterpower, wind,

biomass, wave energy, and temperature differences in ocean.

Solar Energy Utilization
I

Direct Methods Indirect Methods

I —l I l I l
Thermal Photovoltaic Water Power Wind Biomass Wave Energy OTEC

Table 1.1 Classification of methods for solar energy utilization
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Solar energy can be used by three technological processes namely (i)

heliochemical, (ii) helioelectrical and (iii) heliothermal. Heliochemical

process, through photosynthesis, maintains life on earth by producing food

on earth and converting CO2 to 02. In helioelectrical process, using

photovoltaic converters produces electricity and it provides power for

spacecraft and is used in many industrial and domestic applications.

Heliotherrnal process can be used to generate much of the thermal energy

required for solar air heating, water heating, drying and building heating.

The basic principle of a heiothennal or solar thermal conversion is that the

solar radiation is converted into thermal energy. A flat plate collector is the

heart of any solar energy collection system designed for operation in the low

temperature range, from ambient to 90°C, or the medium temperature range,

from ambient to 150°C. The flat plate collector is basically a heat exchanger,

which transfers the radiant energy of the incident sunlight to the sensible

heat of a working fluid (liquid or air) [17]. The term ‘flat plate’ slightly

misleading in the sense that the surface may be truly flat — it may be

combination of flat, grooved or of other shapes as the absorbing surface,

with some kind of heat removal device like tubes or channels.

1.3.2 Various Applications of Solar Energy

Major application of solar energy include solar water and air

heating, solar drying of agricultural products, salt production by evaporation

of sea water, solar distillation on a community scale, solar cookers, solar

engines for water pumping, food refrigeration, photo—voltaic conversion,

solar furnace, heating and cooling of buildings, solar thermal power

generation, high temperature application for industrial process heat, etc. It

can be generally classified as thermal and electrical applications [18].

10
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1.3.2.1 Direct thermal utilization

This is the most popular utilization of solar energy. In this, usually

there is a collection device, which is directly exposed to the solar radiation.

This can be an absorbing type or concentrating type. In the former case,

there is a dark surface exposed to sun, which absorbs radiation. Absorbed

energy is then transferred to a fluid (like air or water), which is in contact

with the absorber. In the later case solar radiation is concentrated to a focal

point and the heat energy is transferred to the fluid. There are several devices

used for the direct thermal applications of solar energy. Some of these are

listed below.

1.3.2.1 (a) Flat-plate collector - It consists of an absorber plate on which

solar radiation falls after passing through one or more transparent covers

(usually made of glass). Absorbed energy is partly transferred to a liquid,

flowing through tubes, which are either fixed to the absorber plate or forms

an integral part of it. This energy transfer is the useful gain. Flat-plate

collector is held tilted in a fixed position on a supporting structure, facing

south, if located in the I1OI’Il‘lCITl hemisphere. When the fluid is water, it is

called ‘liquid flat plate collector’ and if air is the fluid, then it is called ‘air

heater’ [19].

I.3.2.1(b) Focusing or concentrating collector - Solar concentrator is a

device which concentrates the solar energy incident over a large surface onto

a smaller surface [20—22]. The concentration is achieved by the use of

suitable reflecting or refracting elements, which results in an increased flux

density on the absorber surface as compared to that existing on the

concentrator aperture. In order to get a maximum concentration, an

arrangement for tracking the sun’s virtual motion is required. An accurate

focusing device is also essential. Thus, a solar concentrator consists of a

focusing device, a receiver system and a tracking arrangement. Temperature

11
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as high as 3000°C can be achieved using solar concentrators. Hence they

have potential applications in both thermal and electrical utilization of solar

energy at high delivery temperatures.

1.3.2.1 (c) Solar pond - A novel device, which combines functions of both

collection and storage of solar energy. It consists of an expanse of water

about a meter or two in depth in which salts like sodium or magnesium

chloride are dissolved. Because of this, bottom layer of water is denser than

the surface layers even if it is hotter and natural convection does not occur.

Thus, heat from the sun’s rays absorbed at the bottom of the pond is retained

in the lower depths, and the upper layers of water act like thennal insulation

[16].

1.3.2.1 (d) Space heating - The solar energy collectors are generally the air

heaters or flat-plate liquid collectors for converting solar radiation into heat.

In most of the solar space heating systems, the temperature requirement of

the fluid is in the range of 50 to 80"C, which makes the system much

simpler. In terms of fluid selection the obvious choice is either water or air

and in terms of storage device the most obvious choice is water or rock bed

storage system. In liquid collector based system, water is heated in the solar

collector and stored in tank. Energy is transferred to air circulating in the

house by means of the water-to-air heat exchanger. Two pumps provide

forced circulation between the collectors and the tank, and between the tank

and the heat exchanger. Provision is also made for adding auxiliary heat.

Space heating is of particular relevance in colder countries where significant

amount of energy is required for this purpose [23].

1.3.2.I(e) Power generation - Generation of electrical power is another

application of solar energy. Here solar energy is converted into electrical

energy by solar thermal cycles. Solar thermal cycles are classified as low,

medium and high temperature cycles. Low temperature cycles work at

maximum temperatures of about 100°C; medium temperature cycles work up

12
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to 400°C; while high temperatures cycles work at temperatures above 400°C.

Low temperatures systems use flat-plate collectors or solar ponds for

collecting solar energy. Medium temperature systems use the line focusing

parabolic collector technology. High temperature systems use either

paraboloidal dish collectors or central receivers located at the top of towers

[24-26].

1.3.2.1 (f) Space cooling and refrigeration - One of the interesting thermal

applications of solar energy is for the purpose of cooling. Solar energy can

be used for cooling buildings (generally known as air-conditioning) or for

refrigeration required for preserving food. Solar cooling appears to be an

attractive proposition due to the fact that when the cooling demand is more,

the sunshine is strongest. Since the energy from sun is being received as

heat, the obvious choice is a system working on the absorption refrigeration

cycle, which requires most of its energy input as heat.

Water heated in a flat-plate collector array is passed through a heat

exchanger called generator, where it transfers heat to a solution mixture of

the absorbent and refrigerant, which is rich in the refrigerant. Refrigerant

vapor is boiled off at high pressure and goes to condenser where it is

condensed into a high-pressure liquid. The high-pressure liquid is throttled to

a low pressure and temperature in an expansion valve, and passes through an

evaporator coil [27,28]. Here, the refrigerant vapor absorbs heat and cooling

is therefore obtained in the space surrounding this coil. Refrigerant vapor is

now absorbed by solution mixture withdrawn from the generator, which is

weak in refrigerant concentration. This yields a rich solution, which is

pumped back to the generator, thereby completing the cycle.

1.3.2.1 (g) Distillation - Solar distillation can prove to be an effective way of

supplying drinking water to large number of people. Solar distillation

consists of a shallow airtight basin lined with black, impervious material,

which contains saline water. Solar radiation is transmitted through the cover

13
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and is absorbed in the black lining. Hence this water is heated to have rise of

10 to 20 degrees or more causing evaporation [29,30]. The resulting vapor

rises, condenses as pure water on the inner side of the cover and flows into

the condensate collection channels on the sides. An output of about 3

litres/mz with an associated efficiency of 30 to 35 percent can be obtained in

a well-designed still on a good sunny day.

1.3.2.1(h) Drying - One of the traditional uses of solar energy is drying of

agricultural products. Drying process removes moisture and helps in the

preservation of the product. Traditionally drying is done on open ground.

Major disadvantages associated with this are (1) process is slow and (2)

insects/dust get mixed with the product. Use of solar dryer helps to eliminate

these disadvantages. Also drying will be faster and a better quality product is

obtained [31].

A cabinet-type solar dryer, is suitable for small—scale use. The dryer

consists of an enclosure with a transparent cover. Material to be dried is

placed on perforated trays. The absorber inside the dryer absorbs solar

radiation entering the enclosure. This leads to the heating of air surrounding

the absorber. The hot air is circulated through the perforated trays. As a

result the moisture is removed from the product. Suitable openings at the

bottom and top ensure a natural circulation. A temperature ranging from 50

to 80 degrees is usually attained, and the drying time ranges from 2 to 4 days

[32]. For large-scale drying, natural circulation is replaced by forced
circulation.

1.3.2.1 (i) Cooking - Another important domestic themial application is solar

cooking. There are different types of designs for solar cooker. One is the

‘box type’ and the other is ‘concentrating type’ Box type cooker consists of

a rectangular enclosure in which food to be cooked is placed in shallow

vessels. Temperature around 100 degrees can be obtained in these cookers

on sunny days. Pulses, rice, vegetables, etc., can be readily cooked with this

14
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type of cooker [33-35]. Time taken for cooking depends on solar radiation

and varies from half to two and a half hours.

In concentrating type, radiation is concentrated by a parabolic

reflecting surface. Cooking vessel is placed at the focus of the parabolic

mirror and is thus directly heated. These cookers require tracking.

Temperatures well above 400°C can be achieved in such cookers. Various

types of reflector surfaces are used for this type of cooker. These include

glass mirrors, aluminum sheet and aluminum foil [36].

1.3.2.2 Electrical utilization

Photovoltaic conversion - Devices used in photovoltaic conversion is called

solar cell. When solar radiation falls on this semiconductor device, it is

directly converted into DC electricity. Two important steps are involved in

the principle of working of a solar cell. These are, (1) Creation of pairs of

positive and negative charges (called election-hole pairs) in the solar cell by

absorbed solar radiation. (2) Separation of the positive and negative charges

by a potential gradient within the cell. For the first step to occur, the cell

must be made of a material which can absorb the energy associated with the

photons of sunlight. The only materials suitable for absorbing the energy of

the photons of sunlight are semiconductors like silicon, cadmium sulphide,

copper indium sulphide, Copper indium selinide, gallium arsenide, etc. [37

40]. Major advantage associated with solar cell is that it has no moving parts,

require little maintenance, and work quite satisfactorily with beam and

diffuse radiation. Also they are readily adapted for varying power

requirements because a cell is like a ‘building block’ Major difficulty of

solar cell is the high cost. However, significant developments have taken

place in the last few years. New types of solar cells have been developed,

through innovative manufacturing processes. Conversion efficiencies of

existing types have increased considerably. It is obvious that in future solar
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cell may become one of the most important sources of power for electrical

energy.

1.4 Other Methods of Solar Energy Utilization

1.4.1 Wind Energy - Winds are caused because of two factors, (i) the

absorption of solar energy on the earth’s surface and in the atmosphere, and

(ii) the rotation of the earth about its axis and its motion around the sun

[41,42]. Because of these factors, alternate heating and cooling cycles occurs

leading to differences in pressure, and the air is forced to move. Wind energy

is thus an indirect manifestation of solar energy. A wind machine mainly

consists of rotor, which rotates with the speed of the wind. The rotor causes

mechanical energy, which is converted to electrical energy through a shaft

with the help of a turbine. Advantages of using wind energy are (1) that its

potential as a source of power is reasonably good (2) technology is well

developed (3) suitable for large-scale power production.

1.4.2 Wave Energy — Wave arises from the interaction of winds with the

surface of the oceans. Hence it is also one of the indirect ways of utilizing

solar energy. The most common wave energy conversion is the oscillating

water colurrm system. Basically it consists of a chamber in the sea, exposed

to the wave action through an opening on the side. The air inside the

chamber is alternatively compressed or expanded due to wave action. Thus a

pulsating bi-directional air movement occurs through an opening at top of

the chamber. This bi-directional flow can be converted to a uni-directional

flow through a system of four valves. The uni-directional flow drives an air

turbine, which in tum is coupled to an electrical generator [43].

1.4.3 Ocean Thermal Energy Conversion (OTEC) - OTEC systems

utilize temperature difference between water at the surface and lower level

of the ocean [44]. This difference is around 20°C and covers over a few

hundred meters. Temperature at the surface is fairly constant for the first few
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meters because of mixing. Subsequently, it decreases and approaches a low

value at the bottom of the sea. It works on closed Rankine cycle. Warm

water at the surface of sea is pumped through an evaporator where the

working fluid (in the form of a high-pressure liquid) absorbs heat and is

converted into vapor. The vapor drives turbine—generator producing

electricity. Then the vapor is condensed in condenser using a cold water

pipe. The condensed liquid is pressurized before being fed into the

evaporator again, thereby closing the cycle.

1.4.4 Energy from Biomass - There are a variety of ways of obtaining

energy from biomass. These are broadly classified as ‘direct method’ and

‘indirect method’ In the first case the biomass is burnt and the energy is

tapped. Common example is the burning of wood. In the later case, biomass

is converted into a usable fuel in solid, liquid or gaseous fonn. These are

classified into thermo chemical conversion and biological conversion.

Thermo chemical conversion includes processes like destructive distillation,

pyrolysis, and gasification, while biological conversion includes process like

fermentation [45,46]. Biomass energy is most suitable for rural India.

Interestingly this is much suitable for cities, since solid wastes can be used

for energy generation.

Renewable energy technologies produce marketable energy by

converting natural phenomena into usefiil forms. These resources represent a

massive energy potential, which greatly exceeds the potential of fossil fuel

resource. It is becoming increasingly evident that renewable energy

technologies have a strategic role to play in the achievement of sustained

economic development and environmental protection. It is virtually

unintemiptible and available everywhere. Moreover, it is by and large,

pollution free. Renewable energy technologies can be used for a variety of

applications that can meet practically every type of energy demand.
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The socio-economic benefits to be accrued from increasing the

utilization of renewable are many. These include positive effects to counter

rural de-population by job-creation through renewable energy efforts,

improved living conditions and infrastructure in the less favored regions. For

example one can consider improved quality of life through rural

electrification and economic benefits through reduction of fossil fuel

imports. Renewable energies are socio—economically desirable and will have

to play an important role in lndia’s energy mix. It is important to stimulate

the acceleration of market uptake. A number of specific promotional

measures must be adopted, to help proliferating use of this new type of

energy source [47].

1.5 Flat Plate Collector (FPC)

The flat plate collector is the heart of any solar energy collection

system designed for operation in the low temperature range (ambient-60°C)

or in the medium temperature range (ambient-100°C). It is used to absorb

solar energy, convert it into heat and then to transfer the heat to a stream of

liquid or gas. It absorbs both direct and diffuse radiation, and is usually

mounted on the top of a building or other structures. It does not require

tracking of the sun and requires little maintenance.

Essentially the majority of flat plate collectors consist of several

basic elements. These are as follows:

(i) Absorber plate which may be flat, corrugated or fins or

passages attached to it, which is normally metallic, upon which

the short wave solar radiation falls and is absorbed.

(ii) Glazing, this may be one or more sheets of glass or some other

diathermanous (radiation transmitting) material.

(iii) Thermal insulation provided at the back and sides of the

absorber plate to minimize the heat losses.
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(iv) Container or casing, which surrounds the various components

and protects them from dust, moisture, etc.

Flat plate collectors are basically divided in two groups according to

their use, (i) water or liquid heaters, and (ii) air heaters. Flat plate collectors

have the following advantages over other types of energy collectors

(i). absorb direct, diffuse and reflected components of solar

radiation,

(ii). are fixed in tilt and orientation and, thus, there is no

need of tracking the sun,

(iii). are easy to make and are low in cost.

(iv). have comparatively low maintenance cost and long life,

(v). operate at comparatively high efficiency.

The principle behind a flat plate collector is simple. If a metal sheet

is exposed to the solar radiation, the temperature will rise until the rate at

which energy is received is equal to the rate at which heat is lost from the

plate; this temperature is tenned as ‘equilibrium temperature’ If the back

and side of the plate are protected by a heat insulating material, and the

exposed surface of the plate is painted black and is covered by one or two

glass sheets, then the equilibrium temperature will be much higher than that

for the simple exposed sheet [12,48]. The plate may be converted into an air

heater or water heater by passing air/water through the plate by ensuring

sufficient heat transfer arrangement.

1.6 Solar Air Heaters

Compared to other solar collectors, solar air heaters (SAH) have

some distinct advantages. The mode of heat transfer from the absorber plate

and the working fluid is the main difference between liquid flat plate
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collectors and air heaters. The air heaters eliminate the need to transfer heat

from the working fluid to another working fluid. Air is being directly used as

the working substance, the system is less complicated and is compact. The

corrosion problem, which can become serious in solar water heater, is

completely eliminated in solar air heaters. Hence light gauge steel or

aluminium plates can easily be used. Hence, a solar air heater appears to be

inherently cheaper and can last longer. Unlike liquid flat plate collectors,

system is not pressurized and therefore, light gauge metal sheets can be used.

In solar air heaters leakage is also not a big problem, unlike in liquid

collectors [16].

One of the major problems in improperly designed air heating

collectors is the poor heat transfer from the absorber plate to the air. The heat

transfer coefficients can be considerably improved in several ways, and

efficiencies comparable to those of liquid flat plate collectors can be

obtained by properly designing the air heater [49]. Owing to the low density

of air, large volume of air has to be handled, in comparison with the volume

of liquid required to collect the same amount of heat. Another disadvantage

is the low thennal capacity of air. The principle of solar air heater is virtually

the same as that of the liquid flat plate collector. Air is circulated in contact

with a black radiation-absorbing surface, which is usually over-laid by one

or more transparent covers for heat loss reduction.

1.7 General Description on SAH

Conventional solar air heater consists of a flat plate collector with an

absorber plate, transparent cover system at the top and insulation at the

bottom and on the sides. Whole assembly is enclosed in a sheet metal

container. Working fluid is air and the passage for its flow varies according

to the type ofair heater [50].
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Materials for the construction of air heater are similar to the liquid

flat plate collectors. Transmission of solar radiation through the cover

system and its subsequent absorption in the absorber plate can be taken into

account by expressions identical to those of liquid flat-plate collectors. In

order to improve collection efficiency, selective coating on the absorber

plate can be used.

1.8 Components of Solar Air Heaters

1.8.1 Absorber Plate

The absorber plate should have high thermal conductivity, adequate

tensile and compressive strength, and good corrosion resistance. Copper is

generally preferred because of its extremely high conductivity and resistance

to corrosion. Collectors are also constructed with aluminum, steel,

Galvanized Iron (GI) sheets and various thermoplastics and metal ions.

Standard procedure for fabricating an absorber plate is to take a sheet of

metal (like copper or aluminium) and insulate the non flow surface

depending on type of solar air heater. Solar radiation absorbed by this metal

sheet would heat it and some of the heat is transferred to air. This hot air is

used for the practical applications. The details are given in Fig. 1.3.

Reflecuon
Convechon Heat Radiation

T\ ecfion
<4: '5”\ >/r_ \\\\/_,,r?/ —— Transparent Cover. /, if ,'Useful heat Absorber

Radiation Energy

—— Insulation

V
Heat Conduchon

Fig. 1.3 Fundamentals ofa flat plate solar air collector with flow over the
absorber

21



C/iapter 1

1.8.2 Cover Plate

Cover plate or plates through which the solar energy must be transmitted

is also extremely important part of solar air heater. Purposes of cover plates

are

0 to transmit as much as solar energy as possible to the absorber plate

0 to minimize the loss from the absorber plate to the environment

0 to shield the absorber plate from direct exposure to weathering

The most important requirements of cover plate-materials are

strength, durability, non-degradability, and solar energy transmission. Glass

is the most common cover material for collectors. Tempered glass has more

durability than other glasses and resists thermal cycling. In selecting the

glass for cover plates, mechanical strength must be adequate to resist

breakage from the maximum expected wind and snow loa'ds. Mechanical

strength is proportional to the square of the thickness of the glass. Cover

plates for solar collectors nonnally should be at least 0.33cm thick.

Thennal shock to glass cover plate also is taken into account.

Several different processes cause it. For example day-by-day heating and

cooling caused by variation in solar intensity on the collectors during the

morning hours and subsequent decrease in the afternoon. Again in cloudy

conditions, glass temperatures can rise and fall by 50 degrees or more in a

matter of minutes as clouds pass overhead. Central area of the collectors is

subjected to greater heating than edges. This results in thennal stress, which

can cause breakage of glass covers.

Rigidity of the glass cover is important. Rigidity is proportional to

the cube of the thickness of the plate. Plastic materials such as acrylic

polycarbonate plastics, plastic films of Tedlar and Mylar and commercial

plastics such as Lexan can be used as cover plates. However plastic material

has limited lifetime because of the effect of the UV light, which reduces
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transmissivity of plastic. Main advantage of plastic materials is the resistance

to breakage, reduction in weight and low cost.

1.8.3 Insulation

Insulation is used to prevent loss of heat from the absorber plate due

to conduction or convection. Usual insulating materials are rock wool or

glass wool. Absorber plate should be insulated beneath and or in the side,

depending on the type of design used. Important requirement of an insulator

is that it should be heat resistant [51,52].

1.9 Classification of Solar Air Heater

Solar air heaters are of many types. In some of these, the absorber

surface beneath the glazing includes overlapped, spaced, clear and black

glass plates, single smooth metal sheets, stacked screens or mesh, comigated

metal plates or finned metal sheets, etc. In others air passing beneath the

absorber plate or underlying air passage reduces downward heat loss; and

one or two covers of glass or transparent plastic provide resistance to upward

convection and radiation losses.

Depending on the absorber plate, air heaters can be classified into

two types [53]; porous collector and non porous collector. Further variations

may be defined by the performance improvement techniques employed and

by the air flow path.

1.9.1 Nonporous Type Solar Air Heaters

I.9.1(a) Type I — In this type [Fig 1.4] air steam does not flow through the

absorber plate, but may flow above or below it [54]. No separate passage is

required and air flows between transparent cover system and absorber plate.

This type of air heater has a disadvantage. Due to the flow of hot air above

the absorber, cover receives much of the heat and in tum losses it to the

ambient.
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GlassCover1 \

I I IJJLI Li H Hll HTI I I lfl 1-—m«mon

Fig. 1.4 Type I Non-porous solar air heater (flow above the absorber)

1. 9.1 (b) Type II - Here [Fig. 1.5] air passage is below absorber plate. A plate

parallel to the absorber plate is provided in between absorber and insulation,

forming the passage. Also loss of heat is minimal in this type [55,56].

Abnorber Plate \

Glas Cover 1 \‘\ ‘I

Air In ———- —:—- Air Oul
HTMIlll||l|l||lllWT‘lTl._i.........,..

.\

Absmter Plate

Fig. 1.5 Type II Non-porous solar air heater (flow under the absorber)

I.9.1(c) Type III In this type [Fig. 1.6] absorber plate is cooled by air

stream flowing on both sides of the plate. It may be noted that heat transfer

between the absorber plate and the airflow is low. This is because of low

efficiency of this type of solar air heaters. Roughening the absorber surface

or using corrugated plate as the absorber, improves performance [57-59].
Turbulence induced in the airflow increases convective heat transfer. Unless

selective coatings are used, radiative losses from absorber plate of nonporous

type are significant. Hence collection is poor. Also use of fins may result in

prohibitive pressure drop, limiting the applicability of nonporous type.
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Fig. 1.6 Type III Non-porous solar air heater (flow both above and beneath
the absorber)

1.9.2 Porous Type Solar Air Heaters

In porous type solar air heaters, absorber plate is porous. This type

of heaters has several advantages. Solar radiation penetrates to greater depth

and is absorbed along its path. As a result, radiation loss decreases. Air

stream heats up as it passes through the matrix and pressure drop is usually

lower than that in nonporous type. It must be, however, noted that improper

choice of matrix porosity and thickness may cause reduction in efficiencies

since thickness of matrix may not be sufficient enough to transfer heat to air

stream. Wire meshes or porous beds formed by broken bottles are some

examples of most economic porous absorbers.

1.9.2(a) Matrix type solar air heaters — This is an example of porous air

heater. In matrix air heater, the fluid flows through a porous matrix on which

solar radiation is directly incident. Radiation penetrates through the matrix

and is gradually absorbed. Air is introduced at top and is heated as it flows

down through the matrix in reverse manner. The reason is that in the first

arrangement both the glass cover and the top surface of the matrix are in

contact with the incoming air and are at the lowest possible temperatures

[60-63]. As result, top losses are reduced. The matrices used have been made

by stacking wire screen meshes or slit-and-expanded metallic foils.

I.9.2(b) Honeycomb p0rous—betl solar air heater - It is a variation of matrix

air heater. The use of honeycomb structure [Fig. 1.7] between cover and
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absorber reduces top convective losses. Air is passed through honeycomb

structure. Honeycomb structure is rectangular or hexagonal shape. The

honeycomb structures are attached to the matrix materials, which reduces

convection and radiation to cover glass [64].Cover Honey comb

Air

Insulation
Ivfatrix

Fig. 1.7 Honeycomb porous bed air heater

1.9.3(c) Overlapped glass plate air heater - This type [Fig. 1.8] of air heater

consists of a series of overlapping parallel glass plates, the lower being

blackened. Air flows parallel to the glass plates and in between them. A

honeycomb wall passage is used at the inlet in order to direct the air and to

ensure that its velocity is uniform. Bottom of the unit is insulated [65].

Advantages of overlapped glass plate air heaters are the low-pressure drop

and high collector face area.

/? Clear glass~ Cover/ !/
—— — — — — — — — ———j Air

l Till WT—— Insulation~— ——— l-'1 ows straightener

Fig. 1.8 Overlapped glass plate solar air heater

1.9.3(d) Jet plate solar air heater - In jet plate solar heater, an additional

glass plate called a jet plate is introduced between the absorber and the
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bottom plate [Fig. 1.9]. The jet plate has a number of equally spaced holes

drilled in it. Air entering the heater flows in between the absorber plate and

the jet plate as well as between the jet plate and bottom plate [66]. The

impinging air jet increases value of convective heat transfer coefficient from

bottom of absorber plate. This results in a significant improvement in useful

heat gain and the collection efficiency.

Jet Plate iAbsorber Plate i .,Covcrjx \ \
V___ w__:\ __:\\___—_‘lH J} _lJ J! J} Ilj||——
llllll‘ |lll|l l‘l.ll——insuim°n

Fig. 1.9 Jet plate solar air heater

1.10 Parameters Associated with the Construction of an Air

Heater

1.10.1 Heater Configuration - Heater configuration is the aspect ratio of

duct and length through which air passes.

1.10.2 Airflow - Air must be pumped through the heater. Increasing the air

velocity results in higher collection efficiencies.

1.10.3 Transmittance Properties of the Cover - The type and number

of layers of cover material must be considered and spectral transmittance

properties must be examined. In general, as temperature requirement is high,

more number of covers is required. Principle underlying the use of multi

covers is that each air layer between two successive covers provides a barrier

against heat loss from the absorbing surface to the surroundings. However,

with a large number of covers, reflective losses increase. Covers of high
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transmissivity and low reflectivity are desired to keep the amount of
reflected and absorbed radiation low.

1.10.4 Absorber Plate Material Selective surfaces can improve
performance of solar air heaters by increasing collector efficiency. Absorber

is coated black to absorb maximum amount of incident radiation.

1.10.5 Natural Convection Barriers - Stagnant air interposes high

impedance to convective heat flow between the absorber plate and the

ambient air. Losses are reduced by the use of multiple covers or
honeycombs.

1.10.6 Plate-to-air Heat Transfer Coefficient - Absorber can be

roughened and coated to increase coefficient of heat transfer between the air

and the plate. Roughness ensures high level of turbulence in the boundary

layer of the flowing stream. For this reason, crumpled or corrugated sheets

and wire screens are attractive as absorbing materials.

1.10.7 Insulation - Insulation is required at the absorber base to minimize

heat losses through the underside of the heater.

1.10.8 Solar Radiation Data - Solar radiation data corresponding to the

site are needed to evaluate heater performance [52,67].

1.11 Performance Analysis of a Conventional Solar Air Heater

Fig. 1.5 shows schematics of a conventional air heater. Air to be

heated flows in a parallel passage below the absorber. The thermal

performance of such a heater was first investigated by Whillier [50].

Let length and the width of the absorber plate is L. and L,
respectively. Let us consider an element area L2 dx at a distance x from the

inlet [Fig. 1.10].
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Solar Radiation
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Fig. 1.10 Heat transfer process in a conventional air heater

Energy balance equations for the absorber plate, bottom plate and air stream

can be written as:

For Absorber plate.

I (t) = U, (Tp,,,—Tn) + hp.-(Tm,-T,~) + hrpb (T,,,,,-Tm) (1.3)

For bottom plate

hrpb (Tpm'Tbm) = hhI'(Tb:n'TI‘) + Us (Tbm'T:I) (1-4)
For air stream

"1 Cnir dTf= hpfL2 dx (Tpm'Tl’) + hbl'L2 dx (Tbm'Tf)
These equations can be solved for the air temperature in a way similar to that

of liquid flat plate collector. Then, rise in temperature of air through the duct

can be estimated, to write the useful heat gain rate of the collector (QM ) in

the following fonn:

Q” = FR Ap[I'UL(Ti'Tz1)] (1
Where FR is the collector heat removal factor and is given by,

FR= m C3,,/(ULAp)[l—exp [-F'ULAp/( m c,,,)] (1.7)

Where UL= U‘ + (1/F‘) [Ubh,,,/ (h,p.,+ h.,,+ Uh) ] (1.8)
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Ul=U1+ l hrpbUb/ (hrpb+ hbf+ Ub)] (1-9)
And the collector efficiency factor (F1) is given by,

F'=[ 1+U‘/11.11" (1.10)
h h .withhfi hp,.+i (1.11)

hm, + hm.

The useful heat gain can be calculated from Eq. (1.6) and is in a form

similar to that of liquid flat plate collectors.

1.12 Heat Transfer and Pressure Drop in a Parallel Plate Duct

In order to calculate the performance based on Eq. (1.6), we need to

know the values of the convective heat transfer coefficient to the heated air.

The situation corresponds to one of turbulent flow with one of the long sides

heated and the other insulated. It can be considered to be fully developed if

the length-to-equivalent diameter ratio exceeds a value of about 30. The

following two correlations are then appropriate if the surfaces are smooth,

Nu=0.0l58Re°'8 (1.12)
0.01344 Re°'75

Equation (1.12) is based on the Kays [68], while Eq. (1.13) has been

(1.13)

suggested by Malik and Buelow [69]. In the above equations, the

characteristic dimension is the equivalent diameter de given by

d _ 4xCr0ss — sectional area of duct (1 14)9 Wetted perimeter '
Properties are evaluated at the arithmetic mean of the fluid inlet and outlet

temperature, and the values of hfi, and hn, are taken to be equal. Nusselt

numbers calculated from Eqs. (1.12) and (1.13) agree within 10 per cent for

Reynolds numbers ranging from 10000 to 20000. These values are normally

obtained in solar air heater applications.
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The dimensionless pressure drop in the duct can be calculated from

the well-known Blasius equation which is valid for smooth surfaces.

f= 0.079Re'°'25 (1.15)
where Nu is the Nusselt number, Re is the Reynolds number, f is the friction

factor and the characteristic dimension is again the equivalent diameter d, in

ITlCtCI‘.

1.13 Testing Procedures

ASHRAE 93-77 [70] sets forth three standard test procedures for

liquid heaters and one for air heaters. A schematic diagram showing the

essential features of the test set-up is shown in Figure 1.11. It is a closed

loop consisting of the solar air heater to be tested, a blower and an apparatus

for reconditioning the air which ensures that the air enters the air heater at

the desired temperature, T,. The essential features of the testing procedures

can be summarized as follows:

1 Means are provided to feed the collector with fluid at a

controlled inlet temperature; tests are made over range of inlet

temperatures.

2 Solar radiation is measured by a pyranometer on the plane of the
collector.

3 Means of measuring flow rate, inlet and outlet fluid
temperatures, and ambient conditions are provided

4 Means are provided for measurements of pressure and pressure

drop across the collector

The ASHRAE method for air collectors includes the essential

features of those for liquid heaters, with the addition of detailed
specifications of conditions relating to air flow, air mixing, air temperature

measurements, and pI'CSSLll‘C ClI'0p IIICESUFCITICIIIS.
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Measurements may be either outdoors or indoors. Indoor tests are

made using a solar simulator, that is, a source producing radiant energy that

has spectral distribution, intensity, uniformity in intensity, and direction

closely resembling that of solar radiation. Means must also be provided to

move air to produce wind [71,72]. There are not many test facilities of this

kind available, the results are not always comparable to those of outdoor

tests, and most collector tests are done outdoors. Gillet [73] has compared

the results of outdoor tests with those of mixed indoor and outdoor tests and

reported that diffuse fraction and long wave radiation exchange can affect

the relative results of the tests.

Solar air heater

Manometer for pressure drop
measurement

Air flow rate measuring apparatus

Air condotiouing apparatusl ._
Fig. 1.1 lSchematic diagram of set-up for testing solar air heaters

Since the fluid is air, it has to be ensured that it is well mixed at the

exit from the air heater before its temperature is measured. Mixing is

achieved with the help of vanes. As an additional precaution, temperatures at

inlet and exit of air heater is measured at a number of locations across the

duct cross section.

Standard specifies that collector shall be tested under clear sky

conditions in order to determine its efficiency characteristics. On any given

day, data is recorded under steady state conditions for fixed values of m and
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at Ti. For each set of values, it is recommended that an equal number of tests

be conducted symmetrically before and after solar noon.

Principal measurements made in each set are the fluid flow rate m ,

the fluid inlet and outlet temperatures of the collectors (T, and To), solar

radiation incident on the collector plane (IT), ambient temperature (Ta), the

pressure drop across the collector (A P), and the wind speed (Vac). Tests are

made with a range of inlet temperature conditions. To minimize effects of

heat capacity of collectors, tests are usually made in nearly symmetrical

pairs, one before and one after solar noon, with results of the pairs averaged.

The thermal behaviour of the collector is reported by the following

equation

r2=FR[(ra). -UL[T" _T“ (1.16)I

If UL, FR, and (Ta)? were all constant, the plots of 1] versus (T,-Ta)/I

would be straight lines with intercept FR (Ta), and slope -FRUL. However,

they are not, and the data scatter. UL is a function of temperatures and wind

speed, with increasing dependence as the number of covers increases. Also,

FR is a weak function of temperature and some variations of the relative

proportions of beam, diffuse, and ground-reflected components of solar

radiation will occur. Thus scatter in the data are to be expected, because of

temperature dependence, wind effects, and angle of incidence variations. In

spite of these difficulties, long-time performance of many solar heating

systems, collectors can be characterized by the intercept and slope. i.e.,

FR (Ta), and FRU[,_
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Furthermore, considering that the performance can be expressed by

another equation, containing the temperature gain produced by the collector

and the Instantaneous efficiency, T] are determined from

T1=Q.,/(Ac1)=mCp(To-Ta)/(Acl) (1-17)

As stated earlier, readings are recorded under steady state

conditions. A collector is considered to be operating under steady state

conditions, if deviation of experimental parameters is less than the following

specified limits over a 15-minute period:

0 Global radiation incident on collector plane i 50 W/ m2

Ambient temperature : 1°C

0 Fluid flow rate il %

0 Fluid inlet temperature ir0.l°C

0 Temperature rise across collector i0. 1°C

In addition, it is specified that value of ‘I’ should be greater than 600 W/m2

Wind speed should be between 3 and 6 m/s, and fluid flow rate should be set

at approximately at 0.02 kg/s per square meter of collector gross area.

1.14 Applications of Solar Air Heater

It is technically feasible to use solar heated air for providing energy

for almost any application that uses solar-heated liquids. The important areas

of applications are the following.

1.14.1 Space Heating and Cooling of Buildings

Various air heaters have been designed and used in space heating

and cooling. Air heaters are used only in actively heated and cooled

buildings. Air heaters are also used with desiccant beds for solar air

conditioning. Heat from air heaters can also be used to heat generator of an

absorption air conditioner for cooling purpose.
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1.14.2 Drying and Curing of Agricultural Products

This is a promising area of application of solar air heaters. For a

developing country like India, agriculture is the backbone of the economy

[31]. Importance of drying is relevant as far as the growth of the economy is

concerned. Indirect drying of crops is possible with the help of solar air

heaters. Main advantage of this is the hygienic condition in which it is dried.

Chance of contamination of food products with dust or bacteria is very less.

In indirect method of drying, hot air from solar air collector is circulated

through the crop to reduce its moisture content. The air can be circulated

using a fan or by natural convection. Correspondingly, the heaters are called

active or passive dryers. In passive dryer the warm air rises through the air

heater and enters into the drying chamber due to buoyancy effect.

1.14.3 Industrial Applications

Use of solar air heaters for industrial application is gaining

momentum in these days. In timber industry, hot air is used for seasoning

timber. In the case of plastic sector, solar air heaters are used for curing of

plastics. Another application is the regeneration of dehumidifying agents. In

industries solar air heaters are attached to industrial application on the basis

of industrial cogeneration. Use of solar air heaters in industrial sector is fast

increasing.
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Nomenclature

Ac area of the collector (m2)

AP area of the absorber plate (m2)

Cm, specific heat of air (J/kg°C)

de equivalent diameter (m)
f friction factor
F' collector efficiency factor
FR collector heat removal factor

hbf convective heat transfer between bottom and fluid (W/m2 °C)

he effective heat transfer coefficient (W/m2 °C)

hpf convective heat transfer coefficient between plate and fluid (W/m2 °C)

h,p., radiative heat transfer coefficient between plate and bottom (W/m2 °C)

I intensity of solar radiation (W/m2)

m air mass flow rate (kg/s)
Nu Nusselt number

Q" useful heat gain rate of the collector (W)

Re Reynolds number

Ta ambient temperature (°C)

Tb,“ mean bottom plate temperature (°C)

Tf fluid temperature (°C)
Ti inlet air temperature (°C)

To oultet air temperature (°C)

Tpm mean plate temperature (°C)

U1, bottom loss coefficient (W/m2°C)

UL overall heat loss coefficient of the collector (W/m2 °C)

U, top loss coefficient (W/mg °C)

U' loss coefficient (w/ml °C)
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Greek symbols

(‘ra)€ effective transmissivity-absorptivity product

T] Instantaneous efficiency

6’ Z zenith angle
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REVIEW ON SOLAR AIR HEATERS, SOLAR

DRYERS AND LATENT HEAT THERMAL ENERGY

STORAGE

2.1 Solar Air Heaters

Air is generally used as heat transfer fluid in many types of energy

conversion systems. In drying applications, industrial process heat and for

heating of buildings, solar energy can play a significant role because the

warm air is also the final receiver of energy. Flat plate collectors are

therefore the best candidates for heating air, but in contrast to liquid solar

collectors, the technology and applications of solar air heaters have not been

widely developed. The use of air as a working lluid in the solar flat plate

collector further eliminates the need for a heat exchanger, which is generally

employed for transferring the heat from liquid to air in a liquid flat plate

collector. Solar heated air can be used more effectively for drying under

controlled conditions. A solar air heater may supply hot air to a conventional

dryer, or a special design combining the air heater and the drying cabinet in

one package may be used.

Research and development in solar air heating commenced in the

1940s, with studies by Miller [1], Lof [2] and Telkes [3]. These works

included the construction and testing of complete solar air heating systems

by Lof in 1944 and Telkes in 1947, in houses located in Colorado and

Massachusetts, respectively. The overlapped glass solar air heater invented

by Lof has been tested by his collaborators [4,5]. Selcuk [6] conducted a

quasi-steady state analysis of the overlapped glass plate air heater and tested

the model experimentally. In 19505, Bliss [7] designed, built, and tested a
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solar air heating system in an Arizona house. Studies on simple flat plate

collectors were conducted by Whillier [8], Close [9], and Gupta and Garg

[10]. Charters [l 1] theoretically investigated the performance of single

glazed collector designs having the flow above and below the absorber plate.

Cole—Appel and Haberstroh [12] theoretically examined the flow paths for

single flat plate employing two glass covers.

Solar air heaters have been made in many variations. Beneath the

glazing, absorber surfaces have included overlapped, spaced, clear and black

glass plates, single smooth metal sheets, flow-through stacked screens or

mesh, corrugated metal plates, finned metal sheets, etc. In some collectors

air passing beneath the plate or underlying air passage reduces downward

heat loss. Sheven et al. [13] classified various air heating collector designs

under six categories according to the type of absorbing surface. Further

variations may be defined by the performance improvement techniques

employed and by the air flow path.

Theoretical and experimental studies on the corrugated sheet type of

solar air collectors were first conducted by Buelow [14]. The idea of a V

groove in the absorber plate for increasing the solar absorptance and the

turbulence in the air was given by Hollands [15]

Close [9] examined the effect of equilateral triangular cross sectional

grooves with a selective surface for the various flow paths. Charters and

MacDonald [16] also examined the V—grooved absorbing surface for the

various flow arrangements. Gupta and Garg [10] examined the absorber

composed of two sheets of round corrugated material, transversely placed

above each other and welded along the length. Cole—Appel and Haberstroh

[12] used a simple linear model to compare the thermal performance of five

flat plate solar air heater designs, two of which were of the straight finned

type. Bevill and Brandt [17] analytically and experimentally studied the
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effects of specularly reflecting fins on a single glazed collector with the air

flow and the fins located above the absorber plate.

For compact heat exchangers, the corrugated surfaces, in which the

air flows perpendicular to the corrugation and moves along undulating paths

as it encounters successive peaks and valleys, enhance the convective heat

transfer coefficient considerably [18-23]. Augmentation by a factor of 4 to

10 in the convective heat transfer coefficient was reported [20]. Wefeng Gao

et al.[24] studied a cross-corrugated heater consists of a wavelike absorbing

plate and a wavelike bottom plate, which are crosswise positioned to form

the air flow channel. They found that cross-corrugated solar air heaters have

much superior thermal performances to that of the flat-plate one.

The main hindrance to the immediate large scale proliferation of

solar air heaters for different practical applications is its cost. The cost of air

heating by a solar collector is dominated by the collector material cost and

air pumping cost. Charters [25] examined the optimization of the aspect ratio

of the rectangular flow passage from the view point of minimizing the cost

for a fixed pumping power. Hollands and Scheven [26] studied the effect of

the dimensions of the rectangular and triangular air flow passages on the

coefficient of forced convective heat transfer from absorber to flowing air in

plate type air heating collectors. The study carried out by Choudhury [27]

and Choudhury and Garg [28], suggestions citing specific examples have

been made on the design selection criteria at a predetermined pressure drop

required to obtain design features with moderately high efficiency. Hamdan

and Jubram [29] have evaluated the cost-effectiveness of bare, covered-and

finned-plate air heaters for the J ordian climate.

Chiou et al. [30] have experimentally and theoretically investigated

the heat transfer and flow friction characteristics of six types of slit and

expanded aluminium foil matrices. Gupta and Garg [10] examined two mesh

type air heaters, one using galvanized iron and the other aluminium. Porous
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matrix type air heaters were extensively analysed and tested by Beckman

[31] and Harnit and Beckman [32]. These air heaters were used by Selcuk

[33] and Akyurt et al. [34] in their solar drying experiments. Lalude and

Buchberg [35] have theoretically examined a single glazed porous bed

collector with specularly reflecting honeycomb, extending above the porous

bed to just under the glass cover. Wiebelt and Thatree [36] have analytically

and experimentally studied a V-groove, porous bed, single glazed collector.

Lancing et al. [37] have done theoretical analysis on three types of porous

flat plate solar collector. A simple analysis on matrix air heaters have been

suggested by Neeper [38].

The use of crushed glass as a transpired air heating solar collector

material has been suggested by Collier [39]. An investigation on packed bed

collectors was conducted by Swattman and Ogmnlade [40] and an evaluation

of matrix solar collectors for heating air was made by Clary and Morgan

[41]. Several designs of solar air heaters have been developed over the years

in order to improve their performance. Later many researchers took up the

design, employing inexpensive matrix materials (like stones [40], metal wool

[37], wool [42] and plants [43]), mainly for application in developing

countries. Packed bed solar air heaters with bed materials, slit-and expanded

aluminium foil matrix [30,44], wire screen matrix [31,45,46], optically

semitransparent material [47], crushed glass matrix [48] were also been

investigated. Sodha et al. [49] investigated the effect of different boundary

conditions on the performance of matrix air heaters. Coppage and London

[50] studied the heat transfer and flow friction characteristics in the ducts

using various geometries of wire mesh screen made of stainless steel. Tong

and London [51] developed heat transfer and flow friction correlations for

such systems. Kays and London [52] gave detailed data for heat transfer and

flow friction as applicable to compact heat exchangers which use wire

screens inside the heat exchanger tubes. It may, however, be noted that flow
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direction in these studies was always normal to the plane of wire screens.

Researchers have used wire mesh screen matrices as a heat absorbing media

in the solar air heater duct in a bid to improve its performance.

Selcuk [53] suggested the use of broken glass pieces for matrix air

heaters. Besides its availability in broken pieces almost without cost, glass

being transparent to solar radiation can be used in three ways for absorbing

the solar radiation, viz. (i) the top surface is blackened so that the radiation is

absorbed at the top, (ii) the radiation is allowed to be absorbed gradually

throughout the volume of the matrix, (iii) the bottom of the matrix is

blackened so that the unabsorbed radiation is collected at the bottom, which

is insulated from the environment.

Ramdan et al. [54] experimentally and theoretically investigated the

thermal performance of a double glass-double pass solar air heater with a

packed bed above the heater absorber plate with limestone and gravel as

packed bed materials. It was inferred that for increasing the outlet

temperature of the flowing air after sunset, one can use the packed bed

materials with higher masses and therefore with low porosities. It was

recommended to operate the system with packed bed with values of equal

0.05 kg/s or lower to have a lower pressure drop across the system.

Thermohydraulic investigations on a packed bed solar air heater having its

duct packed with blackened wire screen matrices of different geometrical

parameters (wire diameter and pitch) was studied by Wittal ct al. [55]. Based

on energy transfer mechanism in the bed, a mathematical model was

developed to compute effective efficiency. A design criterion was also

suggested to select a matrix for packing the air flow duct of a solar air heater

which results in the best thermal efficiency with minimum pumping power

penalty. Paul and Saini [56] studied two types of packed bed collectors (one

with wire mesh screen matrix bed and other with pebble bed), which were

optimized on the basis of minimum cost per unit energy delivered. Tables for
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optimum values of bed parameters namely number of layers, porosity, pitch

to wire diameter ratio and pebble diameter have been prepared on the basis

of minimum cost per unit energy delivered. These tables can be used by a

designer for selecting the optimum values of bed parameters.

Emphasis on solar energy development has also promoted

fundamental and applied research on solar air heaters. Heat transfer

phenomena related to the absorber plate and the collector assembly was

further examined. Among the publications on heat transfer from the absorber

plate to the air stream are those by Hollands and Shewen [57], Yusoff and

Close [58] and Garg et al. [59]. Heat losses from the collector plate to the

ambient by the convection mechanism had been examined both theoretically

and experimentally by Randal [60], Meyer [61], and Hollands [62]. Several

simple designs were also developed and evaluated. Among several

approaches, the work of Misra et al. [63] and Erb [64], using plastics, is

worth mentioning. Some building-integrated designs were developed and

tested by Peck and Proctor [65] and Gordan and Nerhoof [66].

Charters [1 1], and Ambrose and Bandopadhyay [67] have also

examined the heat transfer phenomena in symmetrically heated ducts

representing the flat plate solar collector. Karmare and Tikekar [68]

experimentally investigated heat transfer to the airflow in the rectangular

duct of an aspect ratio 10:1. The entropy generation in the duct of solar air

heater having repeated transverse chamfered rib—groove roughness on one

broad wall was studied numerically by Layek et al. [69]

The use of artificial roughness on heat transfer surfaces has been

found to be an effective method of enhancement of heat transfer coefficient,

although it is accompanied by a substantial increase in friction losses also. A

number of investigators have studied the phenomenon of heat and fluid flow

over rough surfaces. In one of the earliest studies, Nikuradse [70] identified

three flow regions depending on variation of friction factor with roughness
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Reynolds number and roughness height. Dipprey and Sabersky [71]

developed a heat momentum transfer analogy for flow in tubes having sand

grain roughness. The analogy has been used extensively for computation of

heat transfer coefficient in flow through tubes. Webb et al. [72] extended the

law of wall and the heat momentum transfer analogy to geometrically non

similar roughness and developed correlation valid for flow in circular tubes

with transverse ribs and for fiilly rough flow. These correlations have been

used by Han [73] for computation of friction factor and heat transfer

coefficient in square ducts with two opposite rib roughened surfaces. Kader

and Yaglom [74] developed a general relationship for coefficient of heat

transfer for rough wall on the basis of general dimensional and similarity

considerations. Vilemas and Simonis [75], in an experimental investigation

for flow of air in an annulus (with inner tube, rectangular rib roughness, and

transverse to flow) have derived correlations for heat transfer coefficient and

friction factor. It has been reported that in the course of transition from

partial to fully rough region, a clear kink in Nusselt number versus Reynolds

number curve is observed, and the Reynolds number at which change in

slope is observed, decreases with an increase in relative roughness height.

The optimum operating parameters for the augmentation of heat transfer are

the smaller possible height of roughness element, provided that the system

operates in the region of the transition from partial to fully rough flow

conditions. All these studies used circular passages or square ducts with two

opposite walls having rib roughness.

However, an experimental investigation for rectangular ducts having

rib roughness on one principal wall was reported by Sparrow and Tao [76].

Prasad and Mullick [77] investigated the effect of transverse wire roughness

on absorber plate and have suggested a simple linear relationship between

the Nussetls number and Reynolds number from their experimental data.

Prasad and Saini [78], on the basis of law of wall similarity and heat

(Jr ._.
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momentum analogy, proposed relationships for friction factor and heat

transfer coefficient in a solar air heater duct. Dalle Donne and Meyer [79]

proposed a transfonnation method to obtain data applicable to reactor fuel

elements from annulus experiments. The transformed friction and heat

transfer data were correlated by single equations. Wilkie et al. [80] proposed

a procedure for the measurement of friction factor in rectangular channels

which were not identically roughened, and they have shown that the absolute

value of friction factor is up to 10% lower because of presence of smooth

surface opposite to the rough surface. Williams et al. [81] and White and

White [82] have also investigated the effect of roughness on friction factor

and heat transfer in annulus flow and they have reported the effect of various

roughness parameters on friction factor and heat transfer.

The comparison of effective efficiency of solar air heaters having

different types of geometry of roughness elements on the absorber plate was

studied by Mittal et al. [83]. The effective efficiency has been computed by

using the correlations for heat transfer and friction factor developed by

various investigators within the investigated range of operating and system

parameters. Sahu and Bhagoria [84] studied heat transfer coefficient by

using 90° broken transverse ribs on absorber plate of a solar air heater; the

roughened wall being heated while the remaining three walls are insulated.

The roughened wall has roughness with pitch (P), ranging from 10-30 mm,

height of the rib of 1.5 mm and duct aspect ratio of 8. The air flow rate

corresponds to Reynolds number between 3000—l2,000. The heat transfer

results have been compared with those for smooth ducts under similar flow

and thermal boundary condition to determine the thermal efficiency of solar

air heater.

Choudhury and Garg [85] studied a collector with airjet with the

air flow rate of the device ranging from 50 m'lm'2h" to 250 m}m'3h" This is

compared to the collectors with two air channels without baffles. The jet air
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collector proved better than the later one. The authors tested a two air

channel collector without baffles with a thickness being 0.1m and 0.05m.

The result confirmed that the efficiency increased as the thickness

diminished. Yeh and Chou [86] investigated the efficiency of upward type

baffled solar air heaters. All the absorber plates deal with clean new

materials, implying high costs on the production of the very special absorber

plates. Henden et al. [87] mentioned that the main barrier for large scale

introduction of thermal solar systems is the high cost compared with

conventional heating systems. Alvarez et al. [88] proposed an air collector

with an absorber plate made of recyclable aluminium cans and achieved a

maximum efficiency of 74%.

Satcunanathan and Deonarine [89] introduced the concept of two

pass air heater and later considered by Caouris [90] for liquid systems.

Satcunanathan and Deonarine concluded experimentally that the two pass

design with air flow between the two glass covers and under the absorber

plate had an efficiency which was about 10-15 % higher than single pass

design. Wijayasundera et al. [91] developed two-pass flow arrangements,

and the design curves for those devices over a range of variables were also

presented. In order to know the effect of the pattern of fluid flow on the

efficiency of the collector, Katam and Kishore [92] have studied flow

configuration reversal (i.e. inlet at the top of the collector) for the collector

test rig developed by the Tata Energy Research Institute, India. The

experimental results showed that the reverse flow pattem reduces the

collector efficiency by 9-73% in the temperature range of 35-75°C. Garg et

al. [93] developed the theory of multiple pass solar air heaters. It is well

known that the collector configuration will influence the fluid velocity as

well as the strength of forced convection. A simple procedure for changing

the fluid velocity as well as the strength of forced convention involved

adjusting the aspect ratio of a rectangular flat—plate collector with constant
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flow rate [94]. A logistic method to achieve considerable improvement in

collector efficiency is to use an extended heat transfer area [95] by attaching

fins to a flat-plate type of solar air heater.

The improvement of the heat transfer rates has been continuously

performed to obtain smaller and more effective thermal systems. Many
research works have been conducted on flow and heat transfer characteristics

in the solar air heater. Hegazy [96] analyzed a criterion for determining the

optimum flow-charmel depth of conventional flat-plate solar air heaters.

Toure [97] studied the characteristic temperatures in a natural convection

solar air heater. Good agreement was obtained between the calculated data

and measured ones. Badescu [98] presented the details about the modeling of

the air heating system of an ecological building. Two different operating

modes of the heating system were investigated. Thakur et al. [99]

experimentally investigated the heat transfer and friction factor correlations

in packed bed solar air heater for a low porosity system. Togrul et al. [100]

investigated the forced convection performance of a solar air heater with a

cylindrical absorber central to a conical concentrator. Gao et al. [10]]

numerically studied the natural convection inside the channel between the

flat-plate solar cover and the sine—wave absorber in a cross—corrugated solar

air heater. Karwa et al. [102] theoretically investigated a thermo-hydraulic

performance of the collector arrays. Ammari [103] applied the mathematical

model for predicting the thermal performance of a single pass flat-plate solar

air heater with the metal stats. Effects of volume air flow rate, collector

length, and spacing between the absorber and bottom plates were

investigated. Abu-Hamdeh [104] developed the mathematical model for

computing the thermal efficiency heat gain, and outlet air temperature. The

predicted results were validated by comparing with the measured data.

Naphon and Kongtragool [105] applied the mathematical models for

predicting the heat transfer characteristics and performance of the various
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configurations flat-plate solar air heater. The performance and entropy

generation of the double-pass flat plate solar air heater with longitudinal fins

are studied numerically by Paisam Naphon [I06]. The predictions were done

at air mass flow rate ranging between 0.02 and 0.1 kg/s.

2.2 Solar Dryers

Solar drying has been considered as one of the most promising areas

for the utilization of solar energy, especially in the field of food preservation.

Drying is an energy intensive process, which involves complex heat and

mass transfer phenomena. Open sun drying is the most common method

employed in tropical countries for the drying of agricultural products, food

stuffs, etc. The method is simple, since it does not involve any costly

equipment. The product to be dried is spread under sun and the moisture

evaporates from it over a course of time. Even though the process is simple,

it suffers from the disadvantages like dust contamination, insect infestation,

microbial contamination, spoilage due to rains, etc. Produce dried in this

way is unhygienic and sometimes unsuitable to human consumption [107

110].

Solar drying can be most successfully employed as a cost effective

drying technique. It has got several attractive features. For example, energy

is available free of cost and can be harnessed in the site itself. Controlled

drying is also possible by this method and it enhances the quality of dried

product. Solar drying systems must be properly designed in order to meet

particular drying requirements of specific crops and to give satisfactory

performance with respect to energy requirements [1 1 1,1 12].

All drying systems can be classified primarily according to their

operating temperature ranges into two main groups of high temperature

dryers and low temperature dryers. However, dryers are more commonly

classified broadly according to their heating sources into fossil fuel dryers
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(generally known as conventional dryers) and solar energy dryers. Strictly,

all practically-realized designs of high temperature dryers are fossil fuel

powered, while the low temperature dryers are either fossil fuel or solar

energy based systems.

Experiments conducted in many countries have clearly proved

beyond doubt that solar dryers can be used successfully to dehydrate the

food in less time. Moreover, it gives high quality product competing with

conventional dryers with added advantage of saving fossil fuels. Szulmayer

[113] has categorized solar dryers into three types. i.e., (1) the hot-box type

in which the product directly collects energy from the sun, (2) the indirect

type conventional dryer in which the product is dried with warm air heated

separately by solar air heaters, and (3) the mixed—type dryer in which the

product is exposed to sun and also receives heat from a stream of hot air. On

the other hand, Lawand [114] has broadly classified solar dryers into five

main categories, i.e, Nature (or sun) dryers, direct-type dryers, indirect-type

dryers, mixed mode dryers and solar timber dryers. Many other
classifications also have been proposed. Malik et al. [115] classified dryers

as (1) direct-mode, (2) indirect-mode, (3) mixed-mode, (4) structure

integrated, (5) solar timber dryers, and (6) others (which include freeze

drying, osmovac drying, and desiccant drying, etc.)

In india, Kapoor and Agarwal [116] designed and tested a

combination collector dryer; Pattanayak et al. [117] developed a continuous

solar grain dryer whereas Singhal [118] imparted a good deal of knowledge

on grain drying. Significant contribution has been made in this direction by

Garg and Krishnan [I19], Biswas [l20], Moy [I21], Bose [l22], Exell [123]

and many others.

Using glass to trap the heat along with dull-black-painted,

galvanized-iron absorber, Johnson [124] successfully dried cherry and white
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oak of 2.5 cm thickness. Similar studies have been made by Peck [125],

Plumptre [126], and Tshemitz and Simpson [127].

The simplest type of solar dryers introduced for drying grain and

fruit is the one in which heating the incoming ambient air and removing the

moisture from the produce take place in the same unit. In this category,

cabinet, tunnel and shelf-type dryers have been developed. The preliminary

model cabinet-type solar dryer conceived at the Brace Experimental Station

of McGill University, Montreal, was field tested in Syria by Lawand [I28].

Several designs of similar configuration have been developed. Among them

are dryers developed by Garg and Krishnan [119] and a simple design (made

out of locally available materials such as bamboo, sticks, rope, etc.)

developed by the Development Technology Centre, Bandung, Indonesia.

Wagner [129] developed an unusual cabinet dryer which has double

exposure, flat plate collectors with vertical and horizontal mirrors to expose

the drying produce to sunlight on both sides. Shri A.M.M. Murugappa

Chettiar Research Centre of Madras, India has also developed a simple

cabinet for drying fish [I30]. It is reported that in general, a cabinet-type

dryer reduces the drying period by one half in comparison to 0pen—sun

drying. Improved product quality in some cases is, of course, an additional

benefit.

In an attempt to increase the drying capacity and reduce the drying

time associated with the cabinet-type dryers, shelf-type dryers were

developed. In the shelftype of dryers, warm air is flown through the produce

for which an air heater is attached. A vertical cassava stick dryer made by

Roa et al. [131] is an example of it. Others who developed such dryers were

Richard and Vincent [132] for cocoa, and Van Dresser [133] for orchard

drying.

Large scale industrial drying usually is accomplished using tunnel

type dryers. Retrofitting such structures with solar—heat supply requires only
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less capital investment. Fuel savings as a result of using solar energy make

the operation of the dryer cost effective. In another study undertaken by the

team form the Midwest Research Institute, cost and performance were

analyzed for alfalfa drying plant in which solar energy partly supplied the

energy need.

An industrial soybean drying system developed by Teledyne Brown

Engineering and reported by Fisher [134] used flat-plate, solar air heating

collectors: the collectors of area 1208 m2 operate an annual average

efficiency of 52 % and collect heat at the rate of 3.9 million MJ/year. Heid

[135] studied the performance and costs of eight experiments on farm solar

collectors designed to dry corn. It was concluded that fiirther research, large

scale production, and increasing energy costs should enhance the economic

feasibility of solar grain drying.

An indirect type cabinet dryer with a transparent cover and forced

convection flow has been considered favorable since such dryer is able to

produce high quality product without discoloration. A wide variety of direct

and indirect solar dryer has been developed so far [l08, 136-146]. Low

capital cost, production of hygienic and better quality products and zero or

marginal running costs are also important parameters for the 1arge—scale

adoption of solar dryers.

Properly designed solar drying systems must take into account

drying requirements of specific crops, energy efficiency requirements, and

cost effectiveness [l47]. Simulation models are needed in the designs and

operations of solar dryers. Several researchers have developed simulation

models for natural and forced convection solar drying systems [123, 148

151].

In a different way, Ratti and Mujumdar [1 10] developed a model and

simulation code of a solar dryer, using heat and mass balances, applied to

solid and gas phases with time varying air conditions. The results compared
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well with experimental ones. The effect of several parameters and shrinking

were presented. Pangavhane and Sawhney [152] have given technical and

economical results on the use of solar drying for grapes. It was found that the

use of a solar dryer is feasible. However, its acceptance by the farmers was

limited due to its small capacity and too long a pay back period. Jain and

Tiwari [153] evaluated the convective heat transfer coefficient for some

crops (green chillies, green peas, white gram, onions, potatoes, and

cauliflower) under solar drying and developed a mathematical model for

predicting the drying parameters. Jain and Tiwari [154] further studied the

dependence of convective heat transfer coefficient on the drying time during

complete solar drying process of green peas and cabbage. The convective

heat transfer coefficient of jaggery under solar drying has been evaluated by

Tiwari et al. [I55].

Ait Mohamed et al. [156] conducted studies on single layer solar

drying behaviour of Citrus aurantium leaves under forced convection. An

indirect forced convection solar dryer consisting of a solar air collector, an

auxiliary heater, a circulation fan, and a drying cabinet were used for the

experiments. The air temperature varied from 50 to 60"C; the relative

humidity from 41% to 53%; and the drying air flow rate from 0.0277 to

0.0833m']/s. Many researches on the mathematical modeling and

experimental studies have been conducted on the thin layer solar drying

processes of various vegetables and fruits, such as grapes [I57], apricots

[I58], green pepper, green bean and squash [I59], eucalyptus globulus

[I60], mint, pistachio [l6l,l62], red pepper [I63] and prickly pear fruit

[I64].

Azharul Karim and llawlader [165] I‘CpOI‘t€d the perfonnance study

on V-groove solar air collector for drying applications and indicated better

thermal efficiency for this type of collector, compared to a flat plate

collector. Most fruits and vegetables contain more than 80% water and are,
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therefore, highly perishable. Losses of fruits and vegetables in developing

countries are estimated to be 30-40% of production and, in India alone,

yearly losses worth more than US $1.5 billion [l66]. Prospect of solar drying

applications in the ASEAN region is enormous. A large volume of fruits is

produced in the vast rural areas of Thailand, Malaysia, and Indonesia.

Amir et al. [167] reported a multipurpose solar tu.nnel dryer for use

in humid tropics. It reported that, compared to sun drying, the drying time of

cocoa, coffee and coconut could be reduced by up to 40%. Collector

efficiency was reported to be in the range of 23.5—36%. Significant

improvement in product quality was also reported. Gauher et al. [168]

developed a tunnel dryer suitable for small farmers and cooperatives. The

economic study of the dryer revealed a payback period of just two years.

Tarigan et al. [169] reported a solar dryer with perforated collector for tea

wilting. The collector efficiency was reported to be about 54% at very high

flow rate, when collector outlet temperature was about 30°C. In all the above

studies, emphasis was placed on the dryer performance and product quality.

The main component of the solar dryer, the collector, was thus ignored. The

design of efficient and suitable air collectors is one of the most important

factors controlling the economics of solar drying. The majority of the solar

dryers are equipped with flat plate collectors. The heat transfer coefficient of

a surface in contact with air is considerably lower than that with water.

Palaniappan and Subramanian [170] developed a solar air heating

system for tea processing and detailed economic analysis was carried out.

The system has reduced specific fuel consumption for tea production from

0.932 to 0.71 kg/kg dmt (dryer mouth tea), which represents a fuel savings

of approximately 25%.

Several solar energy drying systems have been designed as

alternatives to the traditional open—sun drying. The construction details and

operational principles of such dryers have been reviewed by Ekechulcwu and
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Norton [l7l]. Schirrner et al. [172] and Hossain and Bala [173] evaluated a

multi-purpose transparent solar tunnel dryer with fans, powered by PV

modules. In these systems, the product to be dried receives energy from both

the hot air supplied by the collector and direct exposure to solar radiation;

also the product being dn'ed is protected from rain, insects, and dust. They

found the product to have high-quality in terms of flavor, color, and texture.

In all cases, the use of a solar tunnel dryer considerably reduced drying time

in comparison to open-sun drying. Supranto et al. [174] carried a study on an

experimental solar assisted dryer consisting of a collector, a dryer, an

auxiliary burner, and a fan. Tiris et al. [175] developed a dryer where a fan

controlled by a manual valve was used to force the drying air through the

collector and the drying chamber. Bena and Fuller [176] demonstrated a

direct-type natural convection solar dryer combined with a simple biomass

burner to provide a drying technology suitable for small scale drying of

fruits and vegetables in non-electrified areas.

Specifically, drying methods affect properties such as color, texture,

density, porosity, and sorption characteristics of dehydrated materials. It has

been pointed out that dehydrated products do not keep their visco—elastic

behavior after dehydration due to structural damages that occur during

drying [177]. Gallalia et al. [178] found that solar dryers alter the sugars and

vitamin C level more than open-sun drying because of relatively higher

temperature inside the solar drying chamber.

A thennal performance analysis derived from the second law of

thermodynamics of the solar drying process was reported by Torres-Reyes et

al. [I79]. The results from the studies on modeling and thennal performance

of the collector of a semi—cylindrical solar tunnel dryer (STD) have been

presented by Garg and Kumar [I80]. The tunnel can be used for air heating

in many applications including drying. Earlier, the tunnel as air heater was

used by Pyrko [181] at Warsaw Agricultural University in Poland. In air
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tunnel dryer, the air is forced in the tunnel either by an air blower or natural

circulation. Some studies on multi-purpose solar tunnel dryer (STD) have

been carried out at the Institute of Agricultural Engineering, University of

Hohenheim [182,183]. Some experimental results on the field performance

of the STD under forced circulation mode have been reported by Lutz et al.

[184]. Fuller [185] has also reported some experimental study on tunnel

dryer and a comparison of its performance with conventional dryer. Condori

et. al. [186] developed a new low cost design for a forced convection tunnel

greenhouse dryer for sweet pepper and garlic drying.

Active solar drying systems depend only partly on solar-energy.

They employ solar energy and/or electrical or fossil-fuel based heating

systems and motorized fans and/or pumps for air circulation. All active solar

dryers are, thus, by their application, forced-convection dryers. A typical

active solar dryer depends solely on solar energy as the heat source but

employs motorized fans and/or pumps for forced circulation of the drying

air. Other major applications of active solar dryers are in large-scale

commercial drying operations in which solar air heaters supplement

conventional fossil-fuel fired dehydrators [187-196], reducing the overall

conventional energy consumption, while maintaining control of the drying

conditions. If warm enough, the solar-heated air could be used directly for

the drying process, otherwise the fossil-fuel fired dehydrator would be used

to raise the drying air temperature to the required level (for example during

night time drying operations or periods of low insolation levels), thus

avoiding the effects of fluctuating energy output from the solar collector,

since the fossil-fuel system can be controlled automatically to provide the

required optimum drying conditions. These active solar dryers that

incorporate dehydrators for supplemental heating are commonly known as

“hybrid solar dryers"
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Since high temperature drying requires high air flow rates (due to

the requirement of limited exposure of the product to the very hot drying

air), all high temperature solar drying applications would, of necessity,

employ active solar dryers (requiring forced circulation of air by fans and/or

pumps). Thus, all practically-realized designs of continuous-flow solar

energy drying systems [1 17,197] are of the active type. A variety of active

solar energy dryers exist which could be classified into either the integral

type, distributed-type or mixed-mode dryers.

A distributed-type active solar dryer is one in which the solar

collector and drying chamber are separate units. A typical design would be

comprised of four basic components, namely; i) the drying chamber; ii) the

solar air heater; iii) the fan and/or pump; and iv) the ducting. For

conventional drying systems, drying efficiencies increase with temperature,

thus encouraging drying at temperatures as high as the product can

withstand. However, for distributed-type active solar dryers, the maximum

allowable temperature may not yield an optimal dryer design, as the

efficiencies of solar collectors decrease with higher outlet temperatures.

Thus, a critical decision in the design of distributed active solar dryers would

be either to choose high drying air temperatures and, consequently,

accommodate lower air-flow rates (implying the use of smaller fans and

requiring high levels of insulated ducting) or to employ low temperature

drying, minimizing the cost of insulation, since heat losses are low.

However, the efficiency of high—temperature distributed active solar dryers is

significantly improved by high air-flow rate. Thus a balance has to be made

between the size of fans used and the level of insulation for a cost effective

design. Most of the distributed-type active solar drying systems have similar

structural designs comprising the basic components. Modifications to the

typical design have tended to be based on the following features:
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a) The solar air heaters - Most air heaters make use of metal absorbers (with

appropriate surface treatment). A few designs employ black polythene

absorbers to minimize the overall cost of dryer construction [198,199].

b) Air re—circulation - The re—circulation of the drying air employed in some

known designs [61,199,200] is another distinguishing feature. This ensures a

low exhaust air temperature, thereby increasing efficiency. In non

recirculation drying, the existing air may still be containing some

considerable heat. Re-circulation of the drying air implies a higher total

temperature and that the warm air is not discarded until it carries an

appreciable quantity of moisture, thereby ensuring an efficient use of energy.

c) Fan/pump location — Most of the designs fans are located between the air

heater and the drying chamber [61,170,201]. This keeps the collector under

negative pressure, ensuring that all air leakages and the additional heat

generated by the pump is into the system. Locating a pump and/or fan at the

air inlet of the collector involves less elaborate construction details and

ensures that each component can be easily de-coupled from the system for

maintenance and repair. For systems employing air recirculation, the pump

should be located appropriately. Conventional distributed active solar energy

dryers are batch—type designs mostly. However, some continuous-flow

designs have been built [61,202,203].

To achieve more efficient energy use, some active solar dryers are

equipped with thermal storage devices, mostly rock bed or gravel storage

[204-207]. This improves drying during night time or periods of low

insolation levels. Desiccants are incorporated in some designs [128,208-210]

to reduce the relative humidity of the drying air to very low level so as to

improve its moisture carrying capacity. The use of desiccants would only be

appropriate for forced-convection systems, as their incorporation into the

system increases the resistance to air flow. Finally, as indicated earlier,

large—scale commercial active solar dryers employ mostly air-heating solar
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collectors as supplements to electricity or fossil-fuel fired dehydrators to

reduce the overall conventional energy consumption. The requirement of

fossil-fuel driven fans and/or the use of auxiliary heating sources improve

the efficiency of these dryers, but it renders their capital, maintenance and

operational costs to be prohibitively high for small scale fanning operations.

2.3 Solar PCM Thermal Storage

Solar drying can be most successfully employed as a cost effective

drying technique. It has got several attractive features. For example, energy

is available free of cost and can be harnessed in the site itself. Controlled

drying is also possible by this method and it enhances the quality of dried

product. Solar drying systems must be properly designed in order to meet

particular drying requirements of specific crops and to give satisfactory

performance with respect to energy requirements. Perishable crops like fruits

and vegetables require continuous drying; otherwise the product may be

vulnerable to insect attack. In order to prevent this, some sort of auxiliary

heating mechanisms should be incorporated with a solar dryer. Escalating

prices of fossil fuels prevent the large-scale adoption of fossil fuel or

electrical based dryer among small or marginal farmers. Hence it is essential

to develop some mechanism that could be able to supply energy

requirements during cloudy and non-solar hours. Thus the intermittent,

variable and unpredictable nature of solar energy make it necessary to

incorporate a storage system with a solar dryer. The advantage of using

storage system is that it stores excess energy and supplies when the collected

amount is inadequate. Among latent and sensible heat storage material for

thennal energy requirements, the energy density of latent heat material is

much higher than that of the latter. Much work has been reported using

Phase Change Material (PCM) for solar thermal applications, particularly for

cooking [21 1,212]. Experimental and theoretical efforts have been made to
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incorporate PCMs into flat plate collectors for storing solar energy by Bansal

and Buddhi [2l3,2l4]. Some other researchers [215-221] analyzed various

material properties of different types of PCMs under various conditions and

its applications in solar energy storage.

The study on incorporation of PCM storage with solar dryer is in its

infancy and very few published works are there in the literature. Enjbe [222]

studied the performance of a natural circulation solar air heating system with

phase change material energy storage for crop drying and egg incubation. In

that study, PCM was prepared in modules with the modules equispaced

across the absorber plate. No work has been performed on forced circulation

solar dryers with PCM thennal energy storage. In the present study, the

feasibility of latent heat thermal energy storage in forced circulation solar

dryer was investigated. A PCM container was fabricated similar to a shell

and tube heat exchanger. The fabricated container was placed in a solar

cabinet dryer and studies were conducted on with and without loading the

product in the dryer. The charging and discharging of PCM has also been

invcsti gated.
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DESIGN AND DEVELOPMENT OF VARIOUS

TYPES OF SOLAR AIR HEATERS

3.1 Introduction

Flat plate solar air heaters have been used with success for many

industrial and domestic applications such as drying farm produce,

dehydrating industrial products, and space heating [1-4]. Solar energy is

important in low-temperature thermal applications because it replaces
considerable amounts of conventional fuels.

Several types of solar air heaters have been developed over the

years, the flat plate type being the most common because it is simple to

construct, easy to operate, and inexpensive to maintain. Since air is the

working fluid, the problems of freezing or boiling of the fluid are obviated.

However, the low density, low thermal capacity, and low heat conductivity

of air requires larger ducts to transport the required energy. These are

probably the important drawbacks of air panels. However, low cost and

reliability makes them an attractive alternative. A conventional solar air

heater generally consists of an absorber plate with a parallel plate below,

forming a passage of high aspect ratio through which the air to be heated

flows. A transparent sheet covers the absorber plate, while a sheet—metal

container filled with insulating material is attached underneath and to the

sides [5-7]. There are two possible altematives to maximize the collection of

useful energy from air heaters, namely (a) to maximize the collector area by

lengthening the absorber plate while keeping channel depth and mass flow

rate constants and (b) to make the channel deeper while keeping the surface

area constant. However, for a system with design constraints on fan power
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and collector length, the only practical alternative is to increase the volume

of air by maldng the channel deeper.

In order to increase the thermal efficiency of solar air heaters, the

absorbed heat must be transferred to the air flowing above, underneath, both

above and underneath or through the absorber plate. Different configurations

of the absorber plate have been designed toward this end. Choudhury et al.

[8] designed a corrugated absorber, Garg et al. [9] introduced the absorber

plate with fins attached, and Mohamad [10] proposed a metal matrix

absorber plate. Choudhury and Garg [1 1] studied a collector with an air jet.

The air flow rate of the device ranged fi'om 50 m3m'2h" to 250 m3m'2h".

When compared to the collectors with two air channels without baffles, the

air jet collector proved better. The authors tested two versions of the

collector without baffles: one 10 cm deep and the other 5cm deep. The result

confirmed that the efficiency increases as the depth decreases.

Many designs of the solar air heating system with different

construction materials and different configurations of the heat transfer

passage are described in literature. The performance of these designs has

been assessed both by analytical methods and numerical simulation

techniques. Buelow [12], Whillier[l3], and Close [14] derived performance

equations for flat plate collectors analytically. Close considered the effect of

selective paints, vee-corrugations and fins. Performance equations were also

derived by Gupta and Garg [15] for a solar air heating system with a non

porous absorber. Conventional single and double exposure air heating

systems have been analysed by Suti and Saini [16]. Later studies included

the effect of conduction along the direction of air flow and of radiative heat

exchange between the absorber and the rear plate. The results confirmed that

conduction along the direction of air flow is not significant in the case of

metallic absorbers. Reddy and Gupta [17] presented a graphical method of
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detennining, under different operating conditions, the design data for a

system using air heaters.

Swartman and Ogulande [18] modified the simple absorber flat plate

for a solid matrix. Yeh and Chou [19] investigated the efficiency of upward

type baffled solar air heaters. All absorber plates are made with clean, new

materials, which increase their cost of production. Henden et al. [20]

considered high cost to be the main barrier to large-scale introduction of

thermal solar systems. Alvarez et al. [21] proposed an air collector with the

absorber plate made of recyclable aluminium cans and achieved a maximum

efficiency of 74%.

In the present work, a detailed technical study was performed in all

types of solar air heaters. Five types of solar air heaters were developed and

performance evaluation was carried out in every model and compared with

each other. The various types of solar air heaters designed and tested are

listed below and are discussed with the help of engineering/mechanical

drawings.

(1) Underflow collector—copper as absorber plate

(2) Overflow collector-aluminium as absorber plate

(3) Overflow collector-corrugated Galvanized Iron (GI) as absorber

plate

(4) Double flow collector-aluminium as absorber plate

(5) Matrix col1ector—GaIvanized Iron mesh as absorber plate

Studies were carried out separately for the collectors with and without
baffles in the air channel.

3.2 Solar Air Heaters Developed

As mentioned above, mainly 5 types of solar air heaters were

developed. The design details of all the collectors are described

exhaustively.
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3.2.1 a) Underflow Copper Collector with Baffles

The gross area of the collector was 2.1 m2 with a collector aperture

area of 1.82 m2. The developed solar air heater was of the ‘undertlow’ type.

The structural frame of the air heater was made of aluminium extrusions.

The absorber plate was made of a 38 SWG black chrome copper sheet, fitted

to the aluminium frame with screws. The absorber plate and the rear plate

(bottom plate), with a gap of 77 mm separating them, formed a rectangular

air duct. An air gap of 25 mm was provided between the absorber plate and

the glazing. The bottom plate was a 24-SWG aluminium sheet. Rockwool

insulation was packed along the sides of the copper sheet and underneath

and along the sides of the aluminium sheet. The insulation was 44 mm thick

throughout. A 4 mm thick sheet of toughened glass was mounted 25 mm

above the absorber plate. Design details of the copper collector are presented

in Table 3.1. Fig. 3.1 is a sectional view and Fig. 3.2 is a schematic diagram

of the features of the solar air heater with baffles. Two baffles were placed

along the air passage to increase the air fill factor. Each baffle was 72.5 cm

long and occupied 71% of the width of the collector. The passage of air

inside the collector with baffles is shown in Fig. 3.3. The baffles were

attached to the bottom plate. The baffles were 76 mm tall, positioned

vertically pointing to the absorber plate. The baffles made the air to follow a

winding path, thereby doubling the length of the air passage through the

collector. The baffles create turbulence, which forces the air to come in close

contact with hot surface of the absorber and decreases the thermal sub layer.

The space between the absorber and the glass reduces the convective losses

from the front. The outer body of the whole structure is covered with

aluminium sheet, and a trapezoid was provided to the air outlet of the air

heater through which the air is sucked by a centrifugal blower. All possible

leaks from the side and the bottom were sealed with silicon sealant.
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Fig. 3.1 Sectional View of the underflow copper solar air heater with baffles
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Fig. 3.2 Schematic diagram ofthe underflow solar air heater
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Fig. 3.3 Air flow distribution in the collector fitted with baffles

Table 3.1 Design details of underflow copper air heater

Gross collector area
Aperture area
Absorbing material
Rear plate
Working fluid
Insulation material
Insulation thickness (side and
bottom)
Collector tilt angle
Cover plate material
Dimensions
Thickness
Number of cover glass
Mode of air flow
Centrifugal blower
Air inlet area
Air outlet area

1860 mmx lll3 mmx 146 mm
1772 mm x 1025 mm
Black chrome copper (38 SWG)
Aluminium
Air
Rock wool
44 mm

12°

Toughened glass
1730 mm x 990 mm
4 mm
One
Underflow
335 W
300 mm x 77 mm
300 mm x 77 mm
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3.2.1 b) Underflow Copper Collector without Baffles

A parallel study was also conducted on a similar solar air heater

without baffles to compare the underflow copper collector with baffles. All

the design parameters are same as that of collector with baffles, except that

the baffles were not fitted to the absorber.

3.2.2 a) Overflow Galvanized Iron (GI) Collector with Baffles

The experimental set up consists of a GI collector having a gross

collector area of 2.1 m2 with a collector aperture area of 1.82 m2 The total

height of the collector was 150 mm (from glass plate to bottom). The

developed solar air heater was an ‘overflow’ type. The structural frame of

the air heater was made of aluminium extrusions. Absorber plate used was

22 SWG selective coated corrugated GI sheet, it was screwed with

aluminium square tubes. Rockwool insulation was tightly packed bottom and

sides of the absorber plate. The whole set up was encapsulated in an

aluminium casing. 4-mm toughed glass was used as glazing material. A

rectangular air duct of 86 mm was formed in between the absorber plate and

transparent cover. Three baflles were provided in the air flowing area in
order to increase the air fill factor. The baffles were attached to the

conugated absorber plate after it was made in the required shape. Fig. 3.4

shows the sectional view of the corrugated solar air heater with baffles. The

length of the baffle was 58 cm and it occupied 57% of width ofthe collector.

The air flow passage of the collector with baffles is given in Fig. 3.5. The

baffles were positioned vertically upward pointing to the glass plate. The

height of the baffles was 85 mm and the other end was placed very near to

the top glass plate. The effect of the baffles is the creation of turbulence, in

such a way as to make the air, licking the hot surface of the absorber and to

decrease the thennal sub layer. A Plenum chamber was provided at the outlet

of the collector to stabilize the air flow out and it was connected to a
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centrifugal blower having a capacity of 335 W. All the possible air leakage

from the side and bottom was prevented by silicon sealant.

Tonshwed G“: _\ A.l|l1|iu'mn Y-SedimI - - C. 5“!3 mm. ’ “ ' ' Coiled
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Fig. 3.4 Sectional view of the corrugated overflow collector with baffles
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Fig. 3.5 Air flow distribution in GI collector with baffles
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The air was made to flow nonnal to the corrugation waves, i.e.,

across the peaks and valleys. The corrugation pitch was 75 mm and it

contained 13 hills and valleys along the width of the collector. The height

difference between the peak and valley was 20 mm. The characteristic

dimensions of the corrugation shape is shown in Fig. 3.6. As described

earlier, duct height of flow passages (H) was 86 mm. This height

corresponds to duct aspect ratio of 1.15. The corrugation aspect ratio, ARC is

Corrugated duct height (H)
ARC =

Corrugation cycle length (Lc)

In a solar air heater using corrugated absorber plate, the corrugation

inclination angle,/3, is a major parameter detemiining the efficiency. The

pressure drop and the heat transfer are fully dependent on the flow structure

that is largely affected by the inclination angle (/3) [22]. The study

conducted by Focke et al. [23] recommended the use of ,3 between 30° and

60° for an acceptable compromise between enhancement of the heat transfer

coefficient and the accompanied increase in the pressure drop. The

corrugation inclination angle for the present absorber was 30° Design details

of baffled GI collector investigated experimentally are presented in Table

3.2.

Lc:7.5 cm

Fig. 3.6 Dimensions of simple cycle ofthe corrugated duct
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Table 3.2 Design details of corrugated GI air heater

Gross collector area 1878 mm x 1108 mm x 150 mm
Area of absorber 1790 mm x 1020 mm
Absorbing material Selective coated corrugated GI

sheet (22 SWG)Working fluid Air
Insulation material Rock wool
Insulation thickness (side and 44 mm
bottom)
Collector tilt angle 12°
Cover plate material Toughened glassDimension 1734 mm x 980 mmThickness 4 m
Number of cover glass OneMode of air flow Overflow
Centrifugal blower 335 WAir inlet area 440 mm x 45 mm
Air outlet area 2 440 mm x 45 mm

3.2.2 b) Overflow Galvanized Iron (GI) Collector without Baffles

A similar air heater without baffles and all other design features

exactly same as that of the above was also developed. This enabled the

comparison of overflow GI collector with and without baffles.

3.2.3 a) Overflow Aluminium Collector with Baffles

Fig. 3.7 shows the sectional view of the overflow baffled solar air

heater. The air is passed through the solar air heater having a rectangular

channel size of 1790 x 1020 x 97 mm} Selective coated 24 SWG plane

aluminium sheet acted as absorber plate and rock wool insulation was

packed bottom and sides of the absorber plate to suppress the heat losses. 4

mm toughed glass was used as glazing material. The air channel was formed
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Fig. 3.7 Sectional view of the overflow solar air heater with baffles

in between the absorber plate and transparent cover. Three baffles were

positioned in the air passage and it was attached to absorber plate. The

length of the baffle was 58 cm and it occupied 57% of collector’s width. The

air flow passage of the collector with baffles is given in Fig. 3.8. The height

of the baffles was 96 mm and it was positioned vertically upward pointing to

the glass plate. A plenum chamber was provided at the outlet of the collector

to stabilize the air flow out and it was connected to a centrifugal blower

having a capacity of 335 W. Design details of baffled aluminium collector

investigated experimentally are presented in Table 3.3 T
62: we so ‘est:
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Fig. 3.8 Air flow distribution inside the overflow solar air heater with baffles
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Table 3.3 Design details of overflow aluminium solar air heater

Gross collector area 1878 mm x 1108 mm x 150 mm
Area of absorber 1790 mm x 1020 mm
Absorbing material Selective coated aluminum sheet

(24 SWG)Working fluid Air
Insulation material Rock wool insulation
Insulation thickness (side and 44 mm
bottom)
Collector tilt angle 12°
Cover plate material Toughened glassDimension 1734 mm x 980 mmThickness 4 m
Number of cover glass OneMode of air flow Overflow
Centrifugal blower 335 WAir inlet area 440 mm x 45 mm
Air outlet area 440 mm x 45 mm

3.2.3 b) Overflow Aluminium Collector without Baffles

In order to compare the efficiency of the aluminium collector with

baffles, another collector was also fabricated with same materials and design

features. The performance of the collector was investigated and compared

with each other.

3.2.4 a) Double Passage Solar Air Heater with Baffles

An aluminium sheet of 24 SWG and 1900 mm X 900 mm size was

used as absorber plate with the top surface painted black. The gross area of

the collector was 2 m2 and the collector aperture area was 1.71 m2 The

passage of air was both above and underneath of the absorber. Above the

absorber plate, air passage was in between the glazing and absorber plate,

while it was in between the bottom plate and absorber plate, when it was

passing beneath the plate. The air enters from the top of the collector and
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flows over the absorber plate and passes down through the duct, which

provided on the bottom portion. Air leave the collector through the top after

it passes beneath the absorber plate. The depth of air channel was same for

both above and below the absorber plate and it was 5cm. The total air

channel depth of the collector was 100 mm (50 mm equally above and below

the absorber plate). 24 SWG aluminium sheet was used as bottom plate and

rockwool insulation was packed sides and beneath the bottom plate. The

thickness of insulation was 5 em both at the bottom and sides. 4 mm

toughened glass was mounted on the top as glazing. The space between the

absorber and the glass reduces the convective losses at the front side. The

outer body of the whole structure was covered with aluminium sheet.

Two baffles were provided in the air flowing area above the

absorber plate. Fig. 3.9 shows a sectional view of the double passage solar

air heater with baffles. The length of the baffles was 76 cm and distance

between the baffles was 63.3 cm. Baflle occupied 84% of co11ector’s width.

The baffles were attached to the absorber plate and it was pointed towards

the top glass. The schematic diagram of solar air heater with baffles is given

in Fig. 3.10.
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Fig. 3.9 Sectional view of the double pass solar air heater with baffles
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Fig.3.lO Schematic diagram of the double flow solar air heater with baffles

A plenum chamber was provided at the outlet of the collector to

stabilize the air flow out and it was connected to a centrifugal blower having

a capacity of 335 W. All possible air leakage from the side and bottom was

prevented by silicon sealant. Design details of double flow collector with

baffles investigated experimentally are presented in Table 3.4.

3.2.4 b) Double Passage Solar Air Heater without Baffles

In addition to the above type, a parallel study was also performed on

a similar double passage solar air heater without baffles. The dimensions of

the two collectors were exactly made identical.
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Table 3.4 Design details of double flow air heater

Gross collector area 2000 mm x 1000 mm x 150 mm
Area of absorber 1900 mm x 900 mm
Absorbing material Selective coated Aluminium sheet

(24 SWG)Working lluid Air
Insulation material Rock wool
Insulation thickness (side and 50 mm
bottom)
Collector tilt angle 12°
Cover plate material Toughened glassDimension 2000 mm x 1000 mmThickness 4 mm
Number of cover glass OneMode of air flow Double flow
Centrifugal blower 335 WAir inlet area 150 mm x 50 mm
Air outlet area 2 150 mm x 50 mm

3.2.5 Matrix Collector

The matrix collector was covered by a single, highly transparent 4

mm solar toughened glass plate, in order to reduce convective and long wave

radiative losses to the atmosphere. The choice of single glazing was because

of maximizing the radiation impact on the absorber surface and also to

reduce cost. The gross area of the collector was 2 ml and the collector

aperture area was 1.74 ml Rock wool was used as insulation material and

the thickness of insulation was 4.4 cm at the bottom and sides. The size of

the air channel was l9l x 91 x 10 cm. The inner side surface and bottom

wall were covered by 24 SWG aluminium sheet. The air channel depth of

the collector was 10 cm. Selective coated G.I. wire mesh was used as

absorber. The position of absorber was diagonally inside the box and air

enters through the top of the absorber, and leavs through the bottom. Fig.

3.1 1 shows the schematic diagram of the matrix air heater. The outlet of the
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solar air heater was connected through a trapezium to a centrifugal blower.

The absorber matrix consisted of two parallel sheet of G.I. mesh (20 meshes

per linear inch) of known physical characteristics (Table 3.5). The spacing

between the layers was 8 mm. The solar radiation transmitted through the

cover glass is absorbed mainly on the surface of the black painted mesh and

transferred by convection to the air flowing through it. Considerable

advantage of this type of material is that the geometry as well as the material

is free to be chosen from a wide range of commercially available material,

yielding ideal prerequisites for absorber materials. Design details of matrix

collector investigated experimentally are presented in Table 3.6.

Toughened Gus ——a\ _ GI W-In Mm‘ FAir in ' ‘
Rockwuul lnsullliun .. . Al " PI I

AlunImunICIsmg mmlmm 2“

ALL DINIENSIOXS ARE IN .\l.\l

Fig. 3.1 1 Schematic diagram ofthe matrix solar air heater

Table 3.5 Physical properties of absorber matrix with specifications

Absorber Meshes Meshes Wire diameter Porosity Packing
Matrix per in. per cm painted (d) of bed surface area

(P) (m) (Ap) 011‘)

G1 mesh 20 x 20 7.8 x 7.8 0.27 0.946 3.24
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Table 3.6 Design details of matrix solar air heater

Gross collector area 2000 mm x 1000 mm x 150 mm
Area ofabsorber 1912mmx9l2mm
Absorbing material Selective coated GI wire

mesh (20 mesh)Matrix thickness 8 mmWorking fluid AirInsulation material Rock wool
Insulation thickness (side and 50 mm
bottom)
Collector tilt angle 12°
Cover plate material 4 mm Toughened glassDimension 2000 mm x 1000 mmThickness 4 m
Number of cover glass One
Mode of air flow Downward through the matrix
Centrifugal blower 335 WAir inlet area 150 mm x 100 mm
Air outlet area 150 mm x 100 mm

3.3 Other Materials/Components Used
3.3.1 Selective Coating

For efficient collection of solar energy, it is desirable that the
absorber surface should absorb maximum amount of incident solar radiation

while emit less radiation. A selective surface has high absorptance for short

wave radiation (less than 2.5 pm) and low emittance for long wave

radiation (more than 2.5 ,u m). In the present work, black chrome selective

coating, the most successful and stable selective surface was used for

absorber coating in copper collector. The reported absorptivity and

emissivity of the material is 0.95 and 0.08 respectively. Except for copper

collector, the composition of selective paint used in all other collectors tested

is Copper oxide (CuO), Ferric Oxide (Fe3O4), and Manganese dioxide

(MnO3) and its absorpitivity is 0.93.
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3.3.2 Cover Plate

The characteristics of cover plate through which the solar energy is

transmitted are extremely important in the functioning of solar collector. The

functions of cover plate are: ( 1) to transmit maximum solar energy in the

absorber plate; (2) to minimize upward heat loss from the absorber plate to

the environment; (3) to shield the absorber plate from direct exposure to

weathering. The most critical factors for the cover plate materials are the

strength, durability, non-degradability and solar energy transmittance.

Tempered glass of 4-mm thickness was used as the glazing material in all the

collectors fabricated and its transmissivity is 92%. Tempered glass is the

most common cover material for collectors because of its proven durability

and stability when exposed to UV radiation. A properly mounted tempered

glass cover is highly resistant to breakage both from thermal cycling and

natural events. Glass cover also reduces the radiation loss from the absorber

plate because it is opaque to the longer wavelength IR radiation emitted by

the hot absorber plate. The space between the absorber and the glass reduces

the convective losses at the front side.

3.3.3 Insulation

Insulation is an important factor playing a very significant role in

minimizing the heat losses from lower surface of the collector plate and from

the lateral edges of the collector. Rock wool was used as insulation material

by packing beneath and sides of absorber plate of all the collectors tested.
The thickness of insulation used was 44 mm and 50 mm. The desired

characteristics of an insulating material are: low thermal conductivity,

stability at high temperature (up to 200°C), no degassing upto around 200"C,

ease of application, etc. The density of rock wool insulation is 48 kg/m3 and

its thermal conductivity is 0.044 W/m°C.
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3.4 Performance Equation

The performance of a flat-plate collector operating under assumed

steady-state conditions can be described by the following relationship [13,

24].

3" =1(m), —U, (T, — T,) (3.1)

If one introduces the parameter called collector heat removal factor, FR [7],

Eq. (3.1) can be rewritten as

% = FR i(m), — FRUL (T, — T3) (3.2)
C

Then the collector efficiency, I], can be written from Eq. (3.1) and Eq. (3.2),

27 = [hat -Ui.[T” 7”] J (3.3)
01'

77 =FR|:(Ta)e -U,.[3_—T"]] (3.4)1

35

However, for solar air heaters taking in air at ambient temperature (T, = Ta),

it is advantageous to utilize the following equation for thermal efficiency [7,

24]

n =Fo[(ra)t -U,_(T° _T"  (3.5)I

where A is the area of the collector (m2), Q“ is the useful heat gain rate of

the collector (W), F0 is the heat removal factor referred to the outlet

temperature, I7is the overall efficiency of the collector, FR is the heat
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removal factor related to the inlet temperature, 2' is the transmittance of the

glass cover for direct radiation at nonnal incidence, a is the solar

absorptance of the absorber plate for direct radiation at normal incidence,

(101),, is the effective transmissivity-absorptivity product, UL is the collector

heat loss coefficient between the absorber plate and the atmosphere

(W/mzk), including allowances for side and rear losses, I is the intensity of

solar radiation (W/m2) Ta is the ambient temperature (°C), T, is the inlet

temperature of air (°C), To is the outlet temperature of air (°C) and Tp is the

average temperature of the absorber surface of the solar collector (°C)

0 i
Eq. (3.5) indicates that a plot of efficiency against ( J will result in a

straight line whose slope is FOUL and ordinate axis-intercept is F0 (101),; if

F0, UL and (ta), are not very strong functions of operating parameters like

mass flow rate, intensity of solar radiation, ambient temperature, and wind

velocity variations. This approach, similar to the one conventionally used for

solar flat-plate collectors, undoubtedly, assumes that the dependence of F0 on

mass flow rate which positively exists, is weak.

Furthermore, considering that the perfonnance can be expressed by

another equation, containing the temperature gain produced by the collector

and expressed as

_mCp(To—T,.)I (3.6)
Where m is the mass flow rate per unit collector area (kg/mzh) and Cl, is the

specific heat of air (kJ/kg°C). Thus, by measuring the air flow rate, solar

intensity at the inclined plane, outlet and inlet air temperatures of the heater,

one can find the efficiency.
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Thus Eq. (3.5) and (3.6) can be represented on a single diagram

having the same quantities as the abscissa and ordinates [17]. For a given

collector, this diagram shows the typical performance parameters, Hand

0T —T.

as a function of mass flow parameter In to represent Eq. (3.6)

and as a single regression straight line plot to represent Eq. (3.5)

The pumping power can be calculated from the measured pressure drop

across the system using the following equation.

mPP= — 3.75. ( )f

where AP is the pressure drop (Pa) and 5,. is the density of fluid (kg/m3)

3.5 Instrumentation and Measurement of Various Thermo
physical Parameters

The measured variables in all the experimental set-ups include solar

flux normal to the absorber surface, ambient air temperature, inlet and outlet

temperature, top glass temperature as well as the temperature of the absorber

plate at various points. The air mass flow rate was calculated from the output

air velocity. The pressure drop across the collector was monitored for

different air mass flow rate. The air was supplied to the units by centrifugal

blower.

Solar radiation intensity was measured with a calibrated
‘Solarimeter’, locally named Suryamapi (Central Electronics Limited, India),

having a least count of 2 mW/cmz with i 2% accuracy on the full scale

range of 0-120 mW/cmz Air velocity was measured with a ‘Digital thenno—

aneinometer’ (model. TA 35 made by Airflow, UK) with a range of 0.25 to

20 m/s. The accuracy of the anemometer is i0.1 m/s. A 0.5-HP centrifugal

fan was used to make the air flow through the collector. The velocity of the
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centrifugal blower was adjusted using an externally controlled regulator. The

temperatures of air at the inlet, outlet and at the top glass and absorber plate

were monitored using an LM 35 sensor. The sensor was connected to a

computer using an RS 232 interface through a 16-channel data logger, which

records the temperatures at the required points for every minute. The

pressure drop across the collector was measured by using a U—tube
manometer filled with water.

3.6 Experimental Procedure
The experiments were conducted on the terrace of Dept. of Physics,

Cochin University of Science and Technology, Kochi (9°57’N and 76°16’E).

The materials and the methods for performance evaluation are as follows.

The tests were conducted between 9.00 a.m to 5.00 p.m solar time. During

the experimental period, the following quantities were measured: ambient air

temperature, Ta; hot air outlet from the collector, To temperature of the top

glass, Tg: solar radiation, 1; inlet air temperature, T,; and air velocity through

the panel and mass flow rate, m

For every model of solar air heaters, two types of collectors - with

baffles and without baffles - were used for testing. In collector with baffles,

the air was made to flow in a zig-zag patteni. A 0.5-HP centrifugal fan was

used to make the air flow through the collector. The blower was connected

to the outlet of the solar air heater through a triangular section and duct. The

velocity of the centrifugal blower was adjusted using a manually controlled

regulator. The air mass flow rate was calculated from the measured velocity

at the output of the collector and the experiment was repeated with different

mass flow rates each day. The maximum and average temperatures were

recorded for each mass flow rate. The instantaneous and average efficiency

over the day for a particular mass flow rate was calculated.
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All the parameters were recorded in every 10 minutes. The

experiments were conducted for different mass flow rates for the two types

of experimental set up. The pressure drop across the collector was examined

for all the mass flow rates studied. Pumping power was calculated from the

measured value of pressure drop. Tests were conducted outdoors for all the

collectors under identical conditions on clear days. The flow rate was kept

constant for all the collectors during the experiment. The collector was

subjected to different mass flow rates like 20, 45, 70, 80. 100, and 130 kg/ml

h_. which cover the normal range of air flow rates [25,26]. An experimental

set up is shown in Fig. 3.12

Fig. 3.12 Experimental set up on copper collector

3.7 Performance Test, Results and Discussion
3.7.1 Underflow Copper Collector

The experimentally observed thermal perfonnance of the copper solar

air heater with and without baffles during the month of March to May 2006 in
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Kochi is presented here. The tests were conducted between 9.00 a.m to 5.00 p.m

solar time. Variation in the extent of increase in air temperature as a fiinction of

air mass flow rate for copper collector with baffles is shown in Fig. 3.13. As the

mass flow increased, the gain in temperature decreased. Maximum temperature

at the outlet was 876°C for a flow rate of 45 kg/mzh. The intensity of solar

radiation varied from 120 W/m2 to 970 W/m2 during the day, the average was

4.92 kWh/mzday. The appreciable rise in temperature (54.l°C above ambient)

was remarkable in this collector. Ambient temperature varied between 29.9°C

and 33.8°C during the experimental period. Fig. 3.14 shows the diurnal variation

in ambient, inlet, and outlet temperatures along with the intensity of solar

radiation incident at an angle 12°, for a mass flow rate of 45 kg/mzh. Table 3.7

gives the various environmental and perfonnance parameters of the copper air

heater with baffles. Maximum outlet temperatures were monitored for all the

mass flow rates, among which minimum temperature was observed for a mass

flow rate of 130 kg/mzh, at which the average efficiency attained its maximum

value of 63%. The average rise in temperature was above 10°C even at the

higher mass flow rates.

10 Itgm"h" so kg-n"h"

I2 13 1! 1|
Tune out day (h)..

BU

Terrpm=tum("C)

3 8 S 3 B‘ 11 1: 14 15 10119 10
Time of day (h)

Fig. 3.13 Variation of air temperature as a function of mass flow rate
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Fig. 3.14 Performance curve of copper collector with baffles for a mass flow
rate of 45 kg/mzh

Table 3.7 Enviromnental and performance parameters of copper air heater
with baffles

Flow rate Ambient temp Inlet air Max. rise in Overall Pressure
temp temp efficiency drop(kg/mzh) (°C) cc) <°c) (%) (Pa)

45 29.9-33.8 33.2-40.1 54.1 55 28
70 28.9-34.3 32.8-39.6 34 57 34
80 29.2-32.9 30.6-35.8 22.4 59 65
100 28.4-32.8 31.4-37.5 21.1 60 95
130 30.2-32.6 31.7-34.7 18.2 63 100

The results showed a substantial enhancement of thermal

performance of the collector with baffles. It is seen from Fig. 3.15 that

113



Cfiapter 3

the efficiency of air heater without baffles increased from 26% to 46% as

mass flow rate increased from 45 kg/mlh to 130 kg/mzh, whereas that

with baffles the corresponding increase was from 55% to 63%, a nearly

twofold increase particularly at lower mass flow rates. At higher flow

rates, the increase in efficiency was less, being only 37% more at a mass

flow rate of 130 kg/mzh. The high performance of the collector was due

to the provision of baffles, which increased the air fill factor: the winding

flow of air due to the baffles nearly doubles the distance over which the

air has to flow depending upon the number and dimension of baffles,
while in contact with a heated surface.

—a— With baffles
—C— Without baffles
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Mass flow rate (kgm”h")

Fig. 3.15 Efficiency as a function of mass flow rate in collectors with and
without baffles

The average temperature difference between the two types of

collectors is shown in Fig. 3.16. It can been seen that the average

temperature difference was more at low mass flow rates; as the mass flow

rate increased, the difference tended to be nominal. This was due to the
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increased convective heat transfer between the absorber plate and air at

high flow rates, which explains why the baffles made little difference at

high flow rates. The pressure drop across the collector was studied and the

pumping power required to operate the system was calculated. The study

showed that the difference in pressure drop between the two types of

collector was marginal (Fig. 3.17). It is obvious from the figure that as the

mass flow rate increases the pressure drop across the collector also

increases. The pumping power required to operate the system is

represented in Fig. 3.18. It is evident from the figure that pumping power

increases with pressure drop. The drop in pressure and the extent of

pumping power were comparable in both the collectors.
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Fig. 3.16 Average rise in temperature as a function of mass flow rate
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Fig. 3.17 Pressure drop across the collector as a function of air flow rates
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Fig. 3.18 Pumping power required as a function of mass flow rate
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3.7.2 Overflow Collector-Corrugated GI Sheet as Absorber Plate

The collector was subjected to different mass flow rates of 20, 40,

55, 80, 90 kg/mzh. The outlet air temperature for different mass flow rate is

represented in Fig. 3.19. Among the different mass flow rate studied, the

maximum temperature of 69.8°C was recorded for baffled collector for a

flow rate of 55 kg/mzh. The solar radiation reached a peak value of 1000

W/m2 during the same experimental period. The rise in temperature was

37.7°C above ambient. Fig. 3.20 shows the diumal variation of ambient,

inlet, and outlet temperature along with solar radiation intensity for a mass

flow rate of 55 kg/mzh. Ambient temperature varied between 30.1°C and

329°C during the day. The maximum value of temperature found to be

decreased when the mass flow rate was above 55 kg/mlh. Table 3.8

represents the various environmental and perfomiance parameters of the

collector. Minimum highest temperature was observed for a mass flow rate

of 90 kg/mzh, in which the average efficiency attained its maximum value of

67%. The average rise in temperature over the day was l9.53°C for a mass

flow rate of55 kg/mzh.
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Fig. 3.19 Variation oftemperature gain as a function of different mass flow
rates
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Fig. 3.20 Performance curve of corrugated collector with baffles for a mass
flow rate of 55 kg/mzh

Table 3.8 Environmental and performance parameters of corrugated GI air
heater with baffles

Flow rate Ambient temp Inlet air temp Max.Rise in Overall Pressure
temp efficiency drop(kg/m’h> (“O (“Q cc) 0%) (Pa)

20 29.5-33.1 30.9-39.8 37.1 17.54 15
40 28.1-32.9 28.8-42.1 27.7 22.68 56
55 30.1-32.9 30.2-38.1 37 7 44 69
80 28.1-31.3 31.6-40 27.7 47 89
90 29.7-31.5 318-42.6 22.0 67 90

Comparison of conugated GI collector with and without baffles and

identical design features were investigated in the same test facility. The
evaluation of the results of collector with and without baffles showed a
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substantial enhancement in the thermal performance of the collector with

baffles. An efficiency curve with varying mass flow rate for corrugated

collector with and without baffles is given in Fig. 3.21. It is seen form the

above Figure that the efficiency of air heater without baffles increased from

17.2% to 43% as mass flow rate increased from 20 kg/mzh to 90 kg/mzh. But

in the case of collector with baffles, corresponding increase was from 17.5%

to 67%. At low mass flow rates, the difference in efficiency was comparable

but it was found that a remarkable increase in efficiency for collector with

baffles over without baffles at high mass flow rates. The average efficiency

value of collector without baffles took a linear growth but there was a sharp

increase in efficiency for collector with baffles, when the mass flow rate

increased beyond 40 kg/mzh.
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Fig. 3.21 Efficiency as a function of mass flow rate for corrugated collector
with and without baffles

Fig. 3.22 shows the comparison results of maximum hot air outlet

temperatures of both the collectors. The maximum temperature rise of 62°C
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was monitored for collector without baffles, which was at a mass flow rate

of 20 kg/mzh. The reduction in temperature with increase in mass flow rate

was not substantial for collector with baffles and it was a noted advantage of

the designed collector. This was mainly due to the increase in convective

heat transfer due to the provision of baffles. The outlet temperature drop as a

function of increase in mass flow rate was rapid in the case of collector

without baffles.
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Fig. 3.22 Maximum temperature recorded for different mass flow rates for
collector with and without baffles

Study was conducted to find out the pressure drop across the

collector and the required pumping power to operate the system was

calculated out of it. Fig. 3.23 gives the variation of pressure drop in mm
of water versus the How rate of both the collectors. It was obvious from

the figure that, as the mass flow rate increased, the pressure drop across

the collector also increased. From the measured pressure drop, the

pumping power required to operate the system was calculated and it is

represented in Fig. 3.24. It is evident from the Figure that pumping power
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increases with pressure drop. It was noticed from the present study that,

the pressure drop of both the collectors at low and high flow rates, i.e.,

20&9O kg/mzh, was almost equal. The pressure drop for collector with

baffles increased considerably in the low mass flow rate region, while the

rise in pressure drop in the high flow region was comparable to the

collector without baffles. The temperature output and efficiency of the

collector with baffles was considerably good over without baffles with

equal pumping power.
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Fig. 3.23 Variation of pressure drop with air mass flow rates
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Fig. 3.24 Pumping power required as a function of mass flow rates

3.7.3 Overflow Collector-Alurninium as Absorber Plate

The different mass flow rates studied were, 20, 40, 55, 90 kg/mzh.

The temperature output of the collector was studied for different air mass

flow rates and the variation in air temperature gain as function of mass flow

is represented in Fig. 3.25. As expected, it was revealed from the study that

as the mass flow increased, efficiency of the collector increased. Among the

four mass flow rate studied, the maximum temperature of 709°C was

recorded for collector with baffles at a flow rate of 20 kg/mzh. The rise in

temperature was 37.8°C above ambient.

The solar radiation reaches a peak value of 980 W/m2 during the

same experimental period. Fig. 3.26 shows the diurnal variation of ambient,

inlet and outlet temperature along with solar radiation intensity, incident at

an angle 12° for a mass flow rate of 20 kg/mzh, in which the collector

achieved its maximum temperature. Ambient temperature varied between

29.5“C and 33.1°C during the day. The maximum rise in temperature came
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Fig. 3.25 Variation of temperature gain as a function of different mass flow rate
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Fig. 3.26 Perfonnance curve of overflow collector with baffles for a mass
flow rate of 20 kg/mzh

down when the mass flow rate kept above 20 kg/mzh. Table 3.9 represents

the various environmental and performance parameters of the overflow
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aluminium collector. Maximum temperature output for all the mass flow rate

was monitored, among which minimum temperature was observed for a

mass flow rate of 90 kg/mzh, in which the average efficiency attained its

maximum value of 45.1%. The average rise in temperature over the day was

25.33°C corresponding to the mass flow rate of 20 kymzh. The evaluation of

the results of overflow collector with baffles than that of without baffles

showed a significant enhancement in the thermal performance of collector

with baffles. The provision of baffles caused an increased thermal

performance.

Table 3.9 Environmental and performance parameters of overflow
aluminium solar air heater with baffles

Flow rate Ambient Inlet air Max. rise in Overall Pressure
temp temp temp efficiency drop(kg/m”h (°C) (°C) 00) mo (Pa)

20 29.5-33.1 30.9-39.8 37.8 18.9 10
40 28.7-32.9 33.1-42.1 30.9 23.9 32
55 28.1-31.3 31.6-40.0 28.9 33.2 48
90 29.7-31.5 31.8-42.6 27.6 45.1 93

Efficiency curves with varying mass flow rate for the two collectors

tested are given in Fig. 3.27. It is seen form the above Figure that the

efficiency of overflow solar air heater without baffles increased from

13.14% to 40.21% as mass flow rate increased from 20 kg/mzh to 90 kg/mzh.

But in the case of collector with baffles, corresponding increase was from

18.9% to 45.1%. The enhancement in efficiency of collector with baffles

over without baffles collector was 12.21% at higher flow rate.
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Fig. 3.27 Efficiency vs. mass flow rate for overflow aluminium collector

Fig. 3.28 shows the comparison results of maximum hot air outlet

temperatures of baffled and unbaffled collectors. Maximum outlet hot air

temperature of 62.9“C was monitored for unbaffled collector, which was at

the same mass flow rate of baftled collector attained its maximum

tempcrature.i.e., 20 kg/mzh. The maximum temperature obtained for

overflow collector with baffles was higher than that of collectors without

baflles for high and low mass llow rates. As seen in the earlier case, the

reduction in temperature with increase in mass flow rate was not appreciable

for collector with baffles. It finds a wide variety of application in the

industries for producing more thermal energy without significant reduction

in hot air temperature. This was mainly due to the increase in convective

heat transfer due to the provision of baffles. The outlet temperature drop as a

function of increase in mass flow rate was abrupt in the case of collector

without baffles.
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Fig. 3.28 Maximum temperature recorded for different mass flow rates for
both collectors with and without baffles

A study was carried out to find out the pressure drop across the

collector and the required pumping power to operate the system was

calculated out of it. At lower mass flow rates, the pressure drop for both

the cases was same and at high mass flow rates, the pressure drop of

collector with baffles was higher than that of without baffles. Fig. 3.29

gives the pressure drop (in mm of water) for different mass flow rates of

both the collectors. The pressure drop across the collector increased with

increase in air mass flow rate. From the measured pressure drop, the

pumping power required to operate the system was calculated and it is

represented in Fig. 3.30. It is evident from the figure that pumping power

increased with pressure drop. It was noticed from the present study that

the pressure drop of both the collectors for both the low and high flow

rates, ie., 20&90 kg/mzh, was almost equal. The noted feature is that the

temperature output and efficiency of collector with baffles were

considerably good over collector without baffles with equal pumping

power in the lower mass flow rate. This implies that without any
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additional expenses for pushing external air through the air heater, the

collector with baffles can be replaced by collector without baffles for low

air mass flow rate in order to achieve its best performance.

A with baffle
without baffle

100
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40

20
Pressura drop (Pa) 0 . . . . . . . i10 20 30 40 50 60 70 80 90 100

Air mass flow rate (kgm'zh")

Fig.3.29 Pressure drop as a function of air flow rate
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Fig. 3.30 Pumping power required as a function of mass flow rate
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3.7.4 Double Flow Collector-Aluminium as Absorber Plate

The different mass flow rates studied were, 40, 55, 72, 95, 120

kg/mzh. The temperature output of the collector was monitored for different

mass flow rates and the variation in air temperature gain as function of mass

flow is represented in Fig. 3.31. Among the different mass flow rate studied,

the maximum temperature of 70.4°C (35.6°C above ambient) was recorded

for a flow rate of 72 kg/mzh. The solar radiation reached a peak value of

1040 W/m2 during the same experimental period. The maximum rise in

outlet temperature of the collector was 35.6°C above ambient. Fig. 3.32

demonstrates the diurnal variation of ambient, inlet and outlet temperature

along with solar radiation intensity incident at an angle 12° for a mass flow

rate of 72 kg/mzh. Ambient temperature varied between 3 1 .3°C and 348°C

£70
2
3 6E
9 so

§
0 40I

30 9 12 I3 I4 15 16
Time of day (h)

2.. <==m~.vm~
E70

E60

E50
E 40
D

D30 v9 I3 14 15 I6 I79 I0
Time of day (h)

Fig. 3.31 Variation in air temperature gain as a function of different mass
flow rate

during the day. The maximum value of temperature decreased when the

mass flow rate was above and below 72 kg/mzh. Table 3.10 represents the
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various environmental and performance parameters of the double flow solar

air heater. Minimum highest temperature was observed for a mass flow rate

of 120 kg/mzh, in which the average efficiency attained its maximum value

of 80.5 %. The average rise in temperature over the day was 21°C for a mass

flow rate of 72 kgmzh. The average rise in temperature was above 15°C

even for the higher mass flow rate studied.

Ambient temperature
Inlet temperature
Outlet temperature

0 Solar radiation

80

. -,._ _ —1oooA’\ 70- ~. 0 I. No '- 5‘L. -300 g3 60~ ‘E’3 600 '9§ 50- ' EQ ‘UE &Q 40_ >400-— a
O30- J’ ~2oo ‘D

9 10 11 12 1'3 1'4 15 16 17
Time of day (h)

Fig. 3.32 Perfomiance curve of double pass air heater with baffles for a mass
flow rate of 72 kg/n1'h

A comparison of baffled double pass solar air heater with a similar

one without baffles and identical design features were investigated in the

same test facility. The thermal perfonnance of the collector with baffles was

better compared to collector without baffles. Efficiency curves with varying

mass flow rates are given in Fig. 3.33. The efficiency of double pass solar air

heater without baffles increased from 30% to 54% as mass flow rate

increased from 45 kg/mzh to 120 kg/mzh and while that of collector with

baffles, corresponding increase was from 42% to 81%. The enhancement in

efficiency of baffled air heater over unbaffled collector was 50% at high
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mass flow rate. Fig. 3.34 shows the comparison results of maximum rise of

air temperature above ambient that recorded at the outlet of both the
collectors tested.

Table 3.10 Environmental and performance parameters of double pass solar
air heater with baffles

Flow rate Ambient temp Inlet air temp Max. Overall Pressure
temp efficiency drop(kg/mzh) (°C) (°C) (°C) (°/o) (Pa)

40 30.0-32.7 30.6-35.3 65.4 41.65 30
55 30.2-32.6 31.7-34.7 63.2 43.63 35
72 31.3-34.8 31.8-37.7 70.4 60.43 55
95 29.2-32.9 30.6-35.8 57.6 70.34 68
120 28.4-32.8 31.4-37.5 56.5 80.50 80

—I—— With barrlej0 \V/iv!-Lout bafflesso - ' l
70 - I //

3 60 — //IC .
O.)E 50l.IJ ,/

4o —

30 — 0'///4
l\ I I .

40 50 60 70 B0 90 100 110 120 130
Mass flow rate (kgm"h")

Fig. 3.33 Efficiency vs. mass flow rate for the solar air heaters tested
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Fig. 3.34 Maximum rise in temperature as a function of mass flow rate

The pressure drop across the collector and the required pumping

power to operate the system was calculated for both the collectors. The

pressure drop measurement was carried out for 40, 55 and 95 kg/mzh. Fig.

3.35 gives the pressure drop across the collector in mm of water versus the

mass flow rate of both collectors. It was obvious from the figure that as the

mass flow rate increased, the pressure drop across the collector also

increased. At low mass flow rates, the pressure drop of double passage

collector with and without baffles was comparable and at higher flow rates

the difference was sizeable. From the measured pressure drop, the pumping

power required to operate the system was calculated and it is represented in

Fig. 3.36. It is evident from the figure that pumping power increases with

pressure drop. From the study it was revealed that the temperature output

and efficiency of the collector with baffles was considerably good over

without baffles with equal pumping power. The pumping power in the case
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of collector with baffles was more compared to without baffles.

difference was more at high mass flow rates.
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Fig. 3.35 Pressure drop as a function of air mass flow rate
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Fig. 3.36 Pumping power required as a function of mass flow rate
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3.7.5 Matrix Collector-GI Mesh as Absorber Plate

Tests were conducted outdoor under identical conditions on clear

days. The collector was subjected to different mass flow rates of 45, 60, 70,

80, 100 kg/mzh.

Among different mass flow rate analyzed, the maximum outlet

temperature of 76.6°C was recorded for 45 kg/mzh, which was the lowest

mass flow rate studied. The peak value of solar radiation monitored during

the test was 970 W/mz The maximum and average difference in outlet

temperature of the collector was high for the same mass flow rate. The

diurnal variation of outlet air temperature of matrix collector for all the mass

flow rate is given in Fig. 3.37. The appreciable temperature rise above

ambient (43.3°C at noon for m = 45 kg/mzh) was the noticeable feature of

the collector. Fig. 3.38 represents the diurnal variation of ambient, inlet and

outlet temperature along with solar radiation intensity incident at an angle

12° for a mass flow rate of 45 kg/mzh, in which the collector reached its

6 “° °=7°*a"""~ ‘
Q.’
2 70
::
15 soE so ‘u,p. I

40

9 ID :1 :2 :3 14 15 16 17 to n 12 13 14 15 I6 :7 n no 1: m :5
Time of day (h)

so. _°==° “em6
L 70
2

E so /'\\
g. 50I- 40

alum 11 I2 :3 14 15 15 1'7 9 10 H 12 13 14 I5‘
Time of day (h)

Fig. 3.37 Temperature outlet of matrix collector for different mass flow rate
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maximum outlet temperature. Table 3.11 represents the various

environmental and performance parameters of the matrix heater. Minimum

highest temperature was observed for a mass flow rate of 100 kg/mzh, in

which the average efficiency attained its maximum value of 71%. From the

data, it was obvious that as the mass flow rate increased, the temperature

output decreased. The average rise in temperature was above 15°C for all the

mass flow rates.

-3- Ambient temperature
— — Inlet temperature

‘ - - Oudeltemporature-0- Solar radlallon80 l
, _,T\ w‘ -100070 ‘ I . t'\.'I: >  "AK53 - . V-~-.\ - 800 g- 60 /\ . .‘ 3E . \ - . . E’3 - » \ \-. \ - 600 .9E 50 < /.7 ’ -. '\.\ I 5./ '° l“- ‘OE . ‘x l 5.2.1’ 40- . \ =1 ' 40° 5/ ‘ \ _ ‘ E. - B_ ‘ — — — ~ 111- W30 - T !'- L 200

l3 10 1'2 14 16
Time of day (h)

Fig. 3 38 Performance curve of matrix collector for a mass flow rate of 45
kg/mzh

It was observed from the Fig. 3.39 that the efficiency of the
collector increased from 53% to 71% as air mass flow rate increased from 45

kg/inzh to 100 kgmlh. A sharp increase in efficiency was observed with

mass flow rate beyond a particular value. The good performance of the

matrix collector was due to the geometrical parameters of absorber. The

difference in perfonnance of these absorber was attributed to difference in

values of effective volumetric thermal capacity, [ap Cp] of packing

materials absorbing direct solar radiation, heat transfer area, A (resulting
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from diameter of wires and mesh number), per unit volume of packing
materials and convective heat transfer coefficient.

Table 3.1 1 Enviromnental and perfonnance parameters of matrix air heater

Flow rate Ambient temp Inlet air temp Max. Rise in Overall Pressure
temp efficiency drop(kg/mzh) (°C) (°C) (°c) (%) (Pa)

45 29.9-33.8 36.5-40.1 43.3 52.55 24
60 28.9-34.3 32.8-39.6 31.3 49.61 31
70 30.2-34.1 31.4-39.2 29.6 53.10 38
80 29.5-33.4 33.1-39.0 28.3 60.88 48
100 29.6-33.6 31.0-37.8 7.3 71.31 85

L? Etfiencfl80  k
70

§
560
C
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E 50

40 I I I I I40 50 60 70 80 90 100
Mass flow rate (kg/mzh)

Fig. 3.39 Efficiency as a function of mass flow rate
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Comparison of maximum temperature rise over the day for different

mass flow rate is shown in Fig. 3.40. Maximum temperature rise was above

25°C even for the high mass flow rate studied, i.e., 100 kg/mzh. Pressure

drop across the system was monitored and the corresponding pumping

power was also calculated from it. Fig. 3.41 gives the pressure drop versus

mass flow rate of the matrix collector. It was obvious from the figure that, as

the mass flow rate increased the pressure drop across the collector also

increased. A steep rise in pressure drop for matrix collector was found, when

the mass flow rate increased from 80 kg/mzh to 100 kg/mzh. However, the

pressure drop for matrix collector was considerably less than conventional

collector at low mass flow rates. From the measured pressure drop, the

pumping power required to operate the system was calculated and it is

represented in Fig. 3.42. It was evident from the figure that pumping power

increased with pressure drop.

To 160
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10 L’ r l I I TI’40 50 60 70 B0 90 100
Mass flow rate (kglmzh)

Fig. 3.40 Maximum rise in temperature as function of mass flow rates
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Fig. 3.41 Variation‘ of pressure drop as a function of mass flow rate
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Fig. 3.42 Pumping power required as a function of mass flow rate
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3.8 Comparison of all Types of Solar Air Heaters Developed

The experimentally observed thennal performance of all the solar air

heaters developed with baffles is depicted in Fig. 3.43. In the figure, diurnal

variation of temperature for a mass flow rate in which the collector attained

its maximum temperature is shown. Among the different types of solar air

heaters tested, maximum outlet temperature was observed for copper

collector. The temperature attained was 87.6°C at 12.50 p.m for a mass flow

rate of 45 kymzh. The rise in temperature for copper collector of 54.1°C

(above ambient) was remarkable in this study. The average efficiency for the

same mass flow rate was 55%. The better then'na1 performance of copper

collector is probably due to the better convective heat transfer between the

copper absorber plate and air. The absorber plate was ‘selective coated black

chrome copper sheet’ which has high absorptivity. Besides, since the

collector was underflow type, the heated air flows out from the air heater is

not in contact with the glazing. Hence, there is little chance ofthe dissipation

of heat through glazing, which consequently brings down the air

temperature.

The second highest maximum temperature was recorded for matrix

collector, which was for the same mass flow rate in which the copper

collector attained its maximum temperature. i.e., 45 kg/mzh. The maximum

temperature attained was 76.6°C, which was above 43.3°C above ambient.

The overall efficiency calculated for this mass flow rate was 52.55%.

As seen from the above Figure, the maximum temperature attained

for overflow aluminium collector, corrugated GI collector and double

passage collector was 70.9°C, 69.8°C and 704°C, respectively. This

temperature was for corresponding flow rates of 20, 55 and 72 kg/mzh. Low

temperature output of the overflow collector compared to the underflow
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collector is due to the high heat losses through the transparent cover to the

ambient.

Copper collector (45kgm'2h")
9 Overflow-aluminium (2Okgm'2h‘1)
Corugated GI (55kgm'2h'1)
V Double passage (72kgm'2h")
0 Matrix (45kgm'2h’1)
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Fig. 3.43 Maximum outlet temperature for all the collectors with baffles

The average efficiency calculated for three specific mass flow rates

is given in Fig. 3.44. At low mass flow rate studied, say 45 kg/mzh, the

highest value of efficiency was calculated for underflow copper collector

while double flow collector with baffles scored maximum efficiency at high

flow rates (120 kg/mzh). Overflow collector without baffles proved to be the

least efficient for both low and high mass flow rates. The efficiency of both

low and high mass flow rates for overflow corrugated GI collector and

overflow aluminium collector was almost equal. The efficiency of matrix

collector was always on the higher side for low and high mass flow rates and
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matrix collector emerged as the second highest efficient collector, afier

copper collector for both low and high mass flow rates.

I Double passage with baffle
0 Double passage without baffle
A Underflow without baffle
V Underflow with baffle
O Overflow without baffle
4 Overflow with baffle
> Matrix
0 Corrugated overflow without baffle80 — '

70 —

:\; 60 - ,g,V . _
E 50 '3 ' T f 3E 40 - 7/1- 7* 0- A

30 - 3_ A1

20 — °I I ' I I ‘7 I I I I ‘T I40 50 60 70 80 90 100 110 120 130
Mass flow rate (kgm'2h'1)

Fig. 3.44 Efficiency ofthe collector with mass flow rates

The diurnal variation of cover glass temperature of all the collectors

tested is depicted in Fig. 3.45. The graph is plotted for collector with baffles

for a [low rate of 80 kg/mzh. The average glass temperature recorded was

least for underflow copper collector, and double flow collector, it was

second least. The average temperature of cover glass of underflow copper

and double flow collectors were 36.7°C and 40.50°C, respectively.

Temperature monitored for matrix, overflow aluminium and overflow GI

collectors were almost equal and the value was around 44°C. The minimum

glazing temperature recorded for underflow copper collector was due to flow

of hot air beneath the absorber plate and not in contact with the top glass.

But in the case of overflow collector, since the air flows between the

140



(Design am{d'e-ve&)pment qfvafioux types of sohr air /-ieaterx

absorber plate and the transparent cover, the cover receives much of the heat

and in turn, losses it to the ambient. A substantial amount of heat is lost to

the ambient in this collector and reduces overall perfonnance. In double flow

solar air heater, the absorber plate is cooled by air stream flowing on both

sides of the plate and top heat loss is reduced.

I Underflow copper
Matrix

A Double flow
V Overflow aluminium
0 Overflow GI

52

48 ' & .._{ .. ! I Q I I“‘ 44 '-.° ‘P0 ‘ .0g 40 — ..- _ ~.. "5 - * I §_ - I %36 _ -3- I '- -I I I_ Il- i "' I3228 I I I I ' I9 10 11 1'2 1'3 ' 1'4 15 16 I 17
Time of day (h)

Fig. 3.45 Diurnal variation in top glass temperature ofall the collectors
tested for a mass flow rate of 80 kg-"n1‘l1

3.9 Conclusion

The study proved that solar air heaters with copper as absorber plate

and two air channels [one for flowing air and the other for still air] with the

provision of baffles efficiently to promote turbulence, exhibited high heat

transfer coefficient and efficiency. For the same air flow rate (45 kgmzh),

the average efficiency of the collector without baffles was 26%, whereas that

of the collector with two baftles was 55%. The instantaneous efficiency

recorded while the collector reached its maximum temperature, was 88%.
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The maximum temperature difference was 54.l°C for a flux of 930 W/m2

The results exemplified, as expected, that a collector with longer air path

having air flow under the absorber plate performed better. The additional

electrical power required to push the air through the copper collector fitted

with baffles was minimal, proving that the collector with baffles scored on

every count.

Comparison of the results of matrix collector with plane collectors

except underflow collector with baffles, showed a substantial enhancement

in thermal efficiency as a result of using selective coated double layered GI

wire mesh as absorber. The maximum rise in temperature above ambient

was 43.3°C, when the system was subjected a flow rate of 45 kg/mzh and the

temperature recorded was appreciably high. The study conducted to

delemiine the pressure drop and corresponding pumping power showed that

both the values were smaller for matrix collector. The matrix collector

exhibited an improved thermal performance with higher heat transfer rates to

the air flow and lower friction losses compared to flat plate air collectors of

conventional design.

The enhancement in efficiency of double passage air heater with

baffles over without baffles was above 50% at high mass flow rate and it

was nearly double than that of overflow collector for all the mass flow

rates. The study revealed that the overflow collector, the maximum rise in

temperature was least for all the mass flow rates. The experiment on all

other solar air heaters developed in the facility proved that the provision

of baffles in solar air heater is a simple method to enhance thermal

efficiency.
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DESIGN AND PERFORMANCE STUDY OF A

SOLAR AIR HEATING SYSTEM FOR FOOD

PROCESSING INDUSTRIES

4.1 Introduction

Food preservation can reduce wastage of a harvest surplus, allow

storage for food shortages, and in some cases facilitate export to high-value

markets. Preservation of fruit and vegetables is essential for storing them for

a long time without deterioration. Preserving fruits, vegetables, grains, meat,

spices, etc. has been practiced in many parts of the world for thousands of

years. Methods of preservation includes: canning, refrigeration, curing

(smoking or salting), chemical treatment and drying. Drying is perhaps the

oldest and most common method ofpreserving the food materials. Drying or

the removal of moisture is an energy intensive operation applied in both

agriculture and industrial sectors of any economy. Drying of various

feedstocks is needed for one or several of the following reasons: easiness to

handle free-flowing solids, preservation and storage, reduction in cost of

transportation, achieving desired quality of product, etc. In many processes,

improper drying may lead to irreversible damage of product quality and

hence a non salable product. Drying is an essential operation in the chemical,

agricultural, biotechnology, food, polymer, ceramics, pharmaceutical, pulp

and paper, mineral processing, and wood processing industries [1].

Drying is a complicated process involving simultaneous heat and

mass transfer. Drying of fami produce is an energy intensive operation, and

improving energy efficiency by only 1% could increase the prolits by 10%

[2]. It has been a topic of many research studies necessary for process
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design, optimization, energy integration, and control. Drying of solids

commonly describes a process of thermally removing volatile substances

(moisture) to yield solid product. When a wet product is subjected to drying,

two processes occur simultaneously: a) transfer of energy from the drying

medium to the material to be dried and b) transfer of moisture from the

material to the drying medium [3]. Drying of fruits and vegetables demands

a special attention, as these are important sources of vitamins and minerals.

Fruits and vegetables have gained commercial importance and their growth

on a commercial scale has become an important sector of agriculture

industry. Production of processed fruits and vegetables is also increasing.

Most fruits and vegetables contain more than 80% water and these are,

therefore, highly perishable. Post-harvest losses in the developing countries

like India are estimated to be 30%—40% in the case of fruits and vegetables

[4]. The need to reduce post harvest losses is of paramount importance as far

these countries as concemed. This calls for innovation of adequate

preservation method.

Artificial drying of foodstuffs is an important method of
preservation and production of a wide variety ofproducts. Such materials are

generally characterized by high initial moisture content, high temperature

sensitivity (i.e., colour, flavour, texture and nutritional value subject to

thennal deterioration), high susceptibility to microbial attack and presence of

a ‘skin’ (e.g. fruits like grapes or tomato) which has poor permeability for

water or moisture. It is clear from the above list that drying of foodstuffs is

necessarily a slow energy consuming process carried out under gentle drying

conditions leading to large dryers for a given throughput [5].

Open sun drying is practiced widely in tropical countries since

ancient times. Considerable savings can be obtained with this type of drying

since the source of energy is free and renewable. In traditional open sun

drying where the product is directly exposed to sun in the open air, the
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necessary heat required for moisture removal is supplied from the sun and a

little from the ambient air and wind and the natural convection disperse

water vapour. However, this process is unhygienic and extremely weather

dependent. Moreover it has the problem of contamination, infestation,

microbial attack, spoilage due to rain, etc. Also, the required drying time for

a given commodity can be quite long [6]. As a result, new drying methods

with conventional heat sources have been widely developed and used in

order to solve these problems. The high operating cost of the drying system

based on fossil fuel and electrical energy makes them less attractive to many

users.

Wherever feasible, solar drying ofien provides the most cost

effective drying technique. Solar drying is considered as one of the most

promising techniques for food preservation [7]. Escalating price of

petroleum products and the shortage of fossil fuels have led to increased

emphasis on using solar energy as an altemative energy source especially in

developing countries like India. Apart from the rise in energy costs,

legislation on pollution and sustainable/eco-friend]y technologies have

created greater demand for energy efficient drying processes in food

industries. The food processing industries can have economic savings by

avoiding wastage of costlier energy. The solutions involving solar energy

collection devices or solar dryers have been proposed to utilize free,

renewable and non-polluting energy provided by the sun. Solar dryers can

reduce crop losses and significantly improve the quality of the dried product

[8]. However, solar drying systems must be properly designed to match

particular drying requirements of specific crops, which can increase the

efficiency of a system. In recent years, several designs of solar dryers have

been proposed in the developing countries and a good deal of work is still in

progress [9—l 8].
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4.2 Classification and Selection of Dryers

Drying techniques may be divided into six general categories based

on the way the food is heated. Open air or unimproved, solar drying takes

place when food is exposed to the sun and wind by placing it in trays, on

racks, or on ground. Although the food is rarely protected from predators

and weather, in some cases screens are used to keep out insects, or a clear

roof is used to shed rain. Direct sun dryers enclose food in a container with a

clear lid, such that sun shines directly on the food. In addition to the direct

heating of the solar radiation, the green house effect traps heat in the

enclosure and raises the temperature of the air. Vent holes allow for air

exchange. Indirect sun dryers heat fresh air in a solar collector separate from

the food chamber, so the food is not exposed to direct sunlight. This is of

particular importance for foods which loose nutritional value when exposed

to direct sunlight. Mixed mode dryers combine the aspects of direct and

indirect types; a separate collector pre-heats air and then direct sunlight adds

heat to the food and air. Hybrid dryers combine solar energy with a fossil

fuel or biomass fuel such as rice husks. Fueled dryers use conventional fuels

or utility supplied electricity for heat and ventilation.

4.3 Comparing Solar Drying with other Options

When one considers solar drying, it has to be compared with other

options available. In some situations open-air drying or fueled dryers may be

preferable to solar. Solar drying will only be successful if it has a clear

advantage over the current practice. Table 4.1 lists the primary benefits and

disadvantages of solar drying when compared with traditional open-air

drying, and then with the use of fueled dryers.

The above comparison will assist in deciding among solar, open-air,

and fueled dryers. The local site conditions will also play an important role
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in this decision. Some indicators that solar dryers may be useful in a specific

location include

1. Conventional energy is unavailable or unreliable

.U‘:“f~*’.'\’

Plenty of sunshine

Quality of open-air dried products needs improvement

Land is extremely scarce (making open sun drying unattractive)

Introducing solar drying technology will not have harmful socio

economic effects

Table 4.1 Solar dryers compared with open-air and fuel drying

Type of drying Benefits (+) & Disadvantages (-) of Solar Dryers
Solar vs. Open-air + Can lead to better quality dried products, and better

market prices
+ Reduces losses and contamination from insects, dust

and animals
+ Reduces land required (by roughly 1/3)
+ Some dryers protect food from sunlight, better

preserving nutrition and colour
+ May reduce labour required
+ Faster drying time reduces the chances of spoilage
+ More complete drying allows longer storage
+ Allows more control (for example, sheltered from

rain)
- Comparatively more expensive

In some cases, food quality is not significantly
improved
In some cases, market value of food will not be
increased

Solar vs. Fueled + Prevents fuel dependence
+ Operating cost is almost zero
+ Often less expensive
+ Reduced environmental impact
- Requires adequate solar radiation
- Hot & dry climates preferred

In some models, greater difficulty in controlling
process, may result in lower quality product
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Some useful criteria for selecting solar dryers- If the use of solar

dryers appear favouarable, the next step is to consider which type of solar

dryer is to be used. Table 4.2 presents four general categories of solar dryers

along with advantages and disadvantages of each. The decision of whether

solar, open—air, or fueled dryers are best may be made according to the

criteria in Table 4.1. If solar drying is the best option, Table 4.2 and the

selection criteria given may be used to choose a dryer.

Table 4.2 Advantages and disadvantages of the four types of solar food
dryers

Classification Advantages Disadvantages
Direct Sun Least expensive UV radiation can damageSimple food
Indirect Sun Products protected from

UV
Less damage from

temperature extremes

more complex and
expensive than direct sun

Mixed Mode Less damage from UV radiation can damage
temperature extremes food

more complex and
expensive than direct sun

Hybrid ability to operate without expensive
sun reduces chance of food
loss
allows better control of
drying
fuel mode may be up to 40
times faster than solar

may cause fuel dependence

4.4 Basic Principles

Drying is a complex operation involving transient transfer of heat

and mass along with several rate processes, such as physical or chemical

transfonnation, which, in tum, may cause changes in product quality as well

as the mechanisms of heat and mass transfer. Physical changes that may

occur include: shrinkage, puffing, crystallization and glass transitions. In
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some cases, desirable or undesirable chemical or biochemical reactions may

occur leading to changes in colour, texture, odour or other properties of the

solid product [3].

Drying occurs by effecting vaporization of the liquid by supplying

heat to the wet feedstock. As noted earlier, heat may be supplied by

convection (direct dryers), by conduction (contact or indirect dryers),

radiation or volumetrically by placing the wet material in a microwave or

radio frequency electromagnetic field. Over 85 percent of industrial dryers

are of the convective type with hot air or direct combustion gases as the

drying medium. Over 99 percent of the applications involve removal of
water.

Transport of moisture within the solid may occur by any one or more of the

following mechanisms of mass transfer [l9]:

1. Liquid diffusion, if the wet solid is at a temperature below the boiling

point ofthe liquid

2. Vapour diffusion, ifthe liquid vaporizes within material

3. Knudsen diffusion, if drying takes place at very low temperatures and

pressures, e.g., in freeze drying

4. Surface diffusion (possible although not proven)

5. Hydrostatic pressure differences, when internal vapourization rates exceed

the rate of vapour transport through the solid to the surroundings

6. Combinations of the above mechanisms

Note that since the physical structure ofthe drying solid is subjected

to changes during drying, the mechanisms of moisture transfer may also

change with elapsed time ofdrying.

4.5 Design Consideration

Strictly speaking, no design procedure that can apply to several of

the dryer variants is possible. It is essential to reven to the fundamentals of
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heat, mass and momentum transfer coupled with knowledge of the material

properties (quality) when attempting design of a dryer or analysis of an

existing dryer. Mathematically speaking, all process involved, even in the

simplest dryer, are highly nonlinear and hence scale-up of dryers is generally

very difficult. Experimentation at laboratory and pilot scales coupled with

field experience and know-how is essential to the development of a new

dryer application.

The principal objective in a drying operation is to supply the

required heat in an optimum manner to yield the best quality product with a

minimum overall expenditure of energy. It is known that relatively modest

increase in ambient temperature and air flow in the produce will reduce the

drying duration and give high quality product. A properly designed solar

dryer can successfully be used to produce hygienic and quality food product

that can compete with conventional dryer products with the added advantage

of saving fossil fuel. A number of designs of natural/forced convection solar

dryers are now available, but the market penetration of solar dryers is very

poor. Some of the barriers of the large scale deployment are due to the non

awareness of the various technicalities involved and lack of good design to

satisfy the requirement. Also the commercial units available are few, often

badly designed with no parametric optimization. It needs an urgent measure

of designing solar dryers which are cost effective, gives satisfactory

performance and meets the particular requirements of different types of

produce. Keeping all the design constraints in mind, a solar air heating

system for drying 200 to 250 kg fresh fruits/vegetables was fabricated and

installed at a Food Processing Centre in Kerala. The courses of

investigations carried out on pilot model air heaters described in chapter 3

helped to undertake and materialize of the project. The drying system

installed essentially consisted of three components viz., solar air heater to

collect the energy from the sun, a drying chamber to hold the material to be
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dried and a duct for the passage of hot air from the solar air heater to the

dryer. The design and fabrication details are illustrated with the help of

engineering drawings. Through this design, an attempt has been made for

1. Identification and selection of various materials and their integration

to build an ideal solar drying system

2. The selection of component to meet the best collector design

requirements and best fabrication techniques.

3. The most economic, efficient, and operating mechanism

4. Large scale proliferation of solar air heating technology for drying

applications

To make a solar dryer techno economically feasible one must take into

account the thermo-physical aspects of the system. These refer to all heat,

mass and humidity calculations and fix the major parameters like the

quantity of air required, mass of moisture removed from the produce, rise

and fall of air temperature, amount of energy required, etc. The mechanical

design consideration concentrates on fixing the mechanical details of the

drying chamber and collector. Mechanical design studies are regarding

materials for solar air heater fabrication, cabinet size, tray volume, number

of trays, size of ducting and cladding, etc. The other design parameters that

should be taken into account are geographical location, local climatic

conditions, types of materials to be dried, available solar flux, etc. The

design consideration for the drying system i.e., the solar air heater used to

supply hot air, drying chamber and ducting are discussed here separately.

4.5.1 Design Consideration for Solar Drying Chamber

The major design parameters of a drying chamber are

a) quantity of product to be dried per batch or day and size of the

drying cabinet to hold the material

b) capacity ofthe dryer (kg/batch)
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c) system for loading and unloading the material

d) materials for dryer cabinet and tray construction

e) arrangement to pass hot air through the material to be dried

f) effective circulation and recirculation of hot air through the dryer

g) a vent through which the warm moist air to remove from the drying

chamber

4. 5.1.] T hermodynamical aspects

Based on the thermodynamical aspects, the quantity of air needed for drying

a specified mass of the product was evaluated in this section. Two different

methods are employed here for these calculations. They are listed below:

(i) The psychrometric charts

The capacity of air for moisture removal depends on its humidity

and temperature. The study of relationships between air and its associated

water is called psychrometry. On the psychrometric chart, various properties

of moist air like dry and wet bulb temperature, dew point temperature,

relative humidity, humidity ratio and enthalpy become evident. When any

two of the three temperatures are known, i.e., dry-bulb, wet-bulb, or dew

point, all other properties can be determined from the psychrometric chart.

In this chart (Fig. 4.1), the humidity ratio is the ordinate and dry bulb

temperature is the abscissa. The upper curve of the chart is labeled wet bulb

and dew point temperatures. The other curves on the psychrometric chart

that are similar in shape to the wet bulb lines are lines of constant relative

humidity (%). The straight lines sloping gently downward to the right are

lines of constant wet bulb temperature. The interaction of a dry bulb and a

wet bulb line gives the state of the air for a given moisture content and

relative humidity. The amount of air needed for drying a particular quantity

of produce can be calculated using psychrometric chart.

(ii) The energy balance equation for drying

The energy balance is an equation that expresses the following idea
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mathematically: The energy available from the air going through the food

inside the dryer should be equal to the energy needed to evaporate the

amount of water to be removed from the crop. The removal of water from a

surface by evaporation requires an amount of heat equal to the latent heat of

evaporation of water plus a current of air moving over the surface to carry

away the water vapour produced. Hence the task in solar dryer is to calculate

and then achieve optimum temperature, T,~ and air flow, m, to remove the

specified amount of water, mw. So we have

m,, L = (Tr— Ti) ma Cp (4.1)
where mw = mass of water evaporated; L = latent heat of evaporation; ma =

mass of air circulated; Cp = specific heat of air; Tr , T; = final and initial

temperatures. The quantity of water to be evaporated is calculated from the

initial and desired final moisture content with the help of the following

equation

_ ll/I,.ln1,.—n1/.)n1“. — (4.2)
ll 00 — m ,.

where M; = initial mass ofthe sample,

mi, 111,- = initial and final moisture content

After these, the volume ofair can be detennined by using the gas laws

=  J  (4.3)In‘. ml, P
mnRT

P

where m“., the amount of water evaporated can be read from moisture ratio

l.C. Vair =
scale or can be calculated from the energy balance equation.

Because the vapour pressure of bound water in hygroscopic material is less

than saturation, the effect of bound water is also to be taken into account.
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Again, the latent heat value should be chosen to correspond to a very low

vapour pressure.

The equations can be employed for evaluating various parameters as

mentioned above. Here, these are made use of in calculating the quantity of

air needed for drying (ma) for various materials to be dried as given below.

4.5.1.1 (a) The quantity of air needed for drying

Pineapple was used for drying test in the developed system. The

quantity of air needed for d.rying pineapple by means of dehydration process

was estimated, both by using energy balance equation as well as by

psychrometric chart. The calculation details are discussed below:

a) From the psychrometric chart: The amount of air required to dry 1 kg of

pineapple from an initial moisture content of 80% (wet basis) to a final

moisture content of 10% was calculated using the psychrometric chart (Fig.

4.1). The ambient air is at a temperature of 30°C (T1) and Relative Humidity

(RH) of 50%. Ambient air is shown as point A on the psychrometric chart.

As the ambient air (Point A) is heated in the solar air heater, the air heats up

to 60“C (T2) and the RH drops to 15%, which is point B on the

psychrometric chart. The path A-B represents the heating of the air in the

solar collector, keeping a constant humidity ratio and hence moving parallel

to the dry bulb temperature axis. As the heated air passes through the drying

chamber, it picks up moisture from the pineapple and cools down, moving

along the curve of wet bulb temperature. The path B-C represents the change

in the state of the air as it passes through the drying material. The point D,

with temperature 36.4°C (T3) and humidity ratio 0.0240, represents the end

of the process. The humidity ratio rose from 0.0135 (point B) to 0.024 (point

D). The difference (0.024 - 0.0135 = 0.0105) is the amount of water (kg

water vapour per kg of dry air) carried away from the pineapple by the air.
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The amount of water to be extracted from 1 kg of pineapple, calculated from

Eq. (4.2) is 0.777 kg.

The mass of air needed = 0.777/0.0105 = 74 kg

The weight of dry air (ma) can be transformed to volume (V) using the

following expression

PVa,, = m,,RT (4.5)
Where P = 101.3 kPa (normal barometric pressure at sea level), and

T = 309°1< (36"C), R = 0.291 kPa m3/kg K, m, = 74 kg, then

ma R T

2 P
where R is a constant factor, equal to 0.291 kPam3/kg°k; T is the

Vair

Tem erature (°K); Vm, is the volume of air ms); P is the ressure (Pa)P P
74x0.291x309= -T = 65.68 m3

101.3

.-N
.o‘*‘ 80% 65°13 <0°o,5.‘  "-04"I -3' /ll '/ //QT}?  /ll. ‘K /  ' 6

Q;,§ «B  «l 0.03 30A \\  /' 1 _-.4_bo~. C , x   \
50 __._c.  D ,'.\~¢_ —— — ~ -1 1),(j)’_7.L (5)?<0‘ \§ .>(\\‘\\\ %.Q~> 0,?  \-, . 0.02 >Re‘ fiyg .r’ //' /, \\\'\\ \ ‘ 30¢ ..«'/ \‘\\*\\ V0 /--“I,  ’ , é‘ 0.0135 -8\\‘ ,/ /’ /’ / ’ E’,~ ,/ ,, « 0.01 3,/’/ Z -l/ 1: ! 1 :1;_ 4 _ ,_ _;-_1__,| 0.0

10 20 311 364 40 511 50
T1 T3 T2

Dry bulb temperature (“' C )

Fig. 4.1 Psychrometric chart: Drying process for Pineapple
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(b) From the energy balance equation: It is based on the concept that the

energy available from the air going through the food inside a dryer should be

equal to the energy needed to evaporate the amount of water to be removed

from the crop.

The task in solar dryer design is to calculate and then achieve

optimum temperature (Ty) and air flow (ma per time) to remove the specified

amount of water (mw). The calculation of the volume of air needed for

drying from the energy balance equation (4.2), in the above case, is as
follows.

Amount of water to be extracted=O.777 kg

Latent heat of vapourization=2.8 MJ/kg

Specific heat capacity=l.02 kJ/kg°C

Then by using the same data, we get the mass of air needed is 71.1

kg. The corresponding volume of air, calculated as before, using the

expression PV._,,, = m,RT, is 63.1 1 n13

4. 5. 1.2 A/Iechanical Aspects

The mechanical details of the drying chamber involve detailed studies

regarding cabinet size, tray volume, number of trays, depth of drying

material in the tray, clearance between two trays, plenum chamber height,

top clearance area, ventilation holes, etc.

(a) Tray volume

It is defined as the capacity of the drying chamber to the loading rate. Once

the tray area is known, the number of trays and the amount of product in the

trays can be determined. The depth of loading in each tray can be calculated

as follows:

Volume
Depth ofloading=

Area
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But,

Mass

BulkDensity
Volume=

and Volume = Length x Breadth x Height of the material

Hence,

M.L,xBxH=——' (4.6)
.0

where Mi = Mass of the material

,0 = Bulk density

L = Length

B = Breadth

H = Height

If the depth of the loading is calculated, say, as H, cm and small

clearance above the product is H2 cm then total depth of the tray is (H,+H;)

cm. So total volume oftray is L x B x (H,+H;) cm] So total height required

for trays = (No. of gaps x distance between two successive trays) + (No. of

trays x height of each tray)

4.6 Description of the Solar Air Heater

The solar drying system was designed, fabricated and installed at

Food Processing Centre, Alapuzha district (9°31’N and 76°20’E), Kerala.

The solar air heating system was integrated with the roof of the building.

A south-facing asbestos roof was constructed on the terrace of the

building using truss, pillars and beams. The solar air heater was
fabricated and mounted over the asbestos roof. The installed system was

a forced convection indirect type. The hot air generated from the solar air

heater was sucked by a centrifugal blower and it was applied to the dryer

through a duct. The designs can be broken into its components for the
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sake of analysis. The identification of the possible material candidate and

selection of the components, which can meet the requirements of the air

heater play an important role. Overall description of the components such

as absorber plate, glazing, insulation, and cover structure are depicted.

The solar air heater fabricated was of ‘underflow’ type. The

dimension of the collector was 6.41m long and 7.21m wide, giving a

gross collector area of 46 m2 The structural frame of the heater was made

of extruded aluminium. The absorber plate used was 38 SWG black

chrome copper sheet, which was screwed to the aluminium frame. The

reported absorptivity and emissivity of the material is 0.95 and 0.08

respectively. The solar radiation incident on the absorber plate raises its

temperature. This thermal energy is transferred to the working fluid.

The copper absorber plate was 0.3 m wide and was joined each

other by using rivets and supported in aluminium square tubes. A

rectangular air duct underneath the absorber was formed by providing a

rear plate (bottom plate) at a spacing of 10 cm to each other. Three

baffles were provided in the air flowing area in order to increase the air

fill factor. Each baffle was 5.31 m long, and thus extended to occupy

75% of the collector’s width. The baffles were fixed to the bottom plate

and their top edge was in contact with the absorber plate. The baffle was

made up of 22 SWG aluminium sheet. The baffles caused the flowing air

to follow a winding path, effectively doubling the length of its passage

through the collector. The baffles created turbulence, making the air to

flow in close contact with the absorber and decreasing the thennal

sublayer. The outer body of the whole structure was covered with

aluminium sheet. Fig. 4.2 is a schematic diagram of the air flow through

the solar air heater. 24 SWG aluminium sheet was used as bottom plate.

The size of the single sheet was 8’x 4’ and the whole area was covered by

jointing individual sheet. Rock wool insulation was packed on sides as
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well as below the aluminium sheet and on the sides of copper sheet. On

the bottom sides it was spread in between the asbestos sheet and
aluminium sheet. The thickness of insulation was 4 cm at the bottom and

sides.

7.210

6.410

[0

l 1 300 1
1.Air inlet 2.Metal partiIion3.Air outlet to the duct

.-\l.l. l)lMENS|O.\‘S IN METER

Fig. 4.2 Schematic diagram ofthe air flow passage in the air heater

The whole structure was placed above the asbestos roof. A

sectional view of solar air heater is shown in Fig. 4.3. The tempered

glass having thickness of 4 mm was mounted using aluminium sections

and frames at a height of 25.4 mm from the absorber plate. The space

between the absorber and the glass reduces the convective losses at the

front side. All the possible air leakage from the side and bottom was

prevented by silicon sealant. Fig. 4.4 shows the front view of the 46 m2

solar air heater.

The hot air outlet of the air heater was connected to a 0.75 kW

centrifugal blower through a double—walled Galvanized Iron duct insulated

with a thick layer of glass wool in between. The size ofthe duct was 300 mm
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x 300 mm. The material used for the duct fabrication was 24 SWG GI sheet

and it was fully covered with 50 mm rock wool insulation. Again the rock

wool insulation was enclosed by 24 SWG aluminium sheet, which formed

the cladding.

54 U) [0 O\175 100 25CE‘ 50k \\\L§)L\ \ \l  7210 TI

1L_gi

llnsulation 2.Transparent glass 3.Copper sheet 4.Alumini1un
sheet 5.Air channel 6.Metal partition

.t\LL DIMENSIONS IN MI-TER

Fig. 4.3 Sectional view ofthe solar air heater

4.7 Description of the Dryer

The centrifugal blower outlet was connected to the dryer, in which

the material to be dried was loaded. The dryer was a batch type, with a

drying capacity of 200-250 kg of fresh fruit/vegetables (Fig. 4.5). The total

volume of the dryer was 6.54 m3 The frame of the dryer was fabricated

using CR square tubes and its inner and outer walls were made up of

Stainless Steel (SS) sheets, separated with an insulating layer of rock wool

slab to prevent heat loss through the walls of the dryer. A schematic diagram

ofthe dryer is shown in Fig. 4.6.
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Fig. 4.5 Solar fruits and vegetables dryer (capacity — 200 to 250 kg)
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Fig. 4.6 Schematic diagram of the dryer

The whole inner, outer walls and trays of the dryer were fabricated

using SS to make the process hygienic and corrosion free. The dryer

consisted of 128 perforated trays in 4 partitions to spread the product into

thin layer. Each tray was 560 mm x 560 mm and the diameter of the

perforations was 3 mm with a pitch of 5 mm. Trays were supported using SS

angles, welded with SS square tubes. The drying chamber was divided into

loading area and the plenum area. The hot air was circulated and recirculated

with four axial fans fitted in the dryer, each with a volume flow rate of 4000

m3 per hour. The axial fans sucked hot air from the solar air heater through

the insulated duct and hot air enters the plenum chamber, from where it was

distributed uniformly in the dryer. Quantity of air inside the drying chamber

was nearly eight times more than that of the air coming from the solar

panels. Moist air from the dryer escapes through the exhausts provided at the

top of the dryer and two dampers was fitted here for controlling the airflow

rate. The size of both the dampers was same and it was 150 mm x 300 mm.

The temperature inside the dryer was set to 70°C using an actuator control

mechanism. Whenever the temperature rose beyond the preset value, the
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damper coupled with the actuator positioned in the duct opened, allowing the

ambient air to enter in the duct and caused lower the temperature. The design

detail of the solar drying system is illustrated in Table 4.3.

Table 4.3 Design details of solar drying system

Solar Air Heater
Gross collector area
Aperture area
Absorbing material
Rear plate
Working fluid
Insulation material
Insulation thickness (side and bottom)
Collector tilt angle
Cover plate material
Thickness
Number of cover glass
Mode of air flow
Centrifugal blower
Air inlet area
Air outlet area

Solar Drying Chamber
Gross dimensions
No. of trays
Size of tray
Material for tray
Spacing between two trays
Insulation material
Insulation thickness
Air plenum chamber dimensions
No. of axial fans
Volume flow rate of individual fan

Ducting and Cladding
Dimension of ducting
Material for ducting
Insulation material
Insulation thickness (side and bottom)
Material for cladding
Dimension of cladding

:6.4l m x 7.21 m
:6.31m x 7.11 m
:Black chrome copper (38 SWG)
:Aluminium
:Air
:Rock wool
:50 mm
112°

:Toughened glass
:4 cm
:One
:Underflow
20.75 kW
:l.8mx0.1m
:0.3 In x 0.3 m

22.73 mx 1.98 mx 1.21 m
2128
2560 mm x 560 mm
:Stainless Steel
:4 cm
:Rock wool
:40 mm
:1 18 cm x 46 cmx l2l cm
:4
;4000 mi/h

2300 mm x 300 mm
:24 SWG GI sheet
:Rock wool
:50 mm
:24 SWG Al sheet
:350 mm x 350 mm
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4.8 Working

Sunlight is made of shortwave radiation, which penetrates the

toughened glass of the collector, absorbed by the black chrome copper sheet,

and thereby converted into thermal energy. i.e., long wave radiation.

However, the long wave radiation emitted from the absorber plate strikes the

glass and bounces back, the glass does not let any long wave radiation to

pass through it. The heat absorbed by the absorber plate is transferred

convectively to the air passing under the absorber plate.

The fan sucks ambient air and pushes underneath of the absorber

plate. The heat absorbed by the absorber plate is transferred convectively to

the air passing over the absorber plate. The hot air then enters the drying

chamber through the insulated duct. As hot air passes through the chamber,

it draws moisture from the product loaded in the trays and the warm moist

air goes out through the vent provided on the top of the dryer.

4.9 Attractive Design Features

Since the dryer does not expose the product directly to solar

radiation, the product retains its colour even when fully dry. It also preserves

nutrition and resulted in a high quality product. The black chrome copper

absorber plate enhances the efficiency of the overall system. The baffles by

forcing the air to traverse a longer path, raises air temperature further. The

four axial fans within the drying cabinet circulate and recirculate the hot air

within the cabinet, which accelerates the overall drying processes, while the

actuator controlling mechanism prevents the temperature from rising beyond

the set point. The stainless steel perforated trays preclude staining and

enhance the product quality.
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4. 10 Investigation of the Performance of the Dryer

The performance of the system was monitored continually during

the year 2005 and 2006. The instruments, materials, and the method of

performance evaluation are described below.

4.10.1 Instruments

Various measuring devices were used for investigating the effects of

environmental and operating parameters on the performance of the solar

drying system. Solar radiation flux on a horizontal surface was measured by

using a Solarimeter (Central Electronics Limited, India). Air velocity was

measured with a Digital thenno-anemometer (Model No. TA 35, made by

Airflow, UK) which has a range of 0.25 to 20 m/s, with an accuracy of i0.l

m/s. The ambient temperature, inlet temperature, outlet temperature and

temperature inside the drying chamber were monitored with an LM 35

sensor connected to a computer with RS 232 interface through a l6—cliannel

data logger. The temperatures were recorded every minute. Relative

humidity of ambient air and of that inside the drying chamber was measured

periodically with a digital hygrometer. Samples of the product being dried

were weighed at hourly intervals using an electronic digital balance. At the

end of the drying process, the moisture content of the sample was

determined by drying the sample in a hot air oven at 108°C for 24 hours.

4.10.2 Materials and Methods

Pineapple was used for the drying tests, which available in

abundance in Kerala. The fruit rich in sugars is a perishable product. Dried

pineapple also enjoys a very good market. For the drying tests, each batch

consisted of 200 kg ripe pineapples. The initial moisture content of the

product was 82%. The fruit was sliced horizontally into 5 mm thick discs

before loading the drying trays, no other pretreatment was involved. Other
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materials processed in the dryer were bitter gourd, banana, and tapioca

(cassava).

4.10.3 Economic Analysis

The dried products are available in the market as both branded and

unbranded items. The unbranded product is cheaper, but it is often of inferior

quality and produced under unhygienic conditions. The product has a short

shelf life and is often unfit for consumption. Branded products are usually

manufactured under hygienic conditions, and find a ready market despite the

higher price. The economic analysis done here assumes that the cost of solar

dried product sells at a price comparable to that of a branded product.

Three methods were used for the economic analysis. The first one is

‘annualized cost method’ [20]. This compares the cost of drying of unit

weight of the product with the solar dryer to that of drying it using an

electric dryer. The total annualized cost of the dryer is divided by the amount

of product dried in a year to obtain the cost of drying per unit weight of the

dried product. The drawback of this method is that the cost of drying does

not fully capture the economics of the solar dryer because the cost of drying

varies little over the entire life of the dryer, say 20 years (only cost incurred

is the cost required to operate the blower and axial fans), while the case of

dryers using conventional energy, the increasing cost of conventional energy

increases the cost of drying. Therefore, for assessing the economic benefits

of the solar dryer, it is essential to determine the savings over the life of the

dryer—wl1ich is what the second method, namely the ‘life cycle savings’ does.

In this method, the first step is to determine the savings per drying day for

the solar dryer in the base year. The present worth of annual savings over the

life of the system is calculated next [21]. If the payback period of the system

is short, people will come forward to procure the system, if it is long, even

when substantial long-tenn savings are possible, they will not [22].
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Therefore, the third method, namely ‘payback period’, was also used. A

similar approach was also followed by Singh et al. [23] with relevant

equations for economic analysis of a solar dryer for domestic use.

4.10.3.1 Annualized cost method

The cost of drying is calculated using the annualized cost method to compare

the cost with the drying by using other conventional energy sources. In this

method, the annualized cost of the dryer is divided by the quantity of product

dried per year to obtain the cost of drying per unit weight of the dried

product.

Annualized cost. The annualized cost of a dryer is calculated by Eq. (4.7)

C, = C“ + C", — V, + C,f+ Cm (4.7)
In Eq. (4.7), the C“, is the annualized capital cost and V, is the salvage value

and these are given by Eq. (4.8) and Eq. (4.9).Ca, = CCCFL. (4.8)V, = VF, (4.9)
where F, is the capital recovery factor and F, is the salvage fund factor and

these two terms are defined by Eqs. (4.10) and (4.11), respectively.

d(1+d)"°= (1+d)"T1 W0)
d

In Eq. (4.7), C", is the annualized maintenance cost calculated as a fixed

percentage ofthe annualized capital cost. The cost of drying per kilogram of

dried product is then calculated by using Eq. (4.12)C — C" (412)M '\.
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(i) Solar dryer - The quantity of product dried in the solar dryer per year, My

is calculated using Eq. (4.13)

M dDM, = —— (4.13)
Db

Normally the annual rumiing fuel cost of the solar dryer is zero.

C“, is the running cost for fans in the dryer.C,e=RxWxCe (4.14)
R is the number of hours the blower and fans working in a year, W is the

rated power consumption of fans, and Ce is the unit charge for electricity.

(ii) Electric dryer - The annual running fuel cost of using an electric dryer to

dry the same quantity of product dried by the solar dryer is calculated. The

annual running fuel cost, C,r, of the electric dryer is given in Eq. (4.15)

m, LC?C,,~= M, —— e (4.15)
100 77ex3600

where m. is the moisture content in dry basis and is given by Eq. (4.16)

_ A/If — Mdm.— T x100 (4.16)
Md

Here also, the operating cost of fans is taken into account.

4.10.3.2 Life cycle savings

In the life cycle saving method, the first step is to determine the savings per

drying day for the solar dryer in the base year; the present worth of annual

savings over the life ofthe system is calculated next.

4.10.3.2 (a) Savings per day The cost of fresh product per kilogram of

dried product is calculated using Eq. (4.17)

fCdp : C;-"P X
1 :1

172



(Design and’ performance stuafy qf a soflzr air /ieating {ystem for foocf processing z'm{ustn'es

The expense required to dry 1 kg of product (Cds) in the solar dryer is the

sum of the cost of fresh product (cdp) and the cost of drying (Cs) per

kilogram of dried product.

Cds = Cdp + C5 (4.18)
The quality of the dried product in a solar dryer is equivalent to the quality

of branded products available in the market. Therefore, the saving per

kilogram of dried product (Skg) in the base year due to use of the solar dryer

is calculated using Eq. (4.19). The saving per batch (Sb) and the saving per

day (S1) in the base year are then calculated using Eqs. (4.20) and (4.21)

respectively.

Skg = Cb — Cd; (4.19)Sb = Skg X Md
Sd = S—" (4.21)

Db

4.10.3.2 (b) Present worth of annual savings - For the life of the system,

the annual savings (SJ-) for drying the typical product in the j"' year are

obtained using Eq. (4.22). The present worth of annual savings in thej"' year

is obtained from Eq. (4.23).

S]: SdxDx(1 +1)“ (4.22)P1‘: Fm x SJ (4.23)
where the present worth factor for thejm year is given by Eq. (4.24)

1

_ (l+d)’
(4.24)mi

The cumulative present worth of the savings for the life of the system, i.e.,

the life cycle savings, was obtained by adding the present worth of the

annual savings over the life ofthe system.
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4. 10.3.3 Payback period

The payback period (N) is calculated from Eq. (4.25)

ln[1—  (d — ojN} (4.25)
ln

1+d(l+z]

4.11 Results and Discussion

The mass flow rate of air through the dryer was kept constant

throughout the study. All the experiments were conducted from 9.30 a.m to

4.30 p.m. The dryer was loaded with 200 kg pineapple to study the drying

behaviour. The parameters monitored (such as ambient temperature, inlet air

temperature, dryer outlet temperature, temperature in the solar dryer, and

intensity of solar radiation) are shown in Fig. 4.7. The experiment was

conducted with the centrifugal blower and four axial fans in operating

condition. The maximum temperature of air monitored at the outlet of the

solar air heater was 76.6°C, which was at 12.40 p.m. During the study, the

air flow rate was maintained at 43 kgm‘2h" The high temperature output

from the air heater, despite moderately high air mass flow rate, was due to

the copper sheet used as absorber material and the provision of baffles to

increase the air fill factor. In this experiment, no attempt was made to control

the temperature because we wanted to find out the maximum temperature

that the collector can attain. Apart from this, all other processing was carried

out at a set temperature of 70“C and with a fixed mass flow rate of 43 kgm'

2h" The intensity of solar radiation was 930 W/m2 when the collector

achieved its maximum temperature. The maximum temperature monitored in

the drying chamber was 67.3°C and it was obviously at the time that the

solar output temperature was maximum. Ambient temperature varied from
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29.9°C to 33.8°C. The average efficiency of the solar air heater over the day

was calculated as 52.55%.

——-ri— Ambient temperature
—A— Inlet temperature
<- Solar outlet temperature
-0- Drier temperature ‘
-0- solar radiation
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Fig. 4.7 Variation of temperature at the solar air heater outlet and in the
drying chamber with solar radiation

Loading the product had no effect on the solar outlet temperature,

because the air heater and dryer were two separate entities connected only by

a duct. The maximum rise in temperature (above the ambient) achieved by

the solar air heater was 433°C. Relative humidity of the air flowing into the

dryer varied from 51% to 82% during the study period. The average velocity

of air inside the dryer was monitored as 1.2 I'll/S. The drying test revealed

that the moisture content of pineapple reduced from the initial level of 82%

(w.b) to the final level of 9.7% (w.b) within about 8 hours (Fig. 4.8). The

energy required for removing the moisture from 200 kg of the product was

calculated at 435 M]. The samples were collected from different trays to
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analyze the uniformity of drying and it was found that the reduction in

moisture in all the trays was uniform, the variation was negligible. Drying

was rapid initially but gradually decreased because the surface moisture

evaporated quickly at the beginning of the process. It is known that as the

moisture content of a product is reduced, more energy is required to

evaporate the same amount of moisture from the product. The moisture

content at the end of the experiment on the first day was 12.02%. The

product was kept in the dryer overnight and the doors were tightly closed to

prevent air infiltration. Drying continued the next day and the final moisture

content was achieved afier 2 hours. Thus, the total drying duration was 8

hours. The colour of the dried product is an important parameter to

detemiine the quality of the product. The product retained its original colour

in the solar dryer, even after it was completely dry.

90‘

80

70

60

so .5

40

_\loislurr l‘<III||'IIl, ‘‘/u(\\ I))

20

1,0 1'1 1'2 1'3 1'4 1'5 1'5 1'0 1'1 1'2 1'3 1'4 1'5 1'5
Day 1 Timclh) Day 2

Fig. 4.8 Reduction in moisture content of pineapple with time

4.1l.l Economic Analysis

The economic parameters are based on the economic situation in

India as shown in Table 4.4. The economic analysis done by the three
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methods, namely annualized cost, life cycle savings, and payback period are

summarized below.

Table 4.4 Cost and economic parameters of solar dryer

1.Material and labour cost for the construction Rs 550,000

of the solar dryer

2.Interest rate 8%
3.Rate of inflation 5%
4.Real interest rate 3%
5.Life span of the dryer 20 years
6.Electricity cost Rs. 4.00/kWh
7.Cost of fresh pineapple Rs. 10/kg
8.Selling price ofdried pineapple Rs. 200/kg

4.11.1.1 Annualized cost method

The annual capital cost was calculated first and annual maintenance

cost of the solar dryer was taken as 10% of the annual capital cost. The

salvage value was also assumed to be 10% of the annual capital cost. The

annual capital cost ofthe solar dryer worked out to Rs. 55,990. A solar dryer

can be easily operated for 290 days in a year in countries like India, although

number of solar days was taken as 250 for the purpose ofthe calculation.

The dryer was provided with four axial fans, and the running cost of

the fans was also taken into account for economic analysis. Annual

electricity charge for running the dryers was calculated as Rs. 12000 for the

solar dryer and Rs. 8000 for the electric dryer. The high running cost of the

solar dryer was due to the additional consumption of electric power by the
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blower required to suck hot air from the solar air heater, which is absent in

the case of electric dryer. The total amount of dried product processed

annually in the solar dryer was 6666.66 kg and the cost of drying of 1 kg of

pineapple slices turned out to be Rs. 11 for the solar dryer and Rs. 19.73 for

the electric dryer. The capital cost of the electric dryer, electricity cost per

unit, and the efficiency of the electric dryer were assumed as Rs. 275,000,

Rs. 4 /kWh, and 0.75% respectively.

4.11.1.2 Life cycle savings

The cost required for drying 1 kg pineapple in the solar dryer and

electric dryer was calculated. The current saving per day turned out to be Rs.

4773. Table 4.5 shows the calculated annual savings, present worth of the

annual savings and cumulative present worth of annual savings for each year

of life of the solar dryer. The cumulative present worth turned out to be

approximately 17 million rupees. The investment on solar dryer was Rs.

550,000. Thus, by investing Rs. 550,000 in a solar dryer today, we can save

roughly 17 million rupees. This calculation assumed the life span of the

dryer to be 20 years; however the savings were extended over the life of the

system.

4.11.1.3 Payback period

Payback period is the time needed for the cumulative fuel savings to

equal the total initial investment. It is clear from the Table 4.5 that the total

investment, i.e. Rs. 550,000 is recovered within the first year of operation.

The payback period was calculated to be 0.54 year (equivalent to 191 drying

days), which is very short compared to the life of the dryer (20 years). Thus,

the dryer will dry the product free of fuel cost with a marginal running cost

for almost its entire life period.
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Table 4.5 Economics of the solar dryer - Annual saving, present worth of
annual saving and present worth of cumulative annual saving for
each year during the life of the solar dryer for drying pineapple
and 250 days of use of solar dryer

Year Annualized Annual savings Present worth Present worth
cost of dryer (million of annual saving of cumulative

(Rs.) rupees) (million rupees) saving
(million
rupees)1 0.073 1.19 1.10 1.10

2 0.073 1.25 1.07 2.18
3 0.073 1.32 1.04 3.224 0.073 1.38 1.01 4.24
5 0.073 1.45 0.99 5.23
6 0.073 1.52 0.96 6.19
7 0.073 1.60 0.93 7.128 0.073 1.68 0.91 8.03
9 0.073 1.76 0.88 8.91
10 0.073 1.85 0.86 9.77
11 0.073 1.94 0.83 10.60
12 0.073 2.04 0.81 11.41
13 0.073 2.14 0.79 12.20
14 0.073 2.25 0.76 12.96
15 0.073 2.36 0.74 13.70
16 0.073 2.48 0.72 14.43
17 0.073 2.60 0.70 15.13
18 0.073 2.73 0.68 15.81
19 0.073 2.87 0.67 16.48
20 0.073 3.02 0.65 17.13
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4.12 Conclusion

A roof integrated solar air heater with a batch dryer was developed

and installed in a Food Processing Centre. The project fimded by State

Government under a scheme called “Kudumbasree” The major task of the

scheme was the income generation of poor niral women group through

sustained technology. The drying system proved to be efficient and

economic for drying fruits/vegetables. The experiments were conducted on

pineapple, having large content of water. The solar air heater was 46 m2 and

recorded a maximum temperature of 76.6°C. The hot air generated from the

roof mounted solar air heater was sucked by a blower through an insulated

duct and circulated in the dryer located in a room below. Since the product

was not directly exposed to solar radiation, the colour of the product was

retained even after complete drying. The dryer was loaded with 200 kg of

fresh pineapple slices of 5 mm thick. The initial moisture content of 82%

was reduced to the desired level (<10 %) within 8 hours. The performance of

the dryer was analyzed in detail by three methods namely annualized cost,

present worth of annual savings, and present worth of cumulative savings.

Economic analysis showed that the cumulative present worth of annual

savings for drying pineapple over the life of the solar dryer turned out to be

approximately 17 million rupees. The capital investment of the dryer was Rs.

550,000 and the payback period of the dryer was found to be 0.54 year,

which is very short considering the life of the system. The cost of drying

pineapple in the solar dryer was only about 20 % of drying cost when dried

in electric dryer. The life of the system was expected to be 20 years, because

the material used in the construction was corrosion proof. The dryer

continues to work in the food processing centre to produce dried food and

the performance is quite satisfactory.
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Nomenclature

Ca annualized cost of dryer (Rs.) (US$1 z Rs. 45)

C“ annual capital cost (Rs.)

Cb selling price of branded dried product (Rs./kg)

Ccc capital cost of dryer (Rs.)

Cde cost of drying per kg of dried product in electric dryer (Rs./kg)

C4,, cost of fresh product per kg of dried product (Rs./kg)

Cd; cost per kg of dried product for domestic solar dryer (Rs./kg)

Cc cost per kWh of electric energy (Rs./kWh)

Cf], cost per kg of fresh product (Rs./kg)

C”, annualized maintenance cost (Rs.)

Cp specific heat of air (kJ/kg°C)

C,.~ annual running fuel cost (Rs.)

Cm annual electricity cost of fans (Rs.)

Cs cost of drying per kg ofdried product in dryer (Rs./kg)

d rate of interest on long term investment

D number of days of use of domestic dryer per year

Db number of drying days per batch

FL. capital recovery factor

F 5 salvage fund factor

Fp plate efficiency factor

F ,,_i present worth factor for j"‘ year

FR collector heat removal factor

I intensity of solar radiation (W/ml)
i rate of inflation
L latent heat of evaporation (kJ/kg)

ma mass of air circulated (kg)

111,- final moisture content ofthe product
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mi
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initial moisture content of the product

moisture content (dry basis) (%)

mass flow rate (kgm'2h")

mass of water evaporated (kg)

mass of dried product removed from solar dryer per batch (kg)

mass of fresh product loaded in solar dryer per batch (kg)

initial mass of the product (kg)

mass of product dried in the dryer per year (kg)

life of solar dryer (year)

payback period (year)

pressure (Pa)

present worth of annual saving in j"' year (Rs.)

annual running hours of blower and axial fans

saving per batch for solar dryer (Rs./kg)

saving per day for domestic solar dryer in the j"‘ year (Rs.)

annual savings for domestic solar dryer in the j"' year (Rs.)

saving during first year for solar dryer (Rs.)

savings per kg compared to branded product for solar dryer (Rs./kg)

inlet temperature (°C)

outlet temperature (°C)

ambient temperature (°C)

plate temperature (°C)

collector heat loss coefficient (W/m2 °C)

salvage value (Rs.)

volume of air (m3)

annualized salvage value (Rs.)

rated power of electric blower and axial fans (kW)
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Greek symbols

77 overall efficiency of the collector

778 efficiency of electric dryer

2' transmittance of the glass cover

0: solar absorptance

(ta )3 effective transmittance absorptance product
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PERFORMANCE OF AN INDIRECT SOLAR

CABINET DRYER WITH THERMAL ENERGY

STORAGE

5.1 Introduction

Some industries related to tea, textiles, ceramics, milk powder,

edible starch, baking powder, food, sugar, paper, raisins, pharmaceuticals

etc. consumes large quantity of energy for drying processes. Though

mechanical dryers have been introduced, increasing oil prices along with

high investment and operational costs restrict their use in industry. Solar

drying has been considered as one of the most promising drying processes

for the utilization of solar energy. A properly designed solar dryer can

alleviate the drawbacks associated with open sun drying and upgrade quality

of the dried product. This in tum causes high returns to the producers [1-5].

Low capital cost, production of hygienic and better quality products and zero

or marginal running costs are also important parameters for the large-scale

adoption of solar dryers. However, many of the solar dryers, presently

available in the market, do not satisfy these criteria. Hence development of

an efficient and low cost solar dryer has very much economic importance.

Solar drying systems are classified primarily according to their

heating modes and the manner in which the solar heat is utilized. Broadly,

they can be classified into two major groups, namely active solar energy

drying systems (most of which are often termed hybrid or forced circulation

solar dryers) and passive solar energy drying systems (conventionally termed

natural circulation solar drying systems). A typical active solar dryer

depends solely on solar energy as the heat source but employs motorized

187



C liapter 5

fans and/or pumps for forced circulation of the hot air through the drying

chamber.

Taylor et al. [6] designed a forced circulation cabinet solar timber

dryer, in which the material absorbs solar radiation directly. Other active

solar cabinet dryers reported in literature were a transparent roof solar bans

[7] and some small scale forced convection dryers [8-10]. All these dryers,

the product to be dried was directly exposed to solar radiation, and the

product itself acts as an absorber. Temperature of the product rises, which

helps to release the moisture. The fan provided in the system either pushes

the air out or sucks air from the ambient to the drier. These dryers had the

following drawbacks. The product cannot be made thicker because the solar

radiation heats only the top thin layer. Further in some products, direct

exposure to sunlight leads to discoloration and vitamin loss. Also, direct

absorption of solar radiation by the product causes an unacceptable local

temperature rise in the top thin layer of the product. An indirect type cabinet

dryer with forced convection How has been considered favorable since such

a dryer is able to produce high quality product without discoloration with

minimal drying duration. However, so far, indirect forced circulation solar

cabinet dryers have not been reported in literature. The objective of the

present work was to develop an efficient solar cabinet dryer, and to

investigate its performance so as to optimize the design parameters. The

feasibility of Phase Change Material (PCM) based latent heat thermal energy

storage ir1 solar drying was also brought under study.

5.2 Energy Storage

Solar energy is a time-dependent energy resource. Energy needs of

different applications are also time dependent. But this is not coinciding with

that of the solar energy supply. Consequently, the storage of energy in a

solar process is necessary if solar energy is to meet substantial portions of
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these energy needs. Energy storage is essential whenever the supply of

consumption of energy varies independently with time. Hence, energy

storage can reduce the time or mismatch between energy supply and energy

demand, thereby playing a vital role in energy conservation [11].

The optimum capacity of an energy storage system depends on the

expected time dependence of solar radiation availability, the nature of loads

in the process, the degree of reliability needed for the process, the manner in

which auxiliary energy is supplied, and an economic analysis that determines

how much of the annual load should be carried by solar and how much by

the auxiliary energy source. The size of storage is related to the ‘energy

density’, or the amount of energy stored per unit mass (or per unit volume)

of storage material. An important characteristic of the storage material is its

‘volumetric energy capacity’ or the amount of energy stored per unit

volume. The energy density may be expressed in kl/kg, MJ/kg or kWh/kg,

while the volumetric energy capacity may be expressed per cubic meter as

kJ/ml, MJ/m3, or kWh/m3 Denser materials have smaller volume, and

correspondingly an advantage of larger energy capacity per unit volume.

Basically, there are three methods of storing thermal energy:

sensible, latent, and thermochemical heat storage. They differ in the amount

of heat that can be stored per unit weight or volume of storage medium, in

the time-temperature history of the medium during heat storage and retrieval,

and in the relative state of development of storage technology at the present

time.

5.2.1 Sensible Heat Storage

In sensible heat storage, themial energy is stored by changing the

temperature of the storage medium. The amount of heat stored depends on

the heat capacity of the medium, the temperature change, and the amount of

storage material.
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Q = jmCpdT (5.1)
T:

= m Cp(T2-T.) (5.2)
where m is the mass of heat storage medium (kg), CF is the specific heat

(J/kg°C), and T. and T2 represent the lower and upper temperature levels

(°C) between which the storage operates. The difference (T2-T1) is referred

to as the temperature swing. A wide variety of substances have been used as

sensible heat materials. These include liquids like water, heat transfer oils

and certain inorganic molten salts, and solids like rocks, pebbles and

refractories. In the case of solids, the material is invariably in the porous

form and heat is stored or extracted by the flow of a gas or a liquid though

the pores or voids.

5.2.2 Latent Heat Storage

In latent heat storage, thermal energy is stored by means of a

reversible change of state, or phase change, in the storage medium. Solid

liquid transformations are most commonly utilized, though solid-solid

transitions have been investigated. Liquid-gas or solid-gas phase changes

involve the most possible energy in latent storage methods. Storage of gas

phase is difficult and bulky. Steam accumulators are one feasible example.

In practice, latent heat storage systems also make use of some

sensible heat capacity in the system and so we must add this contribution

also. The amount of energy stored in this case depends on the mass and the

latent heat of fusion of the material. Thus,Q = m /l (5.3)
where /1 is the latent heat of fusion (kl/kg). In this case, the storage system

operates isothennally at the melting point of the material. If isothermal

operation at the phase change temperature is difficult, the system operates

over a range of temperatures T. to T; which includes the melting point. Then
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sensible heat contributions have to be considered and the amount of energy

stored is given by

TM 72
Q=m j'CpsdT + ,1 + _[Cp,dT (5.4)Ti 7'...

where CPS and Cpl represent the specific heats of the solid and liquid phases

(J/kg°C) and Tm is the melting point (°C).

5.2.3 Thermochemical Heat Storage

In a thermo chemical storage system, the solar energy to be stored is

used to produce a certain endothermic chemical reaction and the products of

the reaction are stored. When the energy is to be released, the reverse

exothermic reaction is made to take place. Both reactions take place at

different temperatures, the forward reaction occurring at a higher

temperature than the reverse reaction. Thennochemical storage systems are

suitable for medium or high temperature applications only. In this case, the

heat stored depends on the amount of storage material, the endothennic heat

of reaction, and the extent of conversion.

Q = a, m All, (5.5)
where a, is fraction reacted and All, is the heat of reaction per unit mass.

5.3 PCM in Solar Drying

Latent heat thennal energy storage in phase change materials

(PCMS) is considered as a developing energy technology, and there has been

increasing interest in using this essential technique for themial applications

such as drying, hot water, air conditioning and so on. This type of thermal

energy storage offers the advantage of storing a large amount of energy in a

small mass/volume. In a latent heat storage system, when a PCM is

subjected to phase change process (melting or solidification) at an almost
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constant temperature, it absorbs or releases a quantity of heat as much as

latent heat [12-14].

Perishable crops like fruits, vegetables, etc. require continuous

drying; otherwise the product may be vulnerable to insect attack. In order to

prevent this some sort of auxiliary heating mechanisms should be

incorporated with a solar dryer. Escalation of cost of fossil fuels prevent the

large-scale adoption of fossil fuel or electrical based dryer among farmers of

low or medium income. Hence it is essential to develop some mechanism

that could be able to supply energy during cloudy and non-solar hours. Thus

the intermittent, variable and unpredictable nature of solar energy make it

necessary to incorporate a storage system with a solar dryer. Advantage of

using storage system is that it stores excess energy and supplies when the

collected amount is inadequate. Amongst the various heat storage

techniques, latent heat storage is particularly attractive due to its ability to

provide a high energy storage density and to store heat at a constant

temperature corresponding to the phase transition temperature of the heat

storage substance. Much work has been reported using Phase Change

Material (PCM) for solar thermal applications, particularly for cooking [15

I6]. Experimental and theoretical efforts have been made to incorporate

l’CMs into flat plate collectors for storing solar energy by Bansal and

Buddhi [17]. Some other researchers [18-22] analyzed the material

properties of different types of PCMS under various conditions and their

applications in solar energy storage.

As stated earlier, study on incorporation of PCM storage with solar

dryer is in its infancy and very few published works are there in the

literature. Enibe [23] studied the perfomiance of a natural circulation solar

air heating system with phase change material energy storage for crop drying

and egg incubation. In that study, PCM was prepared in modules with the

modules equispaced across the absorber plate. No work has been performed
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on forced circulation solar dryers with PCM thermal energy storage. In the

present study, the feasibility of latent heat thermal energy storage in forced

circulation solar dryer has been investigated. A PCM container was

fabricated similar to a shell and tube heat exchanger. The fabricated

container was placed in a solar cabinet dryer and studies were conducted

with and without loading the product in the dryer. The charging and

discharging of PCM has also been investigated.

5.4 Experimental Set-up
5.4.1 Description of the Solar Dryer

The experimental set up, shown in Fig. 5.1, consists of an indirect

forced circulation solar drier provided with two axial fans and drying

cabinet. The aperture area of the dryer was 1.27 m2 This dryer consists of

two parts: top collector and bottom drying chamber. The reason for the

separate sections for energy collection and drying area was for avoiding the

direct exposure of the product to sun and to retain the original colour of the

dried product even after the complete drying. The top section of the solar

dryer was the absorber area. The structural frame of the dryer was made up

of (38.1 x 38.1 x 1.6 mm thick) aluminium square tube. The absorber plate

used was 24 SWG aluminium sheet coated with selective black paint. All the

sidewalls and bottom wall were packed with rock wool insulation. In
between the inner and outer aluminium walls rock wool insulation was filled

to suppress the heat losses. A double-layered door packed with rock wool

insulation was provided in front of the dryer. A 4—mm thick clear glass was

mounted on the top of the dryer in a slanting position, with an angle of 120,

to transmit solar radiation. This angle was selected as the dryer was designed

for Kochi (9"57’N and 76“l6’E). Height of the front, back sections of the

absorber region was 10.5 cm, 31 cm, respectively. Two axial fans (20W

each) were provided in one side to admit fresh air. Flow rate of each fan was
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95 ml/h. Positions of the fans were at a height of 4 cm from the absorber

plate. An air duct of area 0.0896 m2 was provided in the absorber to pass the

hot air through the drying chamber. The location of the air duct was just

opposite to the axial fan.

I

2

3
7//

6\ W4 l \\—\ /3
a<l|;‘<:*uooaoooooo/Bl/G4‘o one/Eloaoooooooao 95/// 10_l L

1-Glazing; 2-Fans; 3-Air hlet; 4-Exit of air, 5-Humidity probe; 6-Drier absorber plate;
‘I-Velocity probe; 8-Tenperature sensors; 9-Perforated nay. 10-Drying cabinet

Fig. 5.1 Schematic representation of solar drier

The total volume of the drying chamber was 0.272 mg and it was

located underneath of the absorber plate. It consists of six perforated trays to

load the material to be dried. The material used to make the tray was 22

SWG aluminium sheet. The size of the single tray was 0.333 n13 All the

trays were separated into two compartments each having 3 trays. The

perforated trays were arranged at three different levels, one above the other.

Aluminium ‘L’ angle was fitted all the comers of the tray to support it.

Space between two consecutive trays was 10.2 cm. The diameter of the

perforation was 6 mm and the distance between the holes was 70 mm. The

surrounding wall of the drying chamber was also insulated with rock wool.

A double—layered door filled with rockwool insulation was fitted in the
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drying cabinet for loading and unloading the material. Photograph of the

dryer is shown in Fig. 5.2

Fig. 5.2 solar cabinet dryer

Two rows of holes. having sixteen holes per row facilitated the

exhaust of warm moist air from the dryer. Diameter of individual hole was

12 mm. Two consecutive rows were separated by a distance of 2.5 cm and

distance between the holes was 4 cm. The total area of the exhaust was 0.362
'7

In

5.4.2 PCM Container

The prototype was moreover similar to that of a shell and tube heat

exchanger. The whole body of the container was made up of 26 SWG

stainless steel (SS) sheet and it was supported by SS square tubes in all the

four sides. Ten number of aluminium tubes were inserted in the container
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with its both ends kept open. The diameter of the tube was 8 mm and its

volume was 25.12 cm3 The tubes were positioned equidistant from each

other with a distance of 4 cm between the tubes. The total area of the PCM

container was 0.25 m2 with equal length and width of 0.50 m each. The total

volume of the PCM container was 5250 cm3 and the filling area was 5054

cm} Tubes were positioned in centre of the container. Fig. 5.3 shows the

schematic diagram of the PCM container. On the top surface of the tube a

small pipe was fitted to fill the PCM into the container. Black selective

coating was applied all over the container surface. Initial filling of PCM was

done by melting it in a gas burner and then pouring it into the container. The

PCM occupied entire volume inside the container surrounding the heat

transfer tubes. PCM container was placed very close to the air duct area of

the dryer and the heat exchanger pipe was parallel to the air inflow. Airflow

passage in the PCM container is depicted in Fig. 5.4. A schematic diagram

of the solar dryer integrated with PCM storage is given in Fig. 5.5

Fig. 5.3 Schematic diagram ofthe PCM container
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(1) Glass cover (2) Absorber plate (3) PCM container (4) Fans (5) Moist air outlet holes
(6) Perforated tray (7) Front panel (3) Side panel

Fig. 5.5 Schematic diagram of the PCM integrated solar cabinet dryer

5.4.3 Phase Change Material (PCM) Investigated

Shanna et al. [16] reported that the PCM used for low temperature

applications like water heating, baking and drying should have a melting /

freezing cycle in the range of 45 — 90°C. Various materials suitable for

energy storage in a temperature range of 50 — l00"C have been reported in
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literature [18,24]. Commercial grade acetamide (CH3CONH2) was chosen as

the PCM in the present work due to its low cost (Rs. 300/kg) and large-scale

availability in the Indian market. The calculated melting temperature of

acetamide was 76.56°C (reported 81°C in literature) and it favoured the

application in drying since the recommended drying temperature required for

most of the agricultural crops were around 60°C. Acetamide used in the

present work was procured from Nice Chemicals Pvt. Ltd., India; its thermo

physical properties were measured using Differential Scanning Calorimeter

(DSC) and is shown in Fig. 5.6. Another reason for the selection of

acetamide is that its stability over large number of melting/freezing cycle.

Heat flow rate (W)

'6 I ' I I I I I’20 -10 (:0 80 III" 120
Temperature ("(7)

Fig. 5.6 DSC measurement ofthe latent heat of fusion and melting
temperature of acetamide

Shanna et al. [19] conducted a detailed study on accelerated themial

cycle test of acetamide to investigate the changes in melting point, latent

heat of fusion and the specific heat for 300 repeated melt/freeze cycles. The

study revealed that the latent heat of fusion of acetamide has a variation of

1 to + 14% from their zero cycle valued during 300 cycles. There were no
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major changes in the melting point of the material. Melting point in the 0th,

100th, 200th, and 300th cycle were 82°C, 83°C, 82°C, and 82°C,

respectively. Hence they concluded that acetamide show reasonably good

stability throughout the cycling process and can be considered as a

promising PCM.

5.5 Working

The solar radiation penetrates through the toughened glass of the

drier and is absorbed by the selective coated aluminium sheet and thereby

converted into thennal energy, i.e., long wave radiation. However, the long

wave radiation is not allowed to escape through the glass.

The fan pushes ambient air through the absorber plate. The heat

absorbed by the absorber plate is transferred convectively to the air passing

over it. The hot air is allowed to pass through drying chamber along the duct

provided in the absorber plate. Airflow passage in the solar dryer is depicted

in Fig. 5.7. As hot air passes through the chamber, it draws moisture from

the product loaded in the trays and warm moist air escapes out through the

outlet holes.

The PCM with whole surface painted black was placed in good

thennal contact with the absorber plate to ensure maximum conductive heat

transfer. It was heated due to the direct absorption of solar radiation and the

heat conducted from the absorber plate. As the temperature of the container

increases, it transfers heat to the PCM, which is filled inside. PCM begins to

melt at 76.56°C and the solid PCM will be convened to liquid. The process

continues if the intensity of solar radiation is good and when the intensity

decreases, the reverse phenomenon will stan. The melted PCM will transfer

heat through the heat transfer pipes and the container surface and it

solidifies. As the air passes through the container, heat is transferred to the

air and this hot air is used for drying during adverse weather conditions.
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Fig. 5.7 Airflow passage in the solar dryer

5.6 Attractive Design Features

As compared to other conventional solar dryers, the present solar

dryer has got some special advantages. Most of the solar dryers

commercially available are direct type. It may be of two types. In the first

one, the product is loaded in perforated trays above the absorber plate. So

part of the absorber region is used for spreading the product. It causes a

reduction in efficiency because the products itself shades the absorber area

even though it absorbs direct solar radiation. In another type, the above

problem is mitigated by increasing the area of the solar dryer. i.e., by having

separate sections for energy production and spreading area of the product. In

this type, the efficiency of the process may increase, but it adds up the total

material cost of the unit. The common disadvantage associated with both the

types is the possibility of product discoloration.

In the present solar dryer, the product was loaded beneath the

absorber area and absorber plate shaded the product from sunshine.

Moreover, the entire area of the absorber plate was used for thermal energy

production. It also protected the product from discoloration. The heated air

was pushed by using two axial fans above the absorber plate and this hot air

passed through the perforated trays, where the product to be dried was
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loaded. The spacing between the individual trays was also more. This

resulted in better heat transfer from the hot air to the product, due to large

contact area, making the drying uniform. Two rows of hot air exhaust holes

were provided to remove the warm moist air.

5.7 Investigation of the Performance of the System

The experiments were conducted on the terrace of Dept. of Physics,

Cochin University of Science and Technology, Kochi (9°57’N and 76°l6’E).

All the experiments were conducted from 9.30 a.m to 4.30 p.m and

continued till 7.00 p.m, when the drier was integrated with PCM storage.

Basically three types of studies were done on the solar dryer: no load with

axial fans switched off, no load with axial fans in operating condition and

axial fans operated with load. Charging and discharging of PCM and its

effect on solar drying was also carried out separately. Perfonnance of the

system was monitored for number of days. Details of the experiments,

instruments, materials and methods for the performance evaluation are

described below.

5.7.1 Instruments

During the study, various devices were used to measure the effects

of environmental and operating parameters of the solar dryer cum themial

energy storage. The solar radiation intensity was measured by using a

Solarimeter (Make — Central Electronics Limited). Digital thermo

anemometer Mod. TA35 (Make-Airflow) was used for measuring air

velocity in the dryer. Ambient temperature, along with the temperatures in

the drying chamber, absorber plate, dryer outlet, PCM container, outlet of

the heat exchanger pipe, cover glass, and inlet were monitored using LM 35

sensor. The sensor was connected to a computer using RS 232 interface

through a 16-channel data logger. It recorded the temperature at the required

points at every minute. Temperature ofthe PCM was recorded by using PT
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100 sensors. A differential Scanning calorimeter (DSC) manufactured by

Mettler Toledo — DSC 822e (Temperature range — 150°C to 700°C and

temperature accuracy - i 02°C) was used for measuring the latent heat of

fusion and the melting temperature of the solid phase change material.

Relative humidity of the ambient air and drying air were periodically

monitored with a digital hygrometer. Samples of products in the dryer were

weighed at lhour interval using an electronic digital weighing balance. At

the end of the drying process, the moisture content of the sample was

determined by drying the sample in hot air oven and kept the temperature at

108°C for 24 hours.

5.7.2 Materials

Acetamide was used as phase change material and it was filled in a

container. The products used in the drying tests were bitter gourd and

banana. Bitter gourd (Momordica charanria), is one of the most popular

vegetables in Southeast Asia. It is a member of the cucurbit family along

with cucumber, watemielon and muskmelon. Native of China or India, the

fast—growing vine is grown throughout Asia and is becoming popular

worldwide. These are abundantly available in Kerala State. It has also got

medicinal importance. The oil-fried bitter gourd produced from dried bitter

gourd is a valuable dish. For the drying tests 4 kg bitter gourd was loaded in

the dryer. The fresh bitter gourd was cut into 5 mm slices before loading the

dryer. The product was dried without doing any type of pretreatment.

Banana is an abundantly available fruit item in the Kerala state.

Drying is essential for banana to prevent the wastage and preservation of it

for long-tenn storage. The better quality-dried banana is also having very

good market. Banana was peeled and sliced into pieces of 5 mm thick. For

the drying tests 4 kg product was loaded in the dryer. The initial moisture

content of the product was 78%. Dried banana make a delicious and
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inexpensive snack. If dried properly, none of the nutrients is lost. Selling

dried bananas as snacks is a good way to make money using a local food.

Dried bananas can also be soaked and cooked, or added to dishes such as

porridge before cooking. The banana was dried without using any type of

pretreatment.

5.7.3 Methods

5. 7.3.1 Design of PCM container

The quantity of PCM required for drying the product was calculated using

the following relation

Q = mC.,, (T... — T.) + m 1 + mC.,. (T.-T...) (5.6)
where Q is the total heat stored in the PCM (U), T. is the initial temperature

of PCM (°C), T... is the melting temperature of PCM (°C), T.- is the final

temperature of PCM ("C) CPS is the average specific heat between T. and T...

(J/kg°C), C... is the average specific heat between T... and T.- (J/kg°C), and

/. is the heat of fusion ofPCM (kJ/kg)

The energy required to evaporate water from a product is calculated with the

help ofthe following equation

M,.(m,. —m,)

Let the initial moisture content, m. = 78 %
The final desired moisture content, m. = 15 %
The quantity of the product to be dried, M. = 4 kg
Latent heat of evaporation, L = 2800 k.l/kg

Therefore, Q 8301 kJ
The total energy required for drying 4 kg banana from an initial

moisture content of 78% to a final desired moisture content of 15% was

estimated as 8.3 M]. It was also assumed for calculation that 80% (6.64 MI)
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of the energy requirement should be met from solar energy and the

remaining 20% (1.66 MJ) from storage medium. The quantity of PCM

required to meet this energy supply was calculated from Eq. (5.6) as follows.

The excess volume during the phase change was also taken into account in

the calculation. Time required for drying the given quantity of the product

for the applied mass flow rate is assumed to be 10 hours. Total time

requirement is distributed to solar and PCM drying. Then 8 hours (9.00 a.m

to 5.00 pm) of the total time duration met by solar energy and the remaining

2 hours by PCM storage during off sunshine/night time.

The storage capacity of the Latent Heat Storage (LHS) with a PCM medium

is given by

Q = mcps (Tm _  + m /1’ + mcpl (TFTHI)

The quantity of energy required to dry the product = 8301 k]
The quantity of energy required for drying per hour = 830 kl/h

The energy to be delivered by the PCM storage = 830 x 2
= 1660 kl

Acetamide (CH]CONH2) was used as PCM for the calculation, its properties

in the solid and liquid state are given below.

Density of acetamide in the solid state = 1159 kg/m3
Density of acetamide in the liquid state = 998 kg/ml
Fusion temperature of acetamide, t.~ = 8 l"C
Initial temperature of PCM, to = 30°C
End temperature of PCM, t,- = 105°C
Latent heat of fusion of acetamide, 2 = 241 kJ/kg
Specific heat of acetamide, Cp = 1.9 kJ/kg °K

Initial and end temperature of PCM are assumed value.
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Q =DxVxC,,5(T.,,—T;)+DxVx/I+DxVxC,,.(T,-T.,,)kJ

= v [123 x 105 + 2.4 x 105+ 0.73 x 105]

1660 =vx3.975x105

Volume ofthePCM,V 1660/3.975 x 105
4.176 x 10'5m5

This is the actual volume of the PCM. But there would be a change in

volume in the conversion of the PCM from the solid phase to liquid phase.

This change in volume is also to be taken into account while designing the

container.

Mass of the PCM required to store 1660 kJ energy

= volume x density
= 4.50 kg

For lkg mass of PCM,

VI = m/Psolid
= 1/1159 = 8.628 X104 m5

V: = m/Pliquid
= 1/998 = 1.002 x 10*‘ m5

Volume expansion of PCM during phase change = (V; —V.)/V.
= 16.13%

The excess volume to be considered = V1 + 0.16 V,

= 8.628 X104 + 0.16 x 1.002 x1O'4

= 8.78 x 10'“

Total volume = Actual vo1ume+Excess volume
= 4.176 x 10'-‘+ 8.78 x10'4

= 5.054 x10"lm3

Total volume ofthe container = 5054 cm}
for the storage 0f4.5 kg PCM
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Hence, it was calculated that the volume requirement of the PCM

container to release 1660 kJ of thermal energy is 5054 cm} and it had the

capacity to hold 4.5 kg PCM.

5.8 Experimental Procedure

The analysis was done on the drier with and without PCM storage.

A brief description of the study is as follows:

5.8.] Test without PCM

This study was done without integrating PCM in the solar drier.

Various investigation canied out are described as follows. An economic

analysis was also done without consideration of PCM unit.

5.8.1.] Test of the dryer without load and axial fans switched off
(Condition -1)

The experiment at no load was conducted for 5 days to measure the

maximum temperature achieved by the absorber plate of the dryer and the

drying cabinet. During the study, the outlet holes were kept open and both

the axial fans did not operate throughout the day. Intensity of solar radiation

on the aperture of the dryer, temperatures of ambient, absorber plate and

cover glass were recorded at every 5 minutes during the study period.

5.8.1.2 Test without load and mtial fans in operating condition (Condition -2)

All parameters were monitored as described above except that both

the fans operated throughout the day.

5.8. 1.3 Test with product loaded in the dryer (Condition -3)

In this test, the dryer was loaded with fresh bitter gourd having

initial moisture content of 95%. The total quantity loaded was 4 kg. The

product was equally loaded in all the six trays uniformly. The axial fans

were in running throughout the experimental period. The temperature of the

absorber plate, ambient and drying chamber temperature were monitored at
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every 5 minutes along with solar radiation. The weight of the product being

dried was recorded every 1 hr interval.

5.8.1.4 Economic analysis

The profit from solar dried products is certainly higher than open

sun dried products. Hence, the solar dried product can be sold as branded

items and its financial attractiveness is superior to that of products dried in

the open sun, which sell as unbranded items. Traditional sun drying is

commonly used for the production of unbranded product. Such product has

poor quality and low shelf life, sometimes even unable to consume. People

are prepared to buy the branded product, which is usually processed in

hygienic condition, even if the price is a bit more. The economic analysis

done here by assuming the cost of solar dried product is comparable to that

of branded items available in the market.

5.8.2 Test with PCM

Here, the performance of the dryer was evaluated after placing PCM

container in the dryer.

5. 8.2.1 Test on dryer with PCM (Condition-4)

This study was aimed at analyzing charging / discharging behaviour

of PCM. Heat retention inside the dryer was studied when the axial fans in

idle condition. Temperatures ofthe PCM, its container and outlet ofthe heat

exchanger pipe were monitored along with other parameters described

above. The experimental time period was from 9.30 a.m to 7.00 p.m.

5.8.2.2 Test on dryer with PCIVI, product loaded and axial fans in running
condition (Condition-5)

In this test the dryer was loaded with 4 kg banana having initial

moisture content of 78%. Banana was cut into 5 mm thick slices before

loading in the dryer. The product was equally loaded in all the six trays

uniformly. The experiment was conducted from 9.30 a.m to 7.00 p.m when
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the dryer was integrated with PCM storage. The experimental period was

from 9.30 a.m to 4.30 p.m when it was done without PCM storage.

Three methods were adopted here for the economic analysis as

discussed in chapter 4. The methods used for the analysis were

“annualized cost method’ [25], ‘life cycle analysis’ [26] and ‘Payback

Period’ [27]

5.9 Results and Discussion
5.9.1 Condition -1

The parameters monitored [such as ambient temperature,

temperature in the solar dryer and solar radiation intensity] are shown in

Fig. 5.8. In this study, both the axial fans did not operate throughout the

experimental period and it was conducted without loading the product.

Fig. 5.9 shows the variation of temperatures of absorber plate and top

glass cover of the dryer with solar radiation. The maximum temperature

monitored in the absorber plate was 97.2°C, which was at 12.40 p.m. The

intensity of solar radiation was 870 W/m2 at that time. The high

temperature of the absorber plate was due to the coating of selective

paint, which has an absorptivity of ~ 0.93. The maximum temperature of

air in the dryer was monitored as 78.l°C at 2.00 p.m. The maximum

temperature of top glass cover was 56°C at the same time when the

absorber plate achieved its maximum temperature. The solar radiation

reached its high value (910 W/ml) during the study period at 11:50 a.m.

The small difference in incident radiation resulted in a slight difference

of air temperature in the drier. Ambient temperature varied from 31.l°C

to 337°C. It was observed that the temperature rise above that of the

ambient was in the range of 123°C to 45°C during the study period.
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Fig. 5.8 Variation of temperature in the solar dryer and ambient temperature
with solar radiation under no load and axial fans switched off
condition
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Fig.5 .9 Variation of absorber plate temperature and glass cover temperature
with solar radiation under no load and axial fans switched off condition

5.9.2 Condition -2

In contrast to the earlier study, in this case, both the fans operated

all over the day. All the parameters monitored in the earlier study were
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measured here also. Fig. 5.10 & Fig. 5.11 show the performance of the

dryer. The maximum temperature attained by the absorber plate and the

temperature of air flowing over the absorber plate were, 80.5°C and

566°C, respectively. The reduction in both the temperature compared to

the earlier study was due to the operation of fans. As fans pushed air

through the absorber plate, convective heat transfer took place between

absorber plate and flowing air. However, it was observed that the

temperature rose above the ambient air in the range of 2.7 — 23.7°C during

9.30 a.m to 4.30 p.m. The maximum temperature recorded in the top glass

cover was 44.6°C while the corresponding value, when the fans in idle

condition was 56°C. i.e., heat loss through the glass cover was minimum

when the fans were in running condition. The air flowing over the absorber

plate took away maximum heat from the absorber plate and it was used for

drying purpose.

—<_— Ambient temperature 7
—A— Tompcvalurn In lhe solav drler
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100 _ V.’ l.\' . PL - 1000A El  ._. \‘ AU . EL, \ ' ‘ -- — aoo >9- 5° - \ ’ l I \'~. 55 .V. _,«v__-__ I l\ V T‘,  60° .5‘I \ .  ..

1 l?_\‘, -a_,f55n\_ H?‘ l% ‘._ 400‘ cl 4%.)‘. _————4gQ&\ ' ;'.-. :1. i‘ ‘ ;40 —  A
'__"l_u_1_ _;T;.__--_— — ‘_"I”—|.‘f"I —— —' V-"'——|-‘lg _ zoo20 I . . IB 1 0 1 2 1 4 1 6 1 8

Time (II)

Fig. 5.10 Variation of temperature in the solar dryer and ambient temperature
with solar radiation under no load and the axial fans in operating
condition
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Fig. 5.11 Variation of absorber plate temperature and glass cover
temperature with solar radiation under no load and the axial fans
in operating condition

5.9.3 Condition -3

In this experiment, the dryer was loaded with 4 kg fresh bitter gourd

to study the drying behaviour. The solar radiation incident on the aperture of

the dryer, ambient temperature and rise in air temperature inside the dryer

above the ambient temperature are shown in Fig. 5.12. The loading of the

product did not cause any drop in absorber plate temperature of the dryer,

since it was spread beneath the absorber plate. Rise in air temperature varied

from 10.8°C to 39.8°C during 9.30 a.m to 4.30 p.m. Relative humidity ofthe

air flowing into the dryer varied in the range of 51% to 72% during the study

period. The average velocity of air inside the dryer was 1.2 m/s and it was

monitored in the air duct and suction point of the fans.
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Fig. 5.12 Rise in temperature of the solar dryer above ambient temperature
(dT), ambient air temperature and solar radiation during a drying
day when the dryer was loaded with 4 kg bitter gourd

For a fluctuating radiation intensity level, the moisture content of the

bitter gourd reduced from an initial moisture content of 95% (w.b) to the

final value of 5% (w.b) within one day with an effective drying time of 6

hours as shown in Fig. 5.13. The solar energy required for the removal of the

moisture from 4 kg product was calculated as 10.6 MJ/batch. The samples

were collected from different trays to analyze the uniformity of drying and it

was found that the reduction in moisture in all the trays were almost same

with negligible variations. Drying was very fast in the initial hours of

operation and then it gradually decreased. This was because of the

evaporation of surface moisture at the beginning of the process. It was

known that as the moisture content of the product reduced, more energy was

required to evaporate the same amount of moisture from the product. The

result obtained was compared with the bitter gourd dried in the open sun.

The drying duration in the case of open sun drying was 2 days with an

effective drying time of 1 1 hours. The moisture content at the of end of the
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experiment in the first day was 9.7% for open sun drying, but the entire

moisture was removed from the product loaded in the solar dryer in the first

day itself. The drying continued in the next day with the open dried sample

and the moisture evaporation was in a very slow rate. The final desired

moisture of 5% was attained afier 5 hours of drying the sample in the next

day. The colour of the dried product is an important parameter to determine

the quality of the product. The product could retain its original green colour

in the solar dryer, even after it was completely dried. But the colour

completely lost under open sun and turned to be a brownish appearance. This

corresponds to a high-quality dried bitter gourd in the solar dryer.
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Fig. 5.13 Reduction of moisture content of bitter gourd with time of the
drying test under solar drying and open sun drying

5.9.4 Economic Analysis

The economic parameters are based on the economic situation in

India as shown in Table 5.1. The economic analysis done by three methods

such as annualized cost method, life cycle savings and payback period are

summarized below.
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Table 5.1 Cost and economic parameters

1.Material and labour cost for the construction of the dryer Rs. 65002.Interest rate 8%3.Rate of inflation 5%
4.Real interest rate 3%
5.Life span of the dryer 20 years
6.Electricity cost Rs 4/kWh
7.Cost of fresh bitter gourd Rs 10/kg
8.Selling price of dried bitter gourd Rs 250/kg

5.9.4.1 Annualized cost method

The annual maintenance cost of the solar dryer is low, and it was

taken as 3% of annual capital cost. The salvage value was assumed as

10% of the annual capital cost. The annual capital cost of the solar dryer

was calculated to be Rs. 661.70. The number of solar drying days was

taken here as 250 days for calculation. The dryer was provided with two

axial fans and the running cost of the fan was also taken into account for

economic analysis. The quantity of dried product processed in this solar

dryer per year was 52.5 kg and the cost of drying 1 kg bitter gourd turned

out to be Rs. 17.52. The corresponding cost of drying in electric dryer

was calculated as Rs. 41.35 per kg of dried product. The capital cost of

electric dryer, electricity cost for unit charge and the efficiency of the

electric dryer were assumed as, Rs. 3500, Rs. 4 /kWh and 80%,

respectively.

5.9.4.2 Life cycle savings

The saving due to drying the bitter gourd in the solar drier vis-a-vis

commercially dried branded product was calculated. The current saving per

day turned out to be Rs. 23.8. Table 5.2 shows the calculated value of annual

214



(Perfomzance of an indirect solizrcafiinet Jryer witfi tfiermaf energy storage

saving, present worth of annual saving, and cumulative present worth of

annual saving for each year of life of the solar dryer in the case of bitter

gourd drying. The cumulative present worth of annual savings for drying

bitter gourd over the life of the solar dryer turned out to be Rs. 31660. The

investment for solar dryer is Rs. 6500. It means that by investing Rs. 6500 to

procure a solar dryer today, we are saving Rs. 31,660 today, although the

savings are spread over the life of the system.

5.9.4.3 Payback period

As per the definition, the payback period is the time needed for the

cumulative fuel savings to become equal to the total initial investment. It is

clear from the Table 5.2 that the total investment i.e., Rs. 6500 lies in

between 3"’ and 4"‘ year. To get the exact value, the following equation was

used to calculate the payback period, np

ln[l — El‘ (d -1)]

[1+i]
ln

1+d

Where ‘C’ is the capital cost in Rupees, ‘S. is the savings during first year

11,, =

for solar dryer in Rupees, ‘d’ is the rate of interest on long term investment

and ‘i’ is the rate of inflation.

The payback period was calculated to be 3.26 years (equivalent to

815 drying days), which is small compared to the life of the dryer (20

years). Hence the dryer will dry product free of cost for almost its entire

life period.
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Table 5.2 Economics of the solar dryer — Annual saving, present worth of
annual saving and present worth of cumulative annual saving for
each year during the life of the solar dryer for drying bitter gourd
and 250 days of use of solar dryer

Annualized Annual Pr:.e:r:n‘:::1h Present worth
Year cost of dryer savings Savi of cumulative

( Rs.) ( Rs.) (  saving (Rs.)1 920.11 2205 2041.66 2041.66
2 920.11 2315.25 1984.95 4026.61
3 920.11 2431.01 1929.81 5956.42
4 920.11 2552.56 1876.20 7832.62
5 920.11 2680.19 1824.09 9656.71
6 920.11 2814.20 1773.42 11430.13
7 920.11 2954.91 1724.16 13154.29
8 920.11 3102.65 1676.26 14830.55
9 920.11 3257.78 1629.70 16460.25
10 920.11 3420.67 1584.43 18044.68
11 920.11 3591.71 1540.42 19585.10
12 920.11 3771.29 1497.63 21082.73
13 920.11 3959.86 1456.03 22538.76
14 920.11 4157.85 1415.58 23954.34
15 920.11 4365.74 1376.26 25330.60
16 920.11 4584.03 1338.03 26668.63
17 920.11 4813.23 1300.86 27969.49
18 920.11 5053.90 1264.73 29234.22
19 920.11 5306.59 1229.60 30463.82
20 920.11 5571.92 1195.44 31659.26
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5.9.5 Condition -4

The PCM container was placed in good thermal contact with the

absorber plate of the solar dryer. In addition to the parameters monitored

above, temperatures of PCM container plate, heat exchanger pipe and PCM

temperature at different locations in the container were monitored. There

was not any appreciable difference in temperature values at different points

of PCM inside the container. This was due to the reason that the thickness of

the PCM container was minimum to ensure uniform melting of the material

filled in the container. If the container is not thin enough, during heat

extraction process, the storage material first solidifies the container surface.

As a result the thermal resistance to the flow of heat increases during the

heat extraction process. A trial run was conducted on 9 May 2006 to study

the performance of the system. Fig. 5.14 shows the temperature profile on

the day. The experiment was performed to determine the maximum

temperature of PCM when it was filled in a black selective coated container

and placed in the absorber plate of the dryer. The PCM container was also

exposed to solar radiation and there was no forced movement of air over the

PCM container. The maximum temperature of PCM recorded in the set up

was 9l.8°C, which was 152°C higher than melting point. The maximum

temperatures of the PCM container and outlet of the heat exchanger pipe

were, l03.7°C and 95.l°C, respectively. But the absorber plate temperature

was 6l.2°C, which was very less compared to the earlier study. The

appreciable reduction in the absorber plate temperature was due to the high

heat transfer from the plate to the PCM through the container. The recorded

maximum temperature of the PCM was an indication of the occurring of

phase change, as the measured melting point of acetamide is 76.6°C. The

experiment was continued till 7.00 p.m in the night and the temperatures of

PCM, container and heat exchanger pipe were, 58.6°C, 55.8°C, and 59.4°C,

respectively. The reduction of temperatures was in a very slow mode. While
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the absorber plate temperature reduced to 392°C. Ambient temperature

varied from 30.3°C to 33.9°C during 9.30 a.m to 7.00 p.m.

— — Ambient temperature
—'7— Temperature of drier absorber plate
— ‘— Temperature in the solar dryer
-<>— PCM container temperature
—<— Heat exchanger pipe out temperature
—>— PCM temperature
—O— Intensity of solar radiation
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Fig. 5.14 Temperature profile of the PCM integrated solar dryer without
forced circulation of air

5.9.6 Condition -5

The experiment was conducted on two consecutive days from 14

May 2006 with 4 kg ripe banana loaded in the dryer. The PCM container

was placed on the absorber near the air duct. Variations of temperatures of

the PCM and dryer on the first day of operation are shown in Fig. 5.15. The

maximum temperature attained by the PCM was 88.8°C while it was 91 .8°C

when the fan was in idle condition. It was observed that the difference in

maximum temperature of PCM was comparable under natural and forced

convection. It was due to the low airflow rate of the fan; in this condition,

the conductive heat transfer from plate to PCM container was predominant
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than the convective heat transfer from plate to flowing air. The airflow rate

was maintained at 0.1lkys. Relative humidity of air flowing into the dryer

varied in the range of 45% to 73% during the study period. The experiment

was continued from 9.30 a.m to 7.00 p.m. The temperature of hot air at

outlet, recorded just before entering the drying chamber reached its

maximum value of 725°C at 2.10 p.m, which was above 39.8°C than

corresponding ambient temperature.

—..— Ambient temperature —l
-9- Temperature of drier absorber plate
— — Temperature in the solar drier
—<>— PCM container temperature
—<l— Heat exchanger pipe out temperature
—>— PCM temperature
—o— Intensity of solar radiation
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Fig. 5.15 Variation of dryer and PCM temperatures with product loaded in
the dryer

The product was equally distributed in all the six trays to ensure

uniform drying. The initial moisture content of banana was 78% and reached

the desired value of 15% in 12.5 hours as shown in Fig. 5.16. The samples

were collected from different trays to analyze the uniformity of drying and it

was found that the reduction in moisture content in all the trays were almost

same with negligible variations. The drying was very fast during the initial
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hours of operation and then gradually decreased. This was because of the

evaporation of surface moisture at the beginning of the drying process and as

the moisture content reduced, more energy was required to evaporate the

same amount of moisture from the product. Drying was continued till 7.00

p.m on the first day of study. The percentage reduction of moisture content

between 5.30 p.m and 7.00 p.m was 3.21%. The reduction in moisture

content during the evening hours was only due to the provision of thermal

energy storage, even if the intensity of solar radiation was meager or zero.

After 7.00 p.m the product were kept in the dryer without operating the fans

throughout the night hours. The weight of the sample was taken on the next

day morning and it was found that there was a reduction of moisture content

of 2.41%. Thus the total reduction of moisture content during the non-solar

hours was 5.62%. Apart from the small reduction of moisture content during

the night hours, the provision of PCM produced a warm environment in the

solar dryer. It helps for not only reducing the moisture content but also

prevent deterioration of the product even though the solar radiation intensity

is abysmal.

-- 0- Solar drying
A—0pensundrying

80 —————2————j—— —jj—j—— 1Q‘ 701 ‘5°’ 50‘J
5E 50‘ ‘8
2 40
:IE 30 ‘‘-~\2 it  4   

—- K T‘  -1161V—1vB_— ?1TV‘—12 7' 1:1!‘ #16 ;- V18

Time(h)

Fig. 5.16 Reduction of moisture content of banana with time of the drying
test in the solar dryer with PCM

220



(Performance qf an imfirect solhr caliinet fryer wit/i tfiemzafenergy storage

A study was also performed by keeping the sample in the open sun

to compare the drying performance with solar dryer. The moisture content

measured at the end of first day of operation, with an effective drying

duration of 7 hours, was 30.87%, while that of the sample loaded in the solar

dryer was 24.18%. The experiment was continued on the next day with the

open dried sample and the value of moisture content after 14 hours of

operation was 18.23%. This showed that the final desired moisture content

could not be achieved even after 2 days of operation [with an effective

drying duration of 14 hours] as the sample was dried in open sun.

5.10 Conclusion

An efficient solar cabinet dryer was designed, fabricated and its

performance was analyzed. The product was loaded beneath the absorber

plate and not exposed to direct sunshine. This retained original colour ofthe

product. Since the drying took place in a closed chamber, the product was

protected from insects and dust. Hence it is possible to get good quality

product from the dryer. The axial fans provided in the dryer accelerated the

drying process. Economic analysis was also performed in the dryer and it

was found that the cumulative present worth of annual savings for drying

bitter gourd over the life of the solar dryer tumed out to be Rs. 31,660. The

capital investment of the dryer was Rs. 6500 and the payback period of the

dryer was found to be 3.26 years, which was very less considering the life of

the system. The cost of drying bitter gourd in the solar dryer was 42% less

than that of an electric dryer. The life of the system was expected to be 20

years, because it had no corrosive material. The designed dryer was

integrated with a Phase Change Material to extend the use of dryer in the

evening/night hours. The study revealed that there was a 5.62% reduction of

moisture due to the incorporation of storage material during evening/night.

The drying experiment conducted with banana and it was found that the
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complete drying process could be attained with 12.5 hours, which was much

less than that of open sun drying. It was also established that acetarnide is a

promising PCM in solar drying applications. The system can be adopted by

medium and low income farmers and the present set up will reduce the use

of conventional energy sources upto a very large extent. The developed

system is well adaptable to perishable crops and some sensitive products,

which require continuous drying. Otherwise these are susceptible to the

attack of insects and microorganisms. The study conducted in the open sun

drying revealed that the drying time was much larger than that of solar

drying. Hence the arrangement would help to reduce the usage of other

conventional energy sources/back up used to meet energy requirement

during non—sunshine hours to some extent.
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DESIGN AND DEVELOPMENT OF A SOLAR

GREENHOUSE FOR INDUSTRIAL DRYING

6.1 Introduction

Solar energy, which is abundant, clean‘ and safe, is an attractive

option for drying applications. Drying is a complex process involving heat

and mass transfer between the drying material surface/within the material

and its surrounding medium. It can be conducted and/or enhanced with the

help of a renewable energy source such as solar energy. Greenhouse easily

transmits short wave radiation, which means that it exhibits little interference

to incoming solar energy, but it has very poor transmittance for long wave

radiation. Once the sun’s energy passed through the transparent windows

and has been absorbed by the material loaded inside, the heat will not be

reradiated. Glass/polythene sheet therefore, acts as a heat trap, a

phenomenon that has been recognized for the construction of greenhouses.

In solar greenhouse, not only the light which is maintained at a

desired level but also the heat is to be stored for use at night and for cloudy

days and therefore, it differs from the ordinary glass house. The solar energy

is collected and stored in a variety of ways and therefore, solar greenhouses

differ in their designs. Moreover, the solar collection and storage system

depends on many factors like climate, greenhouse size, orientation, and

economics. Further, design differences arise due to whether the energy

collection, storage and distribution are based on passive or active systems.

The greenhouses where thermal energy is stored directly in heavy brick

walls or rock walls and/or water pools or water containers exposed to solar

radiation and is distributed inside the greenhouse by natural means are
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known as passive greenhouses. Greenhouses in which solar energy is

collected, stored and distributed by employing some auxiliary energy are the

active type. Generally, a combination of both active and passive features is

employed in solar greenhouses with an objective to minimize the use of

auxiliary energy either for heating the greenhouse or for collection-storage

distribution system. Another class of greenhouse is known as the attached

greenhouse where a greenhouse is integrated with the structure of a house

and a free exchange of air takes place between residence and greenhouse.

This maintains a comfortable room temperature and reducing the heat loss

from the greenhouse.

Experimental and simulation models for the energy balance of more

conventional greenhouses are frequently reported subjects. Design and

themial performance of many types of solar green house have been can’ied

out for different applications by many researchers [1-12]. Rachmat and

Hoibe [13] presented a mathematical model to predict the air temperature

inside the greenhouse on the basis of ambient conditions. In the present

work, a greenhouse was constructed for drying the effluents of a Zinc

manufacturing industry. This company, a custom zinc smelter, is designed to

produce 30,000 MT of special high-grade zinc annually from imported zinc

concentrate. Effluent generated in this process contains 75% copper (as

report given by company), which has to be separated out. Initial moisture

content of the effluent is nearly 40% and has to be brought down to 10%, for

the recovery of copper from it. Presently, the effluent is loaded in a shed,

having asbestos roof and it takes one to two months for complete drying.

Hence large area is required for storing and this forced the company to go

for a suitable system, mainly to reduce the drying duration and prevent

environmental pollution. This chapter describes the details of fabrication and

testing of the solar greenhouse, specifically fabricated for the waste material

drying.
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6.2 Description of the Greenhouse

The experiments were conducted on the terrace of Dept. of Physics,

Cochin University of Science and Technology, Kochi. The experiments were

conducted from 13 March to 6 April 2004.

A pilot model solar greenhouse was fabricated and installed on the

terrace of Department of Physics. The greenhouse was oriented in the east

west direction. Total floor area of the greenhouse was 4.64 m2, total roof

area was 7.29 m2 and wall area was 20.28 m2 Volume of the greenhouse

was 11.48 m3 Height, width and length of the solar greenhouse were 2 m,

1.2 m, and 3.9 m respectively. The roof of the greenhouse was arch shaped

with a radius of 0.6 m. Half-inch MS square tube was used for making the

skeleton of greenhouse. A replaceable door was fitted in the front portion for

loading and unloading the material. A schematic diagram of the solar green

house is shown in Fig. 6.1.

.»\LL DINIENSIONS IN MM

Fig. 6.1 Schematic diagram ofthe solar greenhouse

Clear polythene sheet (Thickness-0.3 mm, transmissivity-0.68) was

used to cover all the sidewalls and roof of the greenhouse to pennit

maximum solar radiation. The transparent cover was screwed on the frame.

229



C/iapter 6

Greenhouse floor was the concrete terrace of the building. An axial flow fan

was provided in the bottom region (at a height of 5 cm from bottom surface)

of the greenhouse for air circulation and an exhaust was given in the

opposite top portion for the escape of warm moist air. A photograph of the

solar greenhouse loaded with copper cake is shown in Fig. 6.2.

Fig. 6.2 Solar greenhouse loaded with 550 kg copper cake
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6.3 Theoretical Analysis

The greenhouse traps solar energy in the fonn of heat within the

cover and reduces the convective heat losses. The fraction of trapped energy

will be received partly by the substrate (effluent) and floor and the remaining

solar radiation will heat the enclosed air inside the greenhouse. The

temperature difference between the greenhouse air and ambient air and the

vapour pressure difference between the substrate and the greenhouse air,

respectively, are responsible for the natural draft and the moisture

evaporation from the interior of the effluent. In order to analyze greenhouse

climate, through heat and mass balance, the system was divided into four

main parts, the floor, the substrate, intemal air, and the roof. The roof of the

greenhouse is characterized by the area, reflectance, and transmittance for

short wave radiation. Chaibi et al. [11] developed a simulation model to

predict the performance of a roof-integrated desalination in greenhouse. A

similar approach was adopted here for deriving energy balance.

6.3.1 The Substrate

For the substrate (copper cake) the steady state heat balance is given

in the following equation.

Csuh—ai+ Rsub-Itct + Esuh-ai = Iabs (6-1)
ln Eq. (6.1), the terms from left to right represent heat convection from the

substrate to the internal air, net themial radiation flow from the substrate to

the envelope and the floor, latent heat flow to the air associated with the

evaporation from the substrate and finally absorbed solar radiation in the

substrate.

The following set of equations describe the left hand term given in Eq. (6.1)

Csub—ai = h sub-ai ( Tsub _ Tai)( Asub//V Ag )

Rsub-net = ( Rsub»ci ' Rci~sub) + (Rsuh-g —R|_1 —sub )
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Solar radiation is the energy input to the greenhouse. More elaborated

models of the transmission of solar radiation into the greenhouse space such

as those of Takakura et al. [12 ], Kosai [14], Kimball [15] and Wang and

Boulard [16] have earlier been compiled. Based on these types of models

very detailed and extensive analyses of the influence or orientation, latitude,

season, and hour of the day on the solar radiation transmission are possible.

Global solar radiation transmitted through a specific surface with a slope B is

calculated with the following equation.

I‘, = ‘EDID + ‘tdld (6.4)ID = L —Id (6.5)
where L. and ID are the external diffuse and direct solar radiation (W/m2) and

1,; and 1,, are the external and internal global solar radiation (W/m2).
Transmission coefficient for diffuse radiation and direct radiation are

denoted as ‘Ed and ‘ED respectively.

6.3.2 The Floor

The heat balance for the top layer ofthe floor is written:

CW + Rg_,,e, = Ig_abS (6.6)
where these terms from left to right represent the heat convection to the

internal air, the net thermal radiation emitted from the floor to the substrate

and cover and the solar radiation absorbed by the floor.

The following equations describe the left hand term in Eq. (6.6)

Rg-ncl = (Rg-sub ‘ Rsub-g) + (Rg-ci—Rci-g)
Cg-ai : hg-ai (Tg ' Tm)
6.3.3 The Greenhouse Air

Heat and mass balance of the greenhouse air are given in the following

equation.

Csuh-ai +Cg-ai = Cai-ci + Cv
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Where terms from left to right represent heat convection from the substrate

respectively the substrate to the internal air, the heat convection from the air

to the internal surface of the cover material in the envelope and the

ventilation heat loss including air infiltration through the envelope and the

air exchange through ventilation openings.

Equations describing the various convection and mass flows are

Cai-ci = hai—ci (Tai — Tci)(Ac / Ag) (6-10)
CV = hv (Tm — T,,)(l/Ag) (6.11)
Eai-ci = ((hai—ci/ Cp) L (Hal — Hs—ci))(Ac/Ag) (5-12)

E, = T]VVpL (Ha; - Ha)(l/Ag) (6.13)
6.3.4 The Greenhouse Envelope

Following two equations describe heat balance of the envelope

Rci-Itct + Cal-ci - Em = 0»/€)(Tct - Tcc) (6-14)
Rem“ + CL.” = (K/e)(T¥.;— Tm.) (6.15)
Eq. (6.14) represents heat balance equation at the internal cover surface. First

tenn on LHS represents net thennal radiation flow to the internal cover
surface. Second and third tenns on LHS describe the sensible and latent heat

flow from the internal air to the cover surface. The term on RHS is the

conduction heat flow through the cover material layer. In a similar way Eq.

(6.15) is written for the heat balance at the external cover surface. The first

and second term in LHS describes the radiation and convection heat flow

from the surface to the ambient environment.

Equations for the thermal radiation and the convection heat flows

above are the following.

Ree-net = (Ree-sk ' Rsk-Ce) + Rm-sg
Rci—i1et = (Rsub—ci _ Rci-sub) + (Rg-ci'R~:i-g)
Cce-a = hcu:-a(Tce _   1
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6.4 Instrumentation and Experimental Procedure

Solar radiation flux on a horizontal surface was measured by using a

Solarimeter (Central Electronics Limited, India). Air velocity was measured

with a Digital thermo-anemometer (model. TA 35 made by Airflow, UK)

with a range of 0.25 to 20 m/s. The ambient temperature, temperatures at

three different regions of greenhouse and inlet temperature were monitored

using Type K thermocouple. An axial flow fan of flow rate 2000 m3/h was

used to provide airflow through the greenhouse. Two courses of studies were

undertaken in the fabricated solar greenhouse. In the first phase, around 60kg

copper cake was loaded in the green house. Thickness of sample loaded was

5cm. The sample completely covered the floor area of the greenhouse.

Manual shuffling was done at daily two times to expose all portions of the

sample to solar radiation.

The axial fan was operated for 10 minutes at an interval of twoliours

to push the hot warm moist air from the system. As the solar radiation

penetrates through the polythene sheet, the substrate, which is black in

colour, absorbs radiation and temperature rises. Parameters monitored were

temperature at three different regions of the system (at heights of 60cm,

l20c1n, 180cm from the sample) and intensity of solar radiation. All the

parameters were recorded at an interval of 10 minutes. In the second phase,

550kg sample was loaded. The thickness of the material was 35cm. All the

parameters monitored were same as that of first phase.

6.5 Results and Discussion

Variations of greenhouse temperature with solar radiation are given

in Fig. 6.3. The graph was plotted to indicate the change in temperature at

bottom region (at a height of 60 cm from the sample) with solar radiation at

different time interval. But it was observed from the thermocouple readings
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that there was no appreciable difference in temperature at the three different

heights inside the green house. Maximum temperature recorded in the

system was 46.8°C, which was 13.8°C higher than ambient temperature. The

ambient temperature varied from 295°C to 34.2°C. The intensity of solar

radiation when the temperature reached its maximum value was 870 W/m2

The mean thickness of the sample was 9 cm. Moisture content of sample at

the time of loading was measured as 40% and it reduced to the desired level

of 10% after seven days.

1000
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Fig. 6.3 Variation of indoor air temperature of greenhouse with solar
radiation when the greenhouse was loaded with 60 kg copper cake.
The temperature readings are above 60 cm from the bottom layer of
the system

In the second phase of study, all the parameters monitored were

same as that of the first phase. Fig. 6.4 indicates the perfonnance of the

system analyzed during the study period (which is arbitrarily taken from all

readings). The quantity of sample loaded in the system was around 550 kg

and it took nearly ten days to reduce the moisture content from 40% to 10%.

The mean thickness of the sample loaded in this study was 35 cm. Maximum

temperature recorded in the system was 50.6°C, which was l8.6“C higher

than ambient temperature (which was on 29. 03. 2004). The average and

maximum solar radiation on that day was 587 W/mg, 830 W/ml respectively.

I\) UJ U1
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Minimum highest temperature recorded in the system was (on 05.04.2004)

40"C, which was l0.1°C higher than ambient temperature. The velocity of air

monitored inside the greenhouse with the fan switched on was below the

detectable limit. Moisture content was analyzed from top, middle, and

bottom layers of the sample and it was recorded as 3.8%, 7.1% and 9.4%

respectively. The desired moisture content for the industry was only 10%

and the value obtained on the tenth day of continuous drying was

considerably less than 10%. The longer drying duration in this case was due

to rainy and cloudy days during the study period. Even then the drying

duration was very less compared to the normal time experienced in the

industry. The drying duration in the industry, where material was loaded in

an asbestos shed, was more than forty five to sixty days.
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Fig. 6.4 Variation of indoor air temperature of greenhouse with solar
radiation for different days of operation when the greenhouse was
loaded with 550 kg copper cake. The temperature readings are
above 60 cm from the bottom layer of the system
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6.6 Conclusion

From the study, it was revealed that the solar greenhouse finds

relevant application in industries; particularly for low temperature heating.

Maximum temperature recorded in the present study was 50.6°C, which was

approximately 18.6OC higher than ambient temperature. Further increase in

temperature is possible by adequate improvements in the system fabricated.

The fabricated system used polythene sheet of low transmissivity to solar

radiation compared to glass. In order to obtain high efficiency, solar

toughened glass is recommended. Further improvements in the performance

can be achieved by the provision of an absorber plate below the glass (as in

the solar air heating system) and a fan to push the hot air inside the green

house. But it suffers from disadvantages like more capital investment and

high operating expenditure.
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Nomenclature

A, effective area for air infiltration and ventilation, m2

C heat flow through convection, W/m2

Cl, specific heat of air, J/Kg-K
e cover material thickness, m

E latent heat flow, W/m2
h heat transfer coefficient, W/m2

H absolute humidity in air, Kg/Kg

L latent heat of vaporization of water, J/Kg

R heat flow through thermal radiation, W/m2

1 solar radiation, W/m2

T temperature, K or “C
V green house volume, mi

Subscripts
a ambient
abs absorption
ai internal air
c cover
ce external cover surface
ci internal cover surface
d diffuse solar radiation

D direct (beam) solar radiation
e external
0!.‘ green house floor

net net thermal radiation from or to a surface

s shortwave radiation

sg surrounding ground
sk sky
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sub substrate

tr transpiration or transmitted
v ventilation
Greek Symbols

p density of air, Kg/m3

1] view factor for thermal radiation, dimensionless

7» thermal conductivity, W/m-K

T transmission coefficient, dimensionless
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NUMERICAL SIMULATION STUDY ON SOLAR AIR

HEATERS

7.1 Introduction

Design and fabrication of all types of solar air heaters is rather

tedious process. “Computational Fluid Dynamics (CFD)” method is a clear

solution to alleviate the mentioned problem. CFD has distinct advantages

like as cost, turn around time, detailed information and ability to simulate

real condition to name few. Numerical simulation of solar air heater is

helpful to check the accuracy of the experimental data. In the present study,

detailed analysis was made on underflow copper collector and the simulation

results were compared with the experimental data. It helped to analyze the

maximum temperature output for solar air heater with and without baffles

under different mass flow rates and in tum facilitated to optimize the flow

path. The aim of various investigations done under the present work were 1)

to know the maximum temperature for different mass flow rates, 2) attempt

to enhance collector outlet temperature in relation with number of baffles, 3)

pressure drop and corresponding pumping power required.

The educational/commercial version of the software “Fluent” was

used for the numerical simulations. Typical CFD analysis involves pre

processing (building 3D model, grid generation, and assigning boundary

conditions), solving for given accuracy and post-processing of the results. A

3D model was generated in PRO/E in pre-processor Gambit as CAD data.

Model was solved to get the prediction of flow path and heat transfer using

solver of Fluent. Finally results from Fluent was post processed to visualize
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flow path, pressure drop, rise in temperature with different baffle

configuration and mass flow rates of air.

7.2 Advantages of the Numerical Simulation on Solar Air
Heaters

Obviously, it is unpractical to carry out a theoretical analysis or

experimental study in every single model on solar air heaters. Computational

Fluid Dynamics (CFD) has changed the traditional design process. Because

CF D programme can show the detail of the flowing and heat transfer of the

fluid, it can not only predict the collectivity performance of the solar air

heating system, but can also easily find the problems of the product design

by flow field analysis. So the use of CFD tool can broaden the research field

and strengthen the research profundity at the same time.

By using CFD tools one can make many of the “experiment

samples” by computer, that is many types of “dummy experiment samples”

by the CFD programme. It can effectively reduce the experiment workload.

The selection of the precept is based on scientific analysis and hence it is

easy to insure the success of the design and the stabilization of the product

quality. Performance can be predicted before real experimental research.

Hence the cost of research can be reduced and the success ratio as well as

research efficiency can be increased. In addition, CFD can intensify the

research profundity of solar air heater, by simulation; we can see the inner

flow field and temperature field which is much more detailed than the

experimental research. On the basis of CFD simulation, better improvement

can be done on the structure of the collector.

7.3 Geometry Model

Starting point for the CFD model was a PRO/E part file representing

the volume occupied by the fluid, i.e., the volume bounded by the inner
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walls of the actual part and the inflow/outflow boundaries. In order to help

result interpretation, the different parts should be assigned name

corresponding to the boundaries. Atmospheric air was pumped from inlet at

one end of solar air heater which passed though the diffuser and entered the

box of air heater. Here it made to flow in zigzag manner using baffles to

enhance heat transfer. Finally hot air comes out of the air heater and can be

used for applications like drying of agricultural products, industrial process

heat or space heating etc. The flow path inside the solar air heater is shown

in Fig. 7.1.

7.4 CFD Model
7.4.] Grid Generation

The easiest way to obtain a grid for solar air heater was to use a tool

such as GAMBIT and create a tetrahedral grid. However, experience

suggested that better results are obtained with hexahedral grids. Hence it was

decided to use hexahedral grid in inlet and box portion of the solar air heater

and tetrahedral grid in diffuser to maintain the mesh quality. The typical grid

size used had around 0.19 million cells with skewness equal to 0.79. CFD

grid used in simulation is shown in Fig. 7.2. Skewness is a measure of mesh

quality of the given grid and represents how bad is grid from ideal one (0 is

best and 1 is worst).

7.4.2 Physical Model

The flow was assumed to be incompressible (small density variation

with pressure and temperature) and turbulent. Air was assumed to be the

working fluid, with properties such as density and viscosity evaluated at

atmospheric conditions. For turbulence modeling, the K-Epsilon model
available in Fluent with standard wall functions was considered due to its

robustness.
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"Air hum box

Fig. 7.] Flow path inside air heater

Fig. 7.2 CFD grid used in simulation

7.4.3 Boundary Conditions

Calculations were done using a mass flow inlet boundary condition

at the inlet and an imposed atmospheric static pressure at the exit. Results at

different flow rates (mass flux) viz, 45, 70, 80. I00, and 130 kgm'2h" was

studied with and without baffles configuration. Solar radiation was modeled
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as heat flux (considered 642.5 W/m2) through heat input wall on the top of

the air heater box. Rest of the walls was assumed to be adiabatic considering

the insulation wrapped around to minimize the loss to surrounding. For

turbulence, in the absence of more adequate information, the inlet turbulence

intensity was assumed to be 1% with turbulent viscosity ratio of 10.
Turbulence at the outlet was handled in a similar manner to deal with

potential backward flow.

7.4.4 Solver Settings

The equations solved were Continuity, Momentum, Turbulence and

Energy. The default solver settings in FLUENT were usually adequate to

ensure solution robustness and sufficient accuracy, assuming that the grid

was good enough. This means that a first order numerical scheme should be

adequate for good results. But for better prediction of the pressure drop,

momentum equation was solved for second order accuracy. It was

recommended that residuals be allowed to decrease by l or 2 orders of

magnitude below the default settings, particularly for the continuity

equation. In addition, for the set of boundary conditions described above,

one should monitor convergence by tracking quantities such as the inlet mass

flow rate, area-averaged static temperature on baffle wall and the area

averaged exit total pressure.

7.5 Results and Discussion

The design details of the solar air heater used for the experimental

study is given in Section 3.2.1 a. of chapter 3. The dimension ofthe collector

used for the numerical simulation was also exactly identical to the collector

fabricated. The solar air heater was subjected to different mass flow rates,

viz, 45, 70, 80, 100, and 130 kg/mzh. Outlet temperature of the collector and

pressure drop for all the mass flow rates was investigated. The analysis was

carried out separately for with and without the provision of baffles to the air
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flow passage area. Interestingly, the effect of collector performance with

three and four baffles was also carried out.

7.5.1 Flow Field

Fig. 7.3 to Fig. 7.10 represents the series of simulation on solar air

heaters with two, three and four baffles. Velocity field, temperature

distribution in the air heater was shown along with contours of total pressure.

Though simulation was carried out for five different mass flow rates, the

figure included here were for two mass flow rates, i.e., 45 kg/mzh and 130

kg/mzh. It was useful to look at the flow field in order to get a better

understanding of flow details and identify potential improvements. The

following information was useful in thorough analyze of the simulation
model.

i) Total pressure plots: Sudden decreases in total pressure usually indicate

potential pressure losses (recirculation zones). Downstream of a low total

pressure region, mixing usually occurs, resulting in an overall drop in

total pressure. Total pressure is total energy content in the flow which is

sum of static and dynamic pressure. Static is due to position of fluid and

dynamic is due to the motion of the fluid.

ii) Velocity plots: Velocity plots help to identify regions of flow separation

or regions of high flow acceleration. Contour plots were used to locate

low velocity zone (dead zones) and high velocity zones. High velocity

zones are the region where heat transfer coefficient will be higher and

mainly responsible for the heat transfer. Both vector plots and contour

plots can be used.

iii) Static temperature plots: It is complement the velocity plots by indicating

low temperature regions which could be an indication of poor

performance of air heater. This also tells us the region which is not

effectively used for the heat transfer.
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Fig. 7.3 Simulation with four baffles (mass flow rate - 45kg/mzh)

249



Cfiapter 7

3.2Be4-U2

3 26e+02

3 25e+O2

3 24e+EI2

3 22e+D2

3 219602

3 20e¢02

3 18e+02

3 17902
3 15e1-02

3 1-tee-02

3 13e+02

3.1 1:4-D2

3 1lJe+Cl2

3 08e1-02

3 O7e+D2

3 0694-02

3 Ole!-D2

3 0364-02

3 01e+O2

3 OCb¢-D2 X

Z

Y

Contours of Static Temperature (k)

Z,24e+01

2 13e+D1

2 02ev01

1 919*-01

1 7994-01

1 6824-01

1 57e4-U1

1 -16e+a1

1 35:4-01

1 23e+O1

1 12e+01

1.01e+D1

B.97e+D0

7 B5e+DO

6 739'-D0

5,61e+D0

4 49e+00
3 3594-00

2 2Ler00
1 12¢-+00

0 0Oe+D0

3. T4e¢D2

3.559-D2

3.37e+D2

3.1994-D2

3,00ev-D2

2 8294-02

2.6391-02

2.45e1-02

2 2?e4-O2

2 O8e+02

I 9De*D2

1 7194-02

1 53e4-D2

1 35e4-I32

1 16e-v02

9.730‘-D1

7.936-v-D1

6.091.-t-D1

4,25e1-U1

2.4194-01

5.70:4-D0 X Y

Contours of Total Pressure (pascal)

X Y

Contours of Velocity Magnitude (mfs)

Fig. 7.4 Simulation with four baffles (mass flow rate — 130 kg/mzh)
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Fig. 7.7 Simulation with two baffles (mass flow rate — 45 kg/mzh)
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Fig. 7.8 Simulation with two baffles (mass flow rate — 130 kg/mzh)
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Fig. 7.9 Simulation without baffle (mass flow rate — 45 kg/mzh)
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Fig. 7.10 Simulation without baffle (mass flow rate — 130 kg/mzh)
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7.5.2 Temperature Output with and without Baffles

The comparison results of temperature output for both simulation

and experimental study on solar air heater for five mass flow rates is given in

Fig. 7.11. The analysis was done for copper collector provided with two

baffles and the collector specifications are exactly identical as described in

Table 3.1 of chapter 3. It was evident from the analysis that the difference

between both CFD and experimental data was nominal. The maximum

temperature was attained for a flow rate of 45 kg/mzh for both experimental

and CFD analysis. At low mass flow rate, the difference in temperature was

6.4°C and at high mass flow rates the difference was negligible.

1 I Expti
r,'_°fl1

55

50

45

40

35

30

25
Rise in temperature (°C)

20<15 ‘ r . . . .40 60 B0 100 120 140
Mass flow rate (kgm"h")

Fig. 7.11 Temperature difference for collector with two baffles under
different mass flow rates for both experimental and CFD analysis

Similarly a study was done to compare both the analysis of the

collector without baffles (Fig. 7.12). As compared to earlier analysis,

disparity was more in this case. The difference in temperature for the

simulation results was always on the higher side.
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Fig. 7.12 Temperature difference for collector without baffles under different
mass flow rates for both experimental and CFD analysis

7.5.3 Pressure Drop with and without Baffles

Pressure drop of collector with and without baffles for different mass

flow rates are shown in Fig. 7.13 and Fig. 7.14. The analysis showed that the

simulation result was much higher than experimental results, particularly in

the higher mass flow rates. As seen in the experimental study, the pressure

drop increased with mass flow rate in numerical analysis also.

I Expt
, 0 CFD

350

300i

250 

200 —

150 ~

100
Pressure drop (Pa) 50- 0

0 1? :7 I l I40 so so me 120 140
Air mass flow rate (kgm"h")

Fig. 7.13 Pressure drop of collector with baffles
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Fig. 7.14 Pressure drop of collector without baffles

7.5.4 Effect of Number Baffles for Temperature Output

Another simulation study was performed for finding out the

variation in temperature output with the number of baffles in the air flow

path of the collector. The collector was subjected to different mass flow rates

and the output of the collector was analyzed for two, three and four

equidistant baffles. A maximum rise in temperature of 47.67°C was recorded

for collector with two baffles. The temperature output recorded for collector

with three baffles for all the mass flow rate was less than that of collector

with two baffles. Theoretically increase in number of baffles should increase

the temperature output, but this also depends on how baffles are arranged

inside the air heater box. Here the position of three and four baffles was not

optimized (assumed that baffles are located equidistant).

As seen in the simulation plot that there is many flow separation in

case for three baffles which led to less Contact with hot plate and eventually

it caused low temperature output. Similarly in the case of four baffles
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although flow separation is less but still the non optimization of baffle

position resulted low output. It was evident from the study that as the mass

flow rate increased, temperature output decreased. The variation of

temperature with the provision of two, three and four baffles are given in

Fig. 7.15. Maximum temperature was attained for a mass flow rate of 45

kg/mzh for all the cases investigated.

‘ I Two baffles
0 Three baffles
A Four baffles

50

45

40

l35*

30

2520- 3
15<

Temperature difference (°C) 10 l l I l I40 60 80 100 120 140
Mass flow rate (kgm'2h'1)

Fig. 7.15 Comparison oftemperature difference of collector with two, three
and four baffles (CF D) analysis

7.5.5 Variation of Pressure Drop with Number of Baffles

The pressure drop across the collector fitted with two, three and four

baffles was also studied. This revealed that, as mass flow rate increased

pressure drop also increased. As expected, collector with more number of

baffles created a higher pressure drop. Even though the difference in

pressure drop was least in the low mass flow region, it was apparent for high

mass flow rates. The pressure drop with the provision of two, three and four

baffles for different mass flow rates are given in Fig. 7.16.
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Fig. 7.16 Comparison of pressure drop of collector with two, three and four
baffles (CFD) analysis

7.6 Conclusion

A comparative analysis of underflow solar air heater with numerical

simulation tools was carried out. The results illustrated that CFD tool has its

own advantages in the field of solar air heater research.

Flow modeling to optimize flow distribution and prediction of the heat

transfer performance were done for

1) Solar air heater without baffles

2) Solar air heater with two baffles

3) Solar air heater with three baffles

4) Solar air heater with four baffles

The models could simulate the overall flow properties in the solar air

heater. Following conclusions were drawn from the results:
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1)

2)

3)

4)

6)
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CFD results were validated qualitatively against the experimental data

with and without baffles.

It was found that simulation on air heater with two baffles provided good

agreement with experimental data for temperature output, while the

cases of three baffles and four baffles were not able to predict the

expected behavior. The temperature output of the collector with two

baffles for both simulation and experimental results were almost

matching. The pressure drop observed for simulation results were higher

than experimental data, particularly for high flow rates.

As mass flow rate increased, temperature output decreased while

pressure drop increased.

High velocity zones were the region where heat transfer coefficient was

high and were mainly responsible for the heat transfer. Recirculation

zones (dead zones) have impact on the temperature output.

Mathematical model could predict the perfonnance of solar air heater to

a reasonable accuracy.

However, for the air heater with three and four baffles, temperature

output predicted was lower than the expected value. Simulation study

revealed that collector with two baffles given high temperature output

compared to three and four baffles.
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SUMMARY AND CONCLUSIONS

In the present study, various types of solar air heaters were designed,

developed and performance analysis was carried out. Performance

evaluation of solar air heaters with provision of baffles to the air passage

area was the main focus of the work. It was proven beyond doubt that solar

air heaters with the baffles can efficiently promote air turbulence, thereby

increasing the heat transfer coefficient and efficiency. Amongst different

collectors tested, ‘underflow collector’ with black chrome copper as

absorber plate and the baffles proved to be the ideal type. The maximum

temperature difference recorded at the outlet of this collector was 541°C for

a flow rate of 45 kg/mzh and this is an important factor. The average

efficiency of the collector with baffles was more than twofold higher than

that of without baffles for the same mass flow rate. The additional pumping

power due to baffles was ostensible, proving that the collector with baffles

scores on every count.

A glimpse to the performance of other collectors tested revealed that

the matrix collector with wire mesh absorber was the second in the rating of

maximum temperature output. The maximum rise of temperature above

ambient was 433°C, when the system was subjected a flow rate of 45

kg/mzh and the temperature recorded was appreciably high. The matrix

collector exhibited an improved thermal performance with higher heat

transfer rate to the air flow and lower friction losses compared to flat plate

air collectors of conventional design. Because of these unique features these

two collectors are well recommended for industrial applications to gain

reasonable temperature output for both low and high mass flow rates without

much drop in efficiency. But the problem with wire mesh absorber plate is

its susceptibility to corrosion and hence copper collector proved to be the
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ideal choice. Thermal performance of all other collectors with baffles was

found to be satisfactory. The study revealed that for overflow collectors, rise

in temperature and efficiency was least for all the mass flow rates.

A 46 m2 roof integrated solar air heating system was designed,

installed and commissioned at a Food Processing Centre in Kerala. The

development was based on the experience gained by the experimental study

carried out on pilot model solar air heaters. The system had a capacity to dry

200-250 kg fresh vegetables/fruits per batch. The maximum temperature

recorded at the output of the solar collector was 76.6°C. During the study,

the dryer was loaded with 200 kg of fresh pineapple slices of 5 mm thick.

The initial moisture content of 82 % was reduced to the desired level (<10

%) within 8 hours. A detailed performance analysis was done by 3 methods

namely ‘annualized cost method’, ‘present worth of annual savings’ and

‘present worth of cumulative savings’ The drying cost for 1 kg pineapple

was calculated as Rs. 1 1, when it was dried using solar drier. But it was Rs.

19.73 in the case of electric dryer. Economic analysis showed that the

cumulative present worth of annual savings for drying pineapple over the life

of the solar dryer turned out to be approximately 17 million rupees. The

capital investment of the dryer was Rs. 550,000 and the payback period of

the dryer was found to be 0.54 year. The life span of the solar dryer was

assumed to be 20 years. The payback period was calculated to be just 0.54

year, which was also very less considering the life of the system (20 years).

Performance of the dryer was quite satisfactory from the date of installation.

A latent heat thermal energy storage system based on Phase Change

Material (PCM) was developed and its performance was analyzed.

Acetamide (CH3CONHg) was used as PCM and it was filled in a specially

fabricated stainless steel container having adequate heat transfer facility. A

novel efficient solar cabinet dryer, particularly meant for drying vegetables

and fruits, was also developed. The PCM container was integrated with the
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solar cabinet dryer to study the feasibility of energy storage for drying

applications. The dryer was an indirect type with an aperture area of 1.27 m2

Two axial fans provided in the dryer accelerated the drying processes. The

absorber plate of the dryer achieved a maximum temperature of 972°C,

when it was studied under no load condition. The maximum air temperature

in the dryer was 78.l°C, which was 45°C higher than corresponding ambient

temperature. A detailed economic analysis was done using 3 methods

namely ‘annualized cost method’, ‘present worth of annual savings’ and

‘present worth of cumulative savings’ Drying cost for 1 kg bitter gourd was

calculated as Rs. 17.52 and it was Rs. 41.35, in the case of electric dryer.

The life span of the solar dryer was assumed to be 20 years. The cumulative

present worth of annual savings over the life of the solar dryer was

calculated for bitter gourd drying as Rs. 31,659, which was much higher than

the capital cost of the dryer (Rs. 6500). The payback period was calculated

as 3.26 years, which was very less considering the life of the system (20

years). So the dryer would dry products free of cost during almost entire life

span. The quality of the product dried in the solar dryer was competent with

the branded products available in the market. A detailed study was

undertaken with PCM integrated into the dryer. The drying performance was

evaluated and compared with open sun drying. The dryer was loaded with 4

kg ripe banana having an initial moisture content of 78%. The final desired

moisture content of 15% was achieved within 12.5 hours, but the sample

kept in the open sun drying could not reach its final desired moisture content

in the same duration. It was found that the product loaded in the dryer during

night time had a reduction in moisture content of 2.41% and the reduction in

moisture due to evening drying was 3.21%. The PCM integrated dryer,

designed and fabricated in the present work, could reduce the drying

duration and maintained a warm atmosphere inside the dryer during night
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hours. This prevented the deterioration of the product even if there was no

sunshine.

A cost effective and simple solar greenhouse was designed and

fabricated for evaluating its suitability for industrial drying application.

Temperature of different regions of solar greenhouse was continuously

monitored, along with solar radiation and ambient temperature, from 9.00

a.m to 5.00 p.m solar time. The greenhouse was loaded with copper cake,

which was an effluent generated by a zinc manufacturing industry. Two

courses of studies were mainly undertaken with the present experimental set

up. Maximum temperature recorded in the greenhouse when it was loaded

with 60 kg and 550 kg of copper cake were 46.8°C and 50.6°C respectively.

The objective of the study was to reduce the drying duration of copper cake,

which is a valuable effluent, generated by the industry. The initial moisture

content at the time of loading was 40% and the final desired moisture

content for the separation of copper was 10%. The nonnal drying duration of

this effluent, without any arrangement, was forty five to sixty days, while it

was only ten days when the system was loaded with 550 kg sample. With the

present experimental set-up, the drying duration of the sample was reduced

considerably along with the reduction of storage space required for the

effluent material in the factory premises.

Comparative analyses of solar air heater with numerical simulation

tools have several important results. Simulation studies included analysis of

variation of the temperature output for different mass flow rates, effect of

number of baffles in collector output temperature, and pressure drop across

the collector. The results showed that CFD tools have its own advantages in

the field of solar air heater research. It is a powerful assistant tool for

researching and is worth to apply in this area.
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SUGGESTIONS AND RECOMMENDATIONS

The experimental study conducted on pilot model solar air heaters

helped us to design and install a 46 ml roof integrated solar air heater with a

batch type solar dryer, particularly meant for drying fruits and vegetables.

Research work on experimental model enabled us to optimize the mass flow

rate and to decide the model best for a particular requirement. The solar

drying system was installed in a Food Processing Centre and a group of

‘women are operatingflI.ThiI|IlUVdIIIIIlIidtoInesolar
energy for income generation and poverty alleviation among poor rural

women. The success of the project suggests to go for more such systems and

the potential is vast.

The proliferation of this type technology is an urgent need of the

hour, particularly in the context of fast depleting of conventional fuels. Food

processing industries consume lot of conventional fuel and the introduction

of this technology will cause a considerable reduction of precious fossil fuel

consumption. It is felt that very poor dissemination of the solar air heating

technology for hot air generation/drying is mainly due to the complexity of

the system. But the proper design of the system, accounting heat and mass

transfer phenomenon during drying process alleviates this stumbling block

and this in tum, causes the spreading of this technology into a new orbit.

A policy should be evolved for mandatory use of solar air heaters in

food industries, which utilizes conventional fuel for drying and similar

processes. In this case the solar air heater may be used as full energy

delivery (FED) unit or partial energy delivery (PED) unit, depending on the

quantity of energy requirements. Another potential area where the use of

solar air heater is to be made mandatory is industrial heating. Solar air

heaters are well suited to generate temperature in the range of 90°C and the

industries which requirehigh temperature can utilize solar air heating system

as a preheating unit.
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The simple greenhouse technique is found to be much suitable for

low temperature drying applications in industry. Moreover, it resulted in

faster drying of the toxic effluent enabling the extraction of valuable material

out of it.

The incorporation of PCM based thermal energy storage in drying is

suitable in small solar dryers. It can help to create a warm atmosphere inside

the dryer during night hours, protecting the product from spoilage. The

integration of PCM storage in large solar air heaters will result in sudden

discharge of heat from the storage medium to the flowing air due to the high

mass flow rate supplied by the blower. Hence PCM storage is recommended

in small scale solar dryers. PCM based storage can be used for a large

number of charging/discharging cycle.

In order to achieve better CFD simulations and to validate these, some

recommendations for simulations are given on the basis of the present study.

1) Simulation should be performed with entire geometry of solar air heater

with wall roughness.

2) More refined predictions can be achieved by using more advanced

turbulence models and wall treatments [such as Reynolds Stress Model

(RSM)] considering the anisotropic nature of turbulence.

3) More simulations should be perfonned in order to investigate effect of

grid—refinement on the solution that is to check grid independence.

4) The predictions of the radiative heat transfer can be improved by using a

buoyancy model to model natural convection effects correctly.

5) Effects of number of baffles on heat transfer output needs to be validated

against experimental data, which is currently not available.

6) It is recommended to optimize the baffle position for three and four

baffle model in order to investigate the impact on heat transfer.

*********#||=**|F**Ik**#***lt*>k
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