H.P Garg

Advances
In

Solar Energy Technology

Volume 3

Heating Agricultural and
Photovoltaic Applications of Solar Energy

D. REIDEL PUBLISHING COMPANY



Advances in Solar Energy Technology

Volume 3
Heating, Agricultural and Photovoltaic Applications of Solar Energy




H.P Garg

Professor of Solar Energy, Centre of Energy Studies,
Indian Institute of Technology, New Delhi, India

Advances
In
Solar Energy Technology

\olume 3

Heating, Agricultural and
Photovaltaic Applications of Solar Energy

D. REIDEL PUBLISHING COMPANY

A MEMBER OF THE KLUWER ACADEMIC PUBLISHERS GROUP

DORDRECHT /BOSTON / LANCASTER / TOKYO



Library of Congress Cataloging in Publication Data
Garg, H. P. C

Advances in solar energy technology.

Includes bibliographies and indexes.

Contents: v. 1. Collection and storage systems— v.2. Industrial applica-
tions of solar energy— v. 3. Heating, agricultural and photovoltaic applica-
tions of solar energy.

1. Solar energy. I. Title.

TJ809.2.G37 1987 621.47 86-31441
ISBN-13:978-94-010-8189-4 e-ISBN-13:978-94-009-3797-0
DOI: 10.1007/978-94-009-3797-0

Published by D. Reidel Publishing Company,
P.O. Box 17, 3300 AA Dordrecht, Holland.

Sold and distributed in the U.S.A. and Canada
by Kluwer Academic Publishers,
101 Philip Drive, Assinippi Park, Norwell, MA 02061, U.S.A.

In all other countries, sold and distributed
by Kluwer Academic Publishers Group,
P.O. Box 322, 3300 AH Dordrecht, Holland.

All Rights Reserved
© 1987 by D. Reidel Publishing Company, Dordrecht, Holland
Softcover reprint of the hardcover 1st edition 1987

No part of the matenal protected by this copyright notice may be reproduced or
ny,means, electronic or mechanical

or by any information storage and

mission from the copyright owner




Dedicated to my parents who
believed in Honesty, Sincerety

and Hardworking.

To my wife, Kusum, and my children,
Meenu, Neelu, Naina and Darpan, for
their support and perseverance.




CONTENTS

Preface

Acknowledgements

About the author

Contents of volume I and II

CHAPTER 1 SOLAR COOKERS

1.1 Introduction

1.2 History of solar cookers

1.3 Solar cooking

1.4 Types of solar cooker

1.5 Direct or focussing type solar cooker
1.5.1 Wisconsin solar cooker

1.5.2 Umbrella type solar cooker

1.5.3 Paraboloidal type solar cooker

1.5.4 TFresnel reflector type cooker

1.5.5 Fixed soil-cement spheriodal reflector

solar cooker
1.5.6 Light weight molded aggregate reflector
type solar cooker
1.5.7 Multi-mirror or multi-facet type solar
cooker
1.5.8 Cylindro-parabolic solar cooker
1.6 Indirect or box type solar cooker
1.6.1 Solar hot box cooker
1.6.2 Solar oven
1.7 Advanced solar cookers
1.7.1 Heat transfer system type solar cooker
1.7.2 Energy storage type solar cookers
1.8 Performance of solar cookers
1.8.1 Direct type solar cooker
1.8.2 Box type solar cooker
1.9 Testing of solar cooker
REFERENCES

CHAPTER 2 SOLAR DESALINATION

Introduction

History

Single effect basin type solar still
2.3.1 Types of single effect basin still

2.
2'
2

wW o =

xiii
xvii
x1ix
XX

25

27
28
28
33
37
38
44
48
48
52
54
57

62

62
64
71
72



viii

2.3.2 Basics of solar still
2.3.3 Performance prediction of basin-type still
2.3.4 Experiments on solar stills

2.4 Tilted tray solar still

2.5 Wick type solar still

2.6 Multiple effect diffusion solar still
2.7 Multistage flash distillation
REFERENCES

CHAPTER 3 SOLAR FOOD DRYING

1 Introduction

2 History of solar drying

.3 Basics of solar drying

4 Types of solar dryers

3.4.1 Natural convection or direct type
solar dryers

3.4.1.1 Rack type solar dryer
3.4.1.2 Solar cabinet or box dryer
3.4.1.3 Greenhouse type solar dryer
3.4.2 Indirect type solar dryers
3.4.2.1 Chimney type paddy dryer
3.4.2.2 Fruit and vegetable dryer
3.4.2,3 Solar wind ventilated dryer
3.4.3 Forced circulation type dryers
3.4.3.1 Bin type grain dryers
3.4.3.2 Tunnel or belt dryers
3.4.3.3 Solar assisted or hybrid dryers
3.4.3.4 Solar timber drying
3.5 Theory and simulation models

Theor

3.5.1 Single layer drying

3.5.2 Deep-bed grain drying

3.5.2.1 Logarithmic model

3.5.2,2 Partial differential equation model

(A) Fixed bed model

(B) Cross flow model

(C) Concurrent flow model
(D) Counter-flow model

3.6 Energy requirements for grain drying

REFERENCES

CHAPTER 4 SOLAR POWERED WATER PUMP

4.1 Introduction

4.2 History of solar pumps

4.3 Components of solar emergy pumps
4.3.1 Collector type

4.3.2 Storage type

4.3.3 Heat engine

CONTENTS

74
78
83
90
93
97
102
108

116

116
118
119
130
131

131
132
132
134
135
136
137
139
139
148
149
150
153
153
158
158
159
159
161
161
162
163
165

170

170
172
177
177
179
179



CONTENTS

4.,3.4 Working Fluid

4,4 Typical solar pump systems
4.,4,1 The Coolidge, Arizona, 150 KW solar
thermal irrigation pump.
4.4.2 Gila Bend, Phoenix, Arizomna, 37 KW
solar powered irrigation pump
4,4,3 Willard, New Mexico, 19 KW solar thermal
water pump
«4.4 SOFRETES solar pump
4,5 Bakel, Senegal, 32.4 KW solar powered
irrigation system
4,4,6 TRISAIA CNEN, Rome, Italy, 3 KW solar
water pumping plant
4,4,7 Special solar pumps
4,4.,8 Mead, Nebraska, 25 KW photovoltaic
powered irrigation pump.
REFERENCES

CHAPTER 5 SOLAR GREENHOUSES

5.1 Introduction
5.2 History
5.3 Basics of plant growth
5.3.1 Light intensity
5.3.2 Temperature
5.3.3 Humidity
5.3.4 Air movement
5.3.5 Carbon dioxide
5.3.6 Nutrients
5.3.7 VWatering
5.4 Greenhouse design
5.4.1 Orientation and tilt
5.4.2 Modes of heat transfer
5.4.3 Glass or plastic greenhouses
5.4.4 Heat storage in the greenhouse
5.5 Energy conservation techniques
5.6 Heating and cooling of greenhouses
5.7 Typical greenhouse designs

5.7.1 The Brace greenhouse design

5.7.2 A low energy Australian greenhouse

5.7.3 The Rutgers university solar greenhouse
5.7.4 A commercial solar greenhouse at
Tennessee

5.7.5 New Alchemy Institute solar passive
greenhouse

5.7.6 The KISR greenhouse for warm climates
5.7.7 UAE plastic greenhouse for warm climates
5w /w8 Residentialattached greenhouse

182

182
182

187

189

194
195

197

199
203

206

210

210
211
215
216
218
220
220
221
223
224
225
225
226
230
234
237
239
247
247
249
251
253

255
256

258
259



X

5.8 Performance prediction of crop yield and thermal

environment in greenhouse

REFERENCES

CHAPTER 6 SOLAR CELLS

.1
.2
3

o O O

o o
0
N W;m

Introduction
History
Fundamentals of photovoltaic conversion
6.3.1 Semiconductor materials
Photon energy
Electron hole concentration and Fermi
level
A p-n junction
Absorption in a semiconductor
Solar cell materials
iency losses
Reflection losses
Shade due to current collection grid
Incomplete absorption of photon energy
Excess photon energy loss
Collection loss
Voltage factor loss
Curve factor loss
Series and shunt resistance loss
iency of solar cell
modelling of solar cells
The p=-n junction
The heterojunction
.6. Metal semiconductor junctions
ilicon solar cells
Purification of silicon
Methods of growing crystal
2.1 The Czochralski (CZ) process
Heat exchanger method (HEM)
Ribbon technology (EFG)
The dendritic Web method (WEB)
Silicon or Ceramic (SOC) method
SEMIX method
Zone refining process
Other methods
n wafers to silicon solar cells
Surface preparation
Dopants diffusion
Grid formation
Antireflective coating
Module design
6.7.4 Polycrystalllne silicon cells
6.7.5 Amorphous silicon cells
6.7.6 High efficiency silicon cells

o o
.
w w
-
w N

(o2 WNe WV B e NN« )\ W e Wl v - I > Bl = A Wi o AW« ) Wi« \ Wi = )W o \ Wi @ ) W'« NN . B o )W '@ A W@ )}
O Fhoe .

\l\ll"o\c‘c\(h"hl-\-l-\b-l-\-l-\b-l-\-l-\"hmww
.

NI—*O(».)NHOO@\IO\LHJ-\WNHOO\U!J.\

wwwwwH-NNNNNNN

. L
\l\l\l\l\lpo\l\l\l\l\qulq

. .

.

UIJ.\L»)NI—‘O OD\IO\L:I-I-\U)N

O\O\O\O\O\O\O\O\
.

(=)}
.
~
.
w
e
P o
O o

OO
e o e
" .
.

CONTENTS
261

269

279

279
281
285
286
290
291

295
305
309
315
316
319
319
320
321
322
323
324
325
329
329
333
335
337
337
339
339
340
341
342
345
345
346
347
347
347
348
349
350
350
351
355
363



CONTENTS

6.8 Gallium arsenide solar cells

6.9 CdS/Cu,S solar cells
6.10 Cadmium telluride solar cell
6.11 Photovoltaic sunlight concentrators
REFERENCES

Appendices

Appendix
Appendix

Appendix

Appendix
Appendix
Appendix
Appendix
Appendix
Appendix

Apprndix
Appendix
Appendix

Author Index

1
2

(Yoo BEN B« NN E, ¥ )

10
11
12

Conversio

n factors

Physical properties of some solid

materials

Physical properties of some building
and insulating materials.

Physical
Physical
Physical
Physical
Physical
Physical

properties
properties
properties
properties
properties
properties

of
of
of
of
of
of

atmospheric pressure.
Freezing points of aqueous solutions.
Properties of typical refrigerants.
Extraterrestrial solar spectral
irradiance at mean Sun-Earth distance.

Subject Index

some liquids.

some liquid metals.,
saturated water.
saturated steam.
some gases.

dry air at

364
366
368
370
373

384
385
391

393

395
396
398
400
402
403

404
405
406

408
415

X1



PREFACE

This volume is the third in the series of the book entitled,
'‘Advances in Solar Energy Technology'. The purpose of
writting this multiple volume book is to provide all the
relevant latest information in the field of Solar Energy
(Applied as well as theoretical) to serve as the best source
material at one place. Attempts are made to discuss topics
in depth to assist both the students (undergraduate, post -
graduate, Research Scholars) and the professionals
(consulting, design, contracting firms). The third volume
discusses the heating, agricultural and photovoltaic
applications of Solar Energy.

Chapter 1 deals with solar cookers, one of the important
application area for developing countries. After discussing
the history of solar cookers, eight types of direct solar
cookers, two types of box solar cookers and two types of
advanced solar cookers are discussed in detail. The
performance studies carried out on direct type and on box
type solar cookers are also presented. A test procedure for
rating a box type solar cooker is also introduced. The
limitations and advantages of various cookers are discussed
briefly in the chapter.

Desalinated water for drinking purposes, for industrial and
agricultural applications is required. The topic of Solar
Distillation is discussed in detail in chapter two. Solar
Distillation has a long history and in this chapter various
kind of solar stills like conventional solar still, tilted
tray solar still, wick type solar still, multiple effect
diffusion solar still, multistage flash distillation, etc.
have been discussed in depth. The single effect basin type
solar still (the so called conventional solar still) has
been discussed in somewhat greater detail including its
design, basics, prediction model and experiments conducted
on the same.

There is a considerable post-harvest food losses amounting
to 25 percent of the total production mainly in developing
countries. This post-harvest food losses can be reduced by
using solar drying techniques which is a topic of chapter
three. This chapter starts with the basics of solar drying
and then discusses different types of convective solar
dryers, indirect type solar dryers and forced circulation
type solar dryers, The design of various dryers falling in
these three categories are discussed in detail. To

Xiii
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understand the drying mechanism and the dryer behaviour
various analytical simulation models are developed from time
to time. In this chapter mathematical models both for
single layer drying and deep bed drying are discussed
briefly.

For increasing the crop production water is an essential
ingradient and the pumping of water is therefore an
important topic. There is a long history of solar operated
water pumps which is a topic of chapter four,. After
discussing various components of solar energy operated
pumps, typical solar pump systems, which are of different
capacity, using different kind of solar energy collectors,
storage systems, heat engines, working fluids and installed
in different climatic conditions are discussed in detail,
In all eight solar pump installations are discussed in this
chapter.

The topic of solar greenhouse which is a common feature in
many European countries and is becoming popular in other
countries also is discussed in chapter 5. The basics of
plant growth like light intensity, temperature, humidity,
air movement, carbon dioxide, nutrients, watering, etc. are
discussed in this chapter briefly. The main components
required for greenhouse design and the heat transfer
mechanism taking place in respect of both glass and plastic
greenhouses are also discussed. Both the heating techniques
required in cold countries and cooling techniques required
in hot countries are discussed briefly. Various energy
conservation methods to make fullest use of solar energy are
presented in this chapter. Eight typical greenhouse designs
which are installed in different climatic zones are also
discussed in this chapter in detail. A performance
prediction model for predicting the crop production and
thermal environment in greenhouse is also presented in this
chapter.

The last chapter (chapter 6) of this volume and of the
series is on solar cells which is a exploding field all over
the world and scientists have great hope to convert solar
energy into electricity through solar cells at a price
comparable to that produced by the convectional methods.
Perhaps maximum number of papers are published on this topic
alone, and therefore it has a long history. The chapter on
solar cells starts with the historical background and then
goesin depth with the fundamentals of photovoltaic
conversion where the semiconductor materials, p=-n junction,
photon absorption, solar cell materials, etc. are discussed.
The factors responsible for the low efficiency of solar
cells are also discussed in detail with a view so that
reader would know the possible limitations and improvement
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possibilities for higher conversion efficiency. Basic
models in respect of p-n junction, heterojunction, metal
semiconductor junction are also presented. Silicon solar
cells are produced commercially and used both in the space
and on the ground for many applications and therefore
silicon solar cells are discussed in this chapter in great
detail, The purification of silicon, methods of growing
crystal and techniques of making single crystal silicon
solar cells, polycrystalline silicon cells, amorphous
silicon cells and high efficiency silicon cells are briefly
discussed. For high conversion efficiency under high
temperature operation, gallium arsenide solar cells are
recommended. The advantages and disadvantages of these
cells are also discussed., The CdS/CuyS solar cells and
cadmium telluride solar cells which can cheaply be produced
on large areas and have great hope in the near future are
also discussed briefly. The photovoltaic concentrators
which increases the intensity on solar cells are also
discussed in this chapter.

Finally a few appendices are added at the end of these
chapters in which conversion units, properties of materials
and other useful data are included.

The book is written with the intention for its use as a text
book for students of higher learning and as a reference book
for consulting engineers, designers, technologists, and
scientists who have interest or engaged in the field of
solar energy utilization.

New Delhi, India H.P. Garg
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CHAPTER - I

SOLAR COOKERS
1.1 INTRODUCTION

Food, cloth, and shelter are the three main necessaties
of human beings. Availability of cheap and abundant supply
of energy is an index of the prosperity of a country. Fire-
wood is the fourth most important source of energy after
coal, oil, and natural gas, considering the World as a
whole. The fuel wood used in developing countries and deve-
loped countries are 80 percent and 10 percent respectively
[1]. For the world as a whole about 50 percent of the fuel
wood is used for cooking of food, and 50 percent for the
other household purpose like heating, process applications
and in industries[2]. The per capita of forest in Asia is
very low, and in many Asian and Africanm Countries, the
commercial fuels like coal, o0oil and electricity is not
available and therefore they have to depend on the fuel wood
for cooking of food. In these countries the forests are fast
depleting and therefore the fuel wood price has increased
three fold during the last five years. The forest area per
capita(hactare) and the fuel wood consumption per capita (Kg
of coal equivalent) for some of the developing countries is
shown[1l] in fig.l.1. It is seen from this figure that in
many countries there is a shortage of fuel wood and there-~-
fore afforestation programmes and forest management proce-
dures are to be adopted. The scracity of fire wood imposes
economic and social burden on the poor.

Both commercial energy sources like coal, o0il, and
electricity and non-commercial energy sources like fire-
wood, cow dung, and agricultural wastes are used for cooking
of food. But in rural areas where transportation and money
is a problem, non-commercial energy sources are used for
cooking of food. It has been estimated[3] that in Rural
India more than 95 percent of the energy consumed goes for
cooking only and most of which is derived from firewood(33
percent), agricultural wastes(24 percent) and Cow dung cakes
(33 percent). The large scale cutting of trees (deforesta-
tion) is a growing worldwide concern over the ecological
problems and human sufferings. It has been estimated[3]
that more than 15 million hectares of forest cover is lost
every year in developing countries mainly its use as fuel
wood. This causes soil erosion, land degradation, loss of

1
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FIG 1.1 FIREWOOD CONSUMPTION PER CAPITA AND FOREST AREA FOR
SOME OF THE DEVELOPING COUNTRIES (From Parikh[1])

watershed and deep water table resulting in widespread dese-
rtification.

The use of dried cow dung as cooking fuel is extremely
unfortunate since it is a very good fertilizer thamn a fuel.
About 400 million toms of wet dung which becomes 8C million
tons when dried-are annually burned for fuel in India alone,
robbing farmland of badly needed nutrients and organic mat-
ter. The agricultural wastes which is mainly derived from
crop residues is also used as a fuel for cooking and its use
is increasing which otherwise can also be used as a fertili-
zer.

Since food is to be cooked, and in the absence of any
alternate cooking fuel, it is impossible to stop the rural
people of using fuel wood, agricultural waste, and dried cow
dung. The solar cooker if available and suits to their
requirements can offer a partial solutien to the multitude
of problems faced by the poor and the people living in the
sunny belt of the developing countries. Solar cooker if it
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is properly developed, engineered, and studied; introduced;
and proper education and training is provided; can be used
on a mass scale and will therefore releive hundreds of
millions of people of the world from sufferings and har-
dships.

1.2 HISTORY OF SOLAR COOKERS

One of the simplest, earliest and most required appli-
cation of solar energy is its use for cooking of food.
Solar energy has been used by men for drying of food pro-
ducts and for cooking of food since the begining of recorded
history. Attempts were made about 200 years ago to develop
different types of solar cookers even when fuel was cheap
and abundantly available. De Saussure[4] in 1776 in Switze-
rland developed the first hot box type solar cooker consis-
ting of am insulated, airtight wooden box blackened from
inside and covered with two colourless window panes sepe-
rated by an air space. The sunlight entered the box through
the glass and was absorbed by the black surface. A tempera-
ture of about 90°C was achieved in this simple hot box
cooker. John Herschell[5] in 1837 in England developed a
solar oven which was a black box and insulated it by bur-
rying in sand leaving only the top exposed with two glass
covers through which solar energy entered the box. The
vegetables and meat was ccoked in this box and has shown a
temperature of 116°C. Lavoisier was able to melt several
metals and fuse platinum(1773°C) by using a hollow lens,
1.3 m in diameter, filled with alcohol. Mouchot[6] in 1869
in France developed a solar cooker consisting of a parabolic
reflector reflecting solar radiation en to a cooking pot
and the same was commissioned by the French emperor, Napo-
leon III for the French colonial trocops in Africa. He
demonstrated its use at the world Exhibition in Paris in
1878 cooking a pound of beef in about 20 minutes. W.Adams
[7], an Englishman working in India, during the year 1876
developed a solar cooker using flat-mirrors arranged in an
eight-sided pyramidical structure, 70 cm in diameter at the
larger end. Sunlight falling on the mirrors was focussed on
a pot of food placed at the focus. This cooker was able to
cook vegetables and even meat but was expensive for the
average person to buy. Samual Pierpont Langlay([8] in 1884
built a hot box type of solar cooker and demonstrated its
use atop Mount Whitney in Califormia. Inspite of the snow
and frozen ground the cooker was able to cook food at high
altitudes. In the United States C.G.Abbot[9,10] in 1916
built several solar cookers using cylindrical parabolic
refibectormfocussingmsunbightyyonto a blackened pipe filled
with motor oil and the tube enclosed by a tramsparent glass
tube to prevent heat loss. The blackened pipe carried hot
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0il to a reservoir in an insulated box where the cooking
utensil is located, and the return pipe form the reservoir
carried cooler oil to the inlet of the pipe completing the
circuit. In this cooker the cylindrical reflector was turned
automatically by a clockwork during the day. The cooker
designed by Abbot was exhibited at the Smithsonian Institu-
tion Museum in Washington and had attained a temperature of
about 180 ‘C. The cost of cooker was too high for practical
use but the oil reservoir was able to held heat for a long
time and therefore the food was cooked even after many hours
of sunset. During the early 1930's, Mourain[11l] conducted
some experiments on Solar Cookers primarily for the French
colonies but could not show any worthwhile results During
the year 1952, the National Physical Laboratory of Great
Britain, identified the area of Solar Cooker as one of the
main research area in the field of Solar Energy utilization.

The pioneer work om Solar cooker was conducted at the
National Physical Laboratory of India by a group of scienti-
sts[13,14,15] who made the first practical solar cooker.
This cooker used a aluminium parabolic reflector on a stand
that enabled the angle to be adjusted, with a cooking pot
held at its focus. These cookers were tested under
different climatic conditions and were manufactured commer-
cially for a limited time by Devidayal Industries in Bombay.
A UNESCO conference on Wind Power and Solar Energy[16] was
held in New Delhi during October 1954 in which several solar
energy devices including Solar Cookers were exhibited. In
these cookers several manually adjustable mirrors were moun-
ted in a frame, reflecting sunlight on to a cooking pot.
Each mirror was to be manually adjusted more frequently to
keep the focussed light on to the pot making the system
unattractive and combursome from utility point of view
Lectures on Solar Cookers were given by Duffie[17], Telkes
[18], and Ghai[19] at the first World Symposium on Solar
Energy At Tucson and Phoenix in 1955 and several Solar
Cookers were exhibited during the conference period. Several
papers[20-27] dealing with the designs and performances of
solar cookers were presented at the united Nations conferen-
ce on Solar Energy, Wind Power, and Geothermal energy in
Rome during August 1961. A Plastic Solar Cooker[28,17] was
developed at the university of Wisconsin consisting of a
plastic shell lined with aluminized mylar suspended in a U-
frame helping in tilting the reflector easily and reflecting
the sunlight on to a cooking pot held at its focus. Lof[22]
described a lightweight portable solar cooker using an
umbrella frame with aluminized mylar laminated to the inside
of the cloth and grill for holding the kettle or frying pan.
Several types of Solar Cookers are described by F.Daniels in
his book on 'Direct use of the Sun's energy' with the
simplest one consisting of a fixed, spheroidal reflector
made by forming a spheroidal depression in the ground. This
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depression is lined first with a mixture of soil and cement
to stablize the shape and then with aluminized mylar.

Extensive studies on a simple hot box type Solar Cooker
[29,30] was conducted by M.K.Ghosh(1932) in India. This
solar cooker was consisted of 2 wooden boxes, one placed
within the other and the top was covered with the glass
sheets fitted in a wooden frame. A plane mirror of the size
of the window was hinged on to one side of the cooker to
enhance the solar radiation input into the box. Temperatures
as high as 120°C was reported in the hot box. Dr.Maria
Telkes[18,23,31] under the auspices of the united Nations
developed a Solar oven which consists of an insulated box
with double glazed window and four plane slanting reflectors
of bright aluminium at the sides of the window reflecting
sunlight down through the window into the window. The
insulated box may be filled with some suitable heat-storage
salts, making the cooker suitable even for late evening use.
Temperatures as high as 210 °C are reported in this oven.
The performance of this oven can be improved by using more
plane reflectors in series known as compound wedge reflector
instead of using one large plane reflector as is done by
Telkes[31]. The analysis of this type of concentrator is
done by Mannan[32] and has shown that by compounding the
reflector, the surface area of the reflector can be reduced
and higher effective concentration can be attained. Cobble
[33] has analysed the conical reflector system with a circu-
lar cylindrical target or a conical target and has shown
that a conical mirror with either target is capable, theore-
tically, of higher concentration than the parabolic cylinder
mirror with either a flat-plate target or a circular cylin-
der target.

A solar steam cooker using a shallow cylindro-parabolic
reflector and a double walled insulated hot box was deve-
loped by Whillier[34] in Canada in 1965. The reflector
consists of a shallow parabolic cylindrical section made of
thin hardboard laminated with aluminium foil on the inner
side. Reflected radiation generates the steam by heating the
water in the blackened pipe which goes into the insulated
box heating the cooking vessel.

A.Whillier[35] in Canada in 1965 developed a solar
steam cooker comnsisting of a tube in plate type of flat
plate collector and an insulated hot box containing the
cooking vessels. Water in the flat-plate collector(0.75m2)
gets boiled when the collector is exposed to solar radiation
and this low pressure low temperature steam goes in the hot
box giving its heat to the cooking vessels thereby cooking
the food. Several cooking trials are conducted and concluded
that this can be used for boiling the food.

Hazzard et alf[36,37] in 1966 in USA as a VITA effort
developed a solar cooker using Fresnel mirror type-parabolic
-reflector made up of concentric rings of reflective mate-
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rial on a rigid backing. These reflective rings are mounted
on a wooden frame in such a way that these concentrate sun
light at a focal length of 75 cm. The diameter of the outer
ring is 1.15 m2. This reflector is mounted on a tripod with
two fixed legs on the front side and one pivoting wooden leg
to keep the cooker at the desired angle. In order to find
their durability and usefulness, 90 such cookers were supp-
lied to the villagers of Morocco in the year 1966. All
variety of food was practically cooked with this cooker.

In an effort to reduce wind load due to a large size
single reflector, Tabor[38] in Israel in 1966 developed a
solar cooker which uses 12 identical, 0.29 m diameter con-
cave glass mirrors mounted in an iron frame in a 2-axis
azimuthal mounting, permitting reflection of radiation on
the bottom of the cooking pot. When the incoming solar
radiation was 890 w/mz, the cooker was equivalent to 500
watts. A similar multifacet solar cooker was developed and
tested in USSR by Umarov et al[39].

A concentrating type solar cooker using a cylindrical
concentrator(0.75 x 1.2 m) mounted on a polar axis with
automatic suntracking mechanism and a heat pipe at its focus
with 'Daytherm A' heat transfer fluid in it and an indoor
hot plate was developed by Swet[40,41,42] in USA in 1972.
The working fluid in the heat pipe boils gives its heat to
the specially designed hot plate, gets condensed and returns
by gravity and is distributed by wicking action over the
entire inner surface of the heat pipe. When no cooking is
required a heat storage material is proposed to store the
heat for later use.

Gargl[43] in 1976 in India also designed a Fresmnel
reflector type of solar cooker with a reflector of diameter
1.2 m and focal length 0.6 m. Seven anodized aluminium
strips each of 7.5 cm wide are used and fixed on a wooden
frame in grooves whose angles are different and calculated
in such a way that the reflected radiation meets at one
point. Trials conducted on this cooker have given encoura-
ging results bringing 1.0 litre of water to boiling point
within 30 minutes.

Gargl44) in India in 1976 developed a single reflector
type hot box solar cooker with double glazed window inclined
at an optimum tilt to collect more solar radiation. The
cooking chamber was large enough to accomodate even more
than four cooking vessels. Several cooking trials are con-
ducted and temperatures as high as 178°C was recorded on a
very sunny day in summer months.

Gargl[45] in India in 1976 developed a solar oven
similar to the one developed by Telkes except that the hot
box was of cylindrical shape which was well insulated and
the double olazed window surrounded by eight looking glass
reflectors out of which four of square shape and four of
triangular shape. This oven under arid zone conditions has
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given a temperature as high as 300°C and was able to cook
all variety of food.

In 1976 in Upper Volta[46], studies on shallow spheri-
cal dish reflector(1.5 m2) of focal length 0.5 m made of
aluminium were conducted and 250 solar cookers were distri-
buted to families in various urban and rural areas of upper
volta. The reflector is suspended above ground in a welded
and bolted steel frame. The support frame contains a cross
bar from which the cooking pot is suspended upto the focal
point. Several tests are conducted and 2 litres of water
could be brought to the boiling point from 30°C just in 18
minutes.

M.Parikh[47] of Agriculture Tools Research Centre,
Bardoli, India in 1976 developed a portable hot box type
solar cooker consisting of inner and outer metal boxes and
space between them filled with dried rice paddy husk. The
box is covered with openable double glass window. Several
cooking trials are conducted in this cooker.

In 1977 Garg and Thanvi[48] studied the performance of
a solar steam cooker using a flat-plate collector(0.9 mz)
and an insulated box containing a tiffin of three compar-
tments. The steam cooker was fixed at the top of the flat-
plate collector.

Brace Research Institute, Quebec, Canada, in 1977 deve-
loped and tested a simple hot box type solar cooker made of
brick structure with three sides having double glazing and
an insulated north wall and base. The cooker does not have
provision of a reflector.

Von Oppen,[49] an economist in India in 1977 developed
a solar cooker called 'sun basket' consisting of a deep
parabolic bowl (1.2 m diameter) made of jute reinforced
papier mache backed by a woven bamboo frame with aluminium
reflecting foil. The reflector can have automatic or manual
tracking arrangement. The bamboo frame is fitted with a
curved stand to allow for easy adjustment for the basket for
sun-tracking. One litre of water was brought to boiling
point with this cooker in 5 minutes time.

An openable focussing type solar cooker using two
highly polished parabolic metal mirrors which can rotate
about a horizontal axis to focus solar radiation onto a
glass enclosed oven was developed in 1977 in the Federal
Republic of Germany[50] and in 1979 in Kenya[51]. The two
mirrors form two arms of a parabola with the oven permanen-
tly fixed at the focus.

Morris[52] in Canada during the year 1978 studied the
performance of a solar assisted-hay box solar cooker consis-
ting of wood, stone, brick or clay box insulated heavily
with dry hay or straw and a solar air heater. Air gets
heatedvinpassingthroughotherair heater, heating the gravel
in the bottom of the hay box thus providing additional heat
to the large stone(previously heated seperately in a fire).
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This system provided rapid and late evening cooking.

The volunteers for Internationmal Technical Assistance
(VITA) for the United States Department of Commerce, office
of the Technical Services in 1977 compared the performance
of twelve solar cookers available to them to determine their
potential usefulness in countries served by the Intermatio-
nal Cooperation Administration. Some of the points consi-
dered for evaluation are: Cooking performance and efficien-
cy, durability, cost, shiping weight, portability, ease of
operation, ease of local manufacture, and adaptiability to
local techniques and people. The cookers compared are:
Wisconsin design, Boeing reflector, Thew cooker, Burmese
design, Fresnel reflector type, umbroiler, Solnar, inflatab-
le, and oven type such as Telkes solar oven, Ghosh Hot box.
Garg et al[54] at Jodhpur have compared the performance of
five different type of solar cookers such as NPL type para-
bolic solar cooker, Fresnel reflector solar cooker, Flat-
plate steam cooker, Hot box solar cooker, and solar oven,.
Walton et al[55] in Georgia Institute of Technology,
Atlanta, USA prepared a survey report omn solar cookers,
solar pump and cook stoves in which 10 different types of
solar cookers have been described. Bowman and Blatt[56]
described several type of solar cooker imn an effort to
select/develop a suitable solar cooker for introduction in
Haiti. The German Appropriate Technology Exchange (GATE)
has published a report[57] in 1978 describing 17 solar
cookers together with a evaluation of their usefulness in
the view of the consumer. Looking to the renewed interest
in Solar Cookers and Indian Government's strong desire of
its introduction a National Workshop on Solar Cookers was
arranged by Garg[58] at New Delhi India in April 1983.
Recently a Comprehensive solar cooker manual describing
various type of solar cookers developed upto now is prepared
by Alward[59] from Canada.

1.3 SOLAR COOKING

As discussed earlier solar cookers are required since
firewood used for cooking causes deforestation, commercial
fuels are not available, dried cow dung and agricultural
wastes used for cooking is a good fertilizer, and human
resources used for collecting fuel can be diverted and used
for some other useful purpose. Although a variety of solar
cookers have been developed, but these are not in use as
expected. Some of the reasons for their non-acceptance are:
(1) Too expensive for individual family ownership, (2) Inco-
mpatible with traditional cooking practices, (3) too compli-
cated to handle, (4) cooking can be done only in the direct
SuURy(5) can not. cook at night, (6) can not cook in cloudy
weather, (7) can not cook indoors, (8) danger of getting
burned or eye damage, (9) are not locally available, etc.
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However, it is pointed out by Walton[55] that the above
reasons are not the only reasons for non-acceptance of solar
cookers. The above reasons are generally given by solar
technologists but the field results suggest that these
cookers will be accepted only through a serious and conti-
nuous programme of introduction, education and training, and
involvement of Women folk who can make it successful.
Moreover, solar cooker itself should be able to meet some of
the technical and economic requirements before it is selec-
ted for introduction.

A couple of attempts have been made in the past to
introduce and popularise the solar cookers. The most exten-
sive attempt was perhaps made with the help of solar scien-
tists and anthropologists to introduce some 200 solar
cookers in Mexico in the states of sonora, Coahuila and
Oaxaca. The cooker selected for the study was the one
developed at the university of Wisconsin{[21]. 1In the begin-
ning the cookers selected use a rigid plastic reflectors
with reflective films bonded to the front surfaces. 1In the
beginning these cookers were not successful due to some
mechanical failures of the cookers. Later based on the
findings the cooker was redesigned, modified and the focal
length was made within the easy reach from the ground and
the final resulting cooker(model 3) was found to be most
successful and reported that for early periods of its intro-
duction these were used for 100 percent of the times but
later the villagers turned to their original traditional way
of cooking. 1In the states of Oaxaca (Mexico), with the
support from Rockfeller Foundation, the cooker was further
modified which used polyester shells, reinforced with muslin
cloth, and burlap, and with a myriad of small glass reflec-
tors glued to the front surface. These cookers were used
for many years and finally these were also dropped. Some of
the reasons given for the non acceptance of solar cookers in
the villages of Mexico are:

(1) A part of the reflector either plastic film or
glass mirror pieces were to be replaced
periodically.

(2) The cooker needed frequent adjustment towards the
sun and exposure of the cooking pot to the blowing
dust and sand effected the food taste.

(3) The easy availability of alternative cooking fuels
like wood and fuel wood.

(4) There was no provision of storing the heat
therefore cooking of food was not possible where
there were clouds or sun was not strong.

Another attempt to introduce solar cookers in India
during the years 1950-1960 where a commercial firm had
startedsmanufacturing solarscookers has failed. This cooker
which was a direct-focussing type using parabolic reflector
made of aluminium, polijshed and anodized was able to cook a
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variety of food items and the reflectivity remained unchan-
ged for many years of its use outdoors. This cooker was
also not accepted due to its high cost, easy availability of
alternative cooking fuels, no provision of storing the heat,
and requirement of frequent adjustment towards the sun.
Currently an effort was made under the help from Danish AID
Organisation Danchurchaid to introduce 250 solar cookers in
Rural areas of upper volta (West Africa). The cooker was of
direct reflector type where the frames of the parabolic dish
was made locally and the reflector surface uses a aluminized
plastic film pasted to the parabolic dish. It is reported
that during the first year of its introduction, almost all
the cookers worked well and there had been no problem in
getting the local women to understand the system and to see
its advantages. The cooker was able to cook all of the
local native dishes. It is also reported that in due course
of time the local women had made few technical innovations
in their design and use.

From the above, it can be concluded that the ultimate
success of the introduction of solar cooker will not omnly
depend on the method of introduction, education and training
but the solar cooker itself should meet some of the techni-
cal and economic requirements.

The principle ways of cooking food are boiling, frying,
roasting, and baking. When boiling is the principle way of
cooking food such as rice, lentils, etc. the temperature of
food being cooked is about 100 °C. For other methods of
cooking, higher temperatures are required. For frying and
boiling of food,heat is supplied from all the sides and heat
is transferred to the food by radiation and convection. 1In
most of the foods, water is present and whem cooking by
boiling is done some water is always added to the food such
as in the boiling of rice. Because of the large amount of
water, the specific heat of food may be assumed to be close
to water i.e. 4 KJ/Kg °C. In such cases, once the boiling
temperature i.e. 100 °C is reached, not much heat is required
except the heating rate should be equal to the rate of
thermal loss from the vessel. Thus the difference of time
in cooking by two cookers of equal quantities of food can be
due to their difference in lengths of heating up periods.
The thermal losses from the cooking vessel are: evaporation
loss from the food; and radiation and convection loss from
the surface of the cooking vessel. The largest heat loss
from the food is due to evaporation of water from the food
which is about 2.5 MJ/Kg. Convection heat loss from walls
of vessel and oven is also quite large and can be reduced by
the use of covers on the utensils and by insulating the oven
walls., If the area of the food container is about 0.1 m?2
per. Keg of container contents, the energy input for 1 hr of
food boiling and omne fourth of water present is to be vapo-
rised and hourly convection |heat loss at boiling temperature
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of about 6.8 MJ/per square meter of utencil, then the perce-
ntage heat loss at boiling temperature of about 6.8 MJ per
square meter of utencil, the percentage heat loss would be:

Vaporization of water 35 percent
Heating food to boiling 20 percent
temperature

Convection losses from vessel 45 percent

Considerable heat losses can be reduced by insulating
the sides of the vessel and keeping the vessel covered with
a lid. The temperature required for cooking of many foods is
about 100°C, but to have high heat transfer rates, the
temperature of the heat source should be high. 1In conven-
tional cookings, the temperature of the fire is quite high,
resulting in high heat transfer. Generally, where electri-
cityor gas is used for cooking, the burner is rated at 1.0
KW which brings about 2 litres of water to boiling point in
about 10 minutes. Therefore a solar cooker should be desig-
ned such that it provides about 1.0 KW which brings about 2
litres of water to boiling point in about 10 minutes. There-
fore a solar cooker should be designed such that it provides
about 1.0 KW of energy which can be obtained with 2.0 m? of
flat-plate collector with efficiency of 50 percent.

1.4 TYPES OF SOLAR COOKER

Several basic types of solar cookers have been deve-
loped todate. These cookers are broadly divided into three
types: (1) Direct of focussing type, (2) Indirect or box
type, (3) Advanced or separate collector and cooking chamber
type. The difference between each of them is as follows:

(1) Direct or focussing type: 1In these cookers some
kind of solar energy concentrator is used which
when directed towards the sumn focus the solar
radiation on a focal point or area on which a
cooking pot or frying pan is placed. In these
cookers the convection heat loss from cooking
vessel is large and the cooker utilizes only the
direct solar radiation. A few focussing solar
cookers are shown in fig.1.2.

(2) 1Indirect or box type: In these cookers an
insulated hot box(square, rectangular,
cylindrical) painted black from inside with double
glazing is used. To enhance the solar radiation
plane sheet reflectors (single or multiple) are
useds..Here the adjustment of cooker toward the
sun is not so frequently required as in case of
direct| type solar cooker. This is a slow cooker
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and takes longtime for cooking and many of the
dishes can not be prepared with this cooker. Some

of the box or oven type cookers are shown in
fig.1.3.

(e)
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(3) Advanced type: 1In these cookers, the problem of
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transferred to the cooking vessel in the kitchen.
The cookers use either a flat-plate or focussing
collector which collect the solar heat and
transfers this to the cooking vessel. A few
typical advanced cookers are shown in fig.l.4.
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(A) Flat-plate collector with plane side reflector

(E) Step reflector or fresnel reflector

(8) Flat-plate collector with compound side (F) Spherical reflector
reflector

Y

(C) Conical refiector .
(G) Multitacet spherical reflector

G

(D) Paraboloidal reflector (H) Cylindro-parabolic reflector

FOCUSSING REFLECTOR CONFIGU-
SOLAR COOKERS.
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There are a large number of focussing collectors which
may be used in solar cookers. The cross section of some of
the focussing collectors are shown in fig.1.5. All these
systems can use cylindrical reflectors or refractors,
circular reflectors or refractors giving a line focuss or a
point focus of radiation respectively. The most important
is the concentration ratio which is defined as the ratio of
area of the concentrator aperture to the energy absorbing
area of the receiver. The concentration ratios for surface
of revolution reflectors can be much higher than their
cylindrical counterparts. A simple flat-receiver with plane
side reflectors is shown in fig.1.5(a). In this case the
direct as well as diffuse radiation are directly received
and absorbed by the flat receiver which is further augmented
by the reflected radiations. The concentration factor in
such types are generally not more than three. This can be
further improved by using more plane reflectors known as
compound wedge reflector shown in fig.1.5(b). Parabolic
reflector as shown in fig.1.5(d) focusses the parallel rays
of the sun on a small area and gives a very high concentra-
tion ratio and thus high temperatures can be obtained. Here
the reflecting surface can be of silvered glass, polished
metal, or aluminized plastic film. If a very sharp focus is
not required then a spherical reflector as shown in
fig.1.5(f) can be used instead of a parabolic reflector.
This reflector can be made easily. A fresnel reflector
(fig.1.5 E) or fresnel refrector can also be used for conce-
ntrating the solar radiations. The individual plane or
curved segments or strips are so arranged that the reflected
or refracted light meets at one point(focal point). This
type of reflector can be easily made. To get high tempera-
ture at the focus, large number of concave mirrors can be
used as shown in fig. 1.5(G) where all or individual mirrors
can be adjusted to get sharp focus at one point. Cylindro-
parabolic reflector as shown in fig.1.5(H) can be used which
provides line focus to heat water or oil which can be
further used for cooking of food. A few typical solar
cookers are discussed below:

1.5. DIRECT OR FOCUSSING TYPE SOLAR COOKER

Direct or focussing type of solar cookers appear to
have high potential since these provide higher temperatures
so that all the dishes can be produced with them. Although
these cookers require frequent adjustment towards the sun,
there are considerable high convection heat loss from
cooking vessel, and the cooking vessel is exposed to outside
dust and dirt and wind. Moreover, at those places where the
diffuse radiation percentage is high, these cookers will not
work so effectively. 1In these cookers there is always a
possibility of skin or eye burning with focussed sunlight
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and their stability against wind storm is mnot so good.
Inspite of all these problems, several focussing type of
solar cookers have been developed and tested in the past. A
few of these cookers are discussed here:

1.5.1 WISCONSIN SOLAR COOKER(Spherical Parabolic Type)

Perhaps the best known direct cooker and which can be
used for comparison purposes is the molded plastic reflector
developed at the solar laboratory of the University of
Wisconsin, Wisconsin[17,21]. The plastic reflector uses a
drape-formed, high impact polystrene shell of 120 cm
diameter with a focal length of 45 cm and 0.15 cm thickness,
stiffened at the rim with a ring of 1.25 cm diameter thin
walled aluminium tubing (Fig.1.6). A reflective lining of
aluminized mylar polyster film is applied to the shells with
an adhesive, so that the clear film forms a protective
covering over the specular surface. The specular reflecti-
vity in new condition of the material is in the range of 75
to 80 percent which reduces with time and requires replace-
ment after two years of constant use. The azimuth adjus-
tment and vertical stability in this cooker are provided by
two spun discs at the base which fit one within the other
and turn with respect to one another; this results a more

Concave
reflector

FIG.1.6. WINCONSIN SOLAR COOKER.
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stable cooker. Adjustment in altitude is provided by a
locking device on a sector attached to the reflector, and
the grid is supported from each side for additional stabili-
ty. The frame members of this cooker are of thin-wall steel
tubing and 19-gauge sheet metal formed by stamping or (for
the base discs) spinning. The cooker which has an effective
area of about 1.1 sq.m. delivers about 40 to 55 percent of
incident beam radiation to a cooking vessel 18 cm in diame-~-
ter i.g., maximum delivery rate of 400-500 watts at an
incident beam total energy of 1.0 kilowatt on the unshanded
reflector. It is reported that a cooker with a reflector
several years old and used intermittentlg in the laboratory,
with average direct radiation of 940 w/m“ heated 0.90 litres
of water from 32°C to boiling point in 13 minutes, 1.81
litres from 32°C to boiling in 28 minutes and 3.63 litres of
water from 32°C to boiling in 62 minutes.

These cookers were found to be very useful for cooking
a wide variety of food, including beans, staws, soups,
meats, tortillas, and eggs. These can also be used for
heating water.

1.5.2 Umbrella Type Solar Cooker

This folding umbrella type solar cooker was first made
by Lof and Fester[22] in USA. The reflector is composed of
a frame work, similar to an umbrella frame, covered with a
metallized plastic film laminated to cloth. The reflector
looks like a umbrella, when it is opened, with a highly
reflective lining. It is made with a light aluminium frame,
has 16 ribs, and is covered with aluminized mylar rayon
laminated cloth. It is 115 cm in diameter and has focal
length of about 60 cm. The reflecting material between
adjacent forms a wedge like segment which has a base length
of 23 cm between rib tips. Hence any pot that is less than
23 cm across will not receive all the light that is reflec-
ted back. For a 15 cm pot, about 1/3 of the light gathered
near the periphery is lost, increased efficiency would
result from introducing more ribs. It was observed that the
focal point remains diffuse due to the folds in the cloth
and partly due to the fluttering of the cloth in stiff wind.

The reflector is supported by a tripod frame which
incorporates an adjustable sqivel joint for proper alignment
of the cooker with respect to the sun(fig.1.7). Adjustment
of the altitude angle requires removing the cooking vessel.
The designer and manufacturer of this cooker, G.0.G. Lof.,
has suggested a number of modifications to make this design
more rugged and suitable for continuous use. These includes
heavier fabric, larger tube diameter for the umbrella shaft,
heavier gzill and more xrugged, support joint for the entire
unit.
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B.grill adjustment
Screw

A.reflector adjustment
screws

FIG.1.7 SKETCH OF UMBRELLA TYPE SOLAR COOKER

Maximum concentration ratio of the cooker was found to
be 12. It was also found that 45 percent of the specularly
reflected radiation was intercepted by the 23 cm square
focal zone and 31 percent fell inside a 18 cm diameter
circle centred on the theoretical focal point. Net efficie-
ncy of this cooker(solar to water) was observed as about 23
percent. This cooker is equivalent to about 400 watts and a
variety of foods can be cooked with this cooker.

1.5.3 Paraboloidal type solar cooker

This cooker was first developed in India by M.L.Ghai
et al[13,14,15] and consists of a paraboloid reflector of
equation Y2 = 180 x, with a focal length of 45 cms. This
reflector is spun from aluminium sheet to the desired shape
from weather and to maintain
the paraboloid has a diameter
ff horizontally across the top
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for a vertical height of 85 cm. The face area normal to the
incident solar rays is 0.76 sq.m. which is reduced to a net
or an effective area of 0.67 sq.m. by the necessary attac~-
hments. The reflector is mounted on a stand that provides
for manual adjustment to accomodate the daily and seasonal
movement of the sun. The support for the cooking utencil is
a wire netting fixed to a steel ring that can be adjusted
manually to provide a horizontal position for the vessel.
The cooking utencil is a cylindrical brass vessel 18 cm
in diameter and 8 cm high with a flanged ring at the top.
The reflectivity of the surface of reflector is about 75
percent. One edge of the reflector is truncated in order to
cut down side heating and facilitate easy handlikng of food
while cooking. Also because of the shadow caused at the
centre of the reflector by the cooking utencil, this portion
does not contribute towards concentrating solar radiation
and thus reduces the effective area. A small circular
portion from its centre is therefore, cut out without loss
of efficiency. This opening also guides in the proper
adjustment of the cooker for solar radiation to fall normal-
ly to the reflecting surface by observing whether the uten-
cil shadow on the ground is uncentric with the circular
sunlight patch. These improvements effect a saving in the
reflector material and to reduce its overall cost and
weight. The various components of this cooker are shown in
fig.1.8.

— Utensil ring

—- Utensil pipe

—— Reflector

—— Reflector ring

——— Tilting bracket
Adjusting handle ——

- Turning pin

— Base

FIG.1.8 PARABOLOIDAL TYPE SOLAK COOKER
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The overall efficiency and cost structure of this NPL
reflector type solar cooker is comparable to those produced
anywhere else in the world. About 50 experiments were
conducted in the laboratory on this cooker to study its
performance under different atmospheric conditioms. It was
observed that under clear calm days, one litre of water
comes to boiling point within 25 minutes. Variety of foods
can be cooked with this cooker and its output is equivalent
to about 400 watts of electric hot plate.

1.5.4 Fresnel Reflector type Cooker

A simple reflector type solar cooker which can be made
in a domestic workshop with the help of wooden battens and
anodized aluminium strips has been designed by Gargl[43] in
India. This step reflector or the Fresnel reflector used in
the cooker has a diameter of 120 cm with a focal length of
60 cm. Seven aluminium strips each of 7.5 cm width, which
are finally anodized are used. The angle of the strip, ap,
to get concentration, can be calculated with the help of the
following formula:

1 Ry
0p = ——— tan"l  (——)
2 F

Where Ry is the distance of the strip from the centre
of the reflector and F is the focal length. This step refle-
ctor is mounted on a stand for its manual adjustment towards
the sun. The cooking pot can be placed on a wire netting
fixed to a steel ring. It was observed that 1.0 litre of
water comes to boiling point within 30 minutes under clear
and calm sky conditions. The actual cooking trails are also
conducted and it was found that all types of dishes can be
prepared under very clear sky conditions.

A similar type of cooker was also made by VITA[53] in
which the reflector used only simple, curved surfaces and is
constructed of 3 mm masonite to which aluminized myler has
been cemented. The reflector is 115 cm in diameter and has a
focal length of 75 cm. On aclear day, it delivers in excess
of 500 watts to a focal spot of about 15 cm in diameter.
This reflector is supported at two places on the ground, and
a single, pivoting wooden leg supports the cooker at the
desired angle. This stand is simple and easy to adjust. The
pot holder consists of a rod to which a grill is attached
which holds the pot at the proper focal distance, and which
permits the pot to be held horizontally, independent of the
reflector position. This cooker is shown in fig.1.9.

Severalotrialbssonothisscooker are conducted and it was
observed that under clear sky conditions, 4 cups of rice can
be cooked in 30 minutes and a small chicken can also be
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cooked in about 30 minutes.

88cm

FIG.1.9. FRESNEL REFLECTOR TYPE SOLAR COOKER
1.5.5 Fixed Soil-Cement Spheriodal Reflector Solar Cooker

In thlS type of solar cooker[17] a spheriodal depression

S with a mixture of soil and
>e and then with aluminized
ssion is formed by swinging a
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pendulum, or blade, fastened to a wire which is secured at a
fixed point above the ground on a tripod. After the rough
shape is made, a shallow layer of soil and cement mixture is
placed in the depression, smoothed with the blade and wet-
ted. When this has set, and after some further work on the
surface, a reflective lining of aluminized myler pressure-
sensitive tape is applied. The cooking pot support is built
so that the pot follows the shift in the focal spot due to
the daily motion of the sun.

The advantages of this cooker are its simplicity and
ease of construction in the field and the large sizes possi=-
ble. No reflector mounting is necessary and the cooking pot
support is simple to fabricate. The orientation can be
fixed during construction so as to make the reflector usable
during the desired time of day.

The disadvantages of this cooker are its lack of mobi-
lity, which might result in physical damage due to weather
conditions, and the limited period of time during which it
can be used(estimated at 4 hours a day).

Stam[27] suggests a variation of this design in which
he proposes integrating a large reflector, capable of deli-
vering 2000 watts or more, into the design of a desert home.
Such a device constitutes the nucleus of a desert home.
Stam has worked out a whole system of cooking and utilizing
the solar energy in such a design. The reflector would be
made out of adobe or some such material and lined with a
reflective material such as aluminium foil. Omnly a scale
model has been constructed to date.

1.5.6 Light weight molded aggregate reflector type solar
cooker

Reflector shells have been made of light weight conce-
rete aggregate of sawdust and vermiculite which are formed
over molds and lined with aluminized plastic and plastic
tape. The most successful of this type of cooker is designed
by Duffie[17]. It consists of a reflector 105 cm in diame-
ter with a focal length of 45 cm, made of vermiculite aggre-
gate and reinforced with wire and rim of thin-wall tubing.
This reflector is mounted on a wooden post in the ground
arranged to pivot about its axis. Holes are drilled through
it to hold a rod from which hangs a pan support basket. The
top edge of the reflector leans against the post and its
lower edge is supported at variable distances from the post
on an arm secured to the post.

The advantages of this type of cooker are the simplici-
ty of the mounting device and its component parts and the
possibility of using locally available materials and labour
forpitspconstructionspnMajoradisadvantages are the weight of
the reflector, which makes it cumbersome to handle and the
fact that reflective lining is difficult to apply.
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Another inexpensive method of fabricating this type of
reflector has been suggested by Jennes[60]. A convex, wire
reinforced, plaster paraboloid die is first cast from a
centrifugally formed concave paraboloid mould. The surface
of the die is coated with wax, then a layer of wood pulp.
Papier mache or laminated newspaper is spread over it.
After a few layers are built up, they are pressed to squeeze
out excess liquid. The process is repeated untill the
compressed laminate is 3 mm or 6 mm thick. Woven basket is
suggested as a reinforcement. After removal from the die,
strips of aluminium foil are pasted on the surface.

Another simple cooker is suggested by Von Oppen[49] and
he named it as Sum basket. The sunbasket is basically a
paraboloic mirror made from paper mache, reinforced by a
layer of jute fabric and held in place by a bamboo frame.
The reflector lining is aluminium foil which is glued on the
inner side of the basket.

For fabricating the sun basket a mound of cement con-
crete of paraboloidical shape is made on the ground which is
done with the help of a plywood frame of parabolic shape,
previously fabricated which is revolved on the masonry work
while still soft. A bamboo basket is woven in such a way
that it fits exactly over the shape of paraboloid mound. At
the same time, papier mache is prepared from 5 Kg.of shred-
ded waste paper, 2 Kg of wheat flour, 1 Kg. of methi flour
and sufficient quantity of water to make a thick pulp. The
ingradients are mixed well and heated to nearly boiling
temperature. The mould is then covered with one layer of
water-soaked newspapers so that the papier mache would not
stick to the mould. The papier mache is then pasted in a

- Tripod

T Sun basket

Cooking pot

FIG.1.10 SUN BASKET.



SOLAR COOKERS 25

layer of about 1.2 cm., well-pressed upon the paper-covered
mould. On top of this, the bamboo basket is then placed and
pressed well onto the wet surface. The papier mache is
then taken out. The inside of the papier mache is then
pasted with silver foil for reflecting solar rays. Nine
sheets of (40 x 60 cm) silver paper are necessary for a
basket. For cooking purposes, the sun basket is focussed
towards the sun and the cooking pot is suspend from a tripod
stand as shown in figure 1.10 at the focus.

It is claimed that the sun basket under clear sky
conditions can cook rice in 10 minutes and dal in 20
minutes. One litre of water can be brought to the boiling
point in 5 minutes. The sunbasket is estimated to be
equivalent to 700 Watts.

1.5.7 Multi-mirror or multi-facet type solar cooker

A multimirror solar cooker which is more durable was
designed by Tabor[38] specifically with a view to
fabrication in centralized workshops in developing
countries. In this cooker twelve concave glass mirrors each
having an area of 675 sq. cm. are used. These mirrors are
arranged in three rows of five, four and three and are held
in position by 12 circular rings made of iron rod and welded
at their points of contact. These iron rings are suitably
welded to get the correct overall shape. The mirrors are
attached to the rings either by three clips at the edges or
by having three holes near the periphery and binding with
thread. This attachment can be carried out by the user as
no technical skill is required. The mounting is made
entirely of ironmn. The vertical axis comprises two
concentric water pipes, one of which is inserted about 40 cm
into the ground to improve stability. It has two angel-iron
feet at right angles welded on and resting on the ground.
The horizontal axis passes through the tubes of the rotating
frame. The rotating frame is also made of iron tubes(water
pipe at the bottom, thin walled conduit pipe for the sides)
with a building iron ring-similar to those used for the
mirrors to act as pot holder. The clamp of the tilt
adjustment comprises a flat-iron strip having a large number
of holes along its length. It is hinged at the bottom(omn
the verticle axis tube) and the upper end passes close to
the trailing edge of the mirror frame on which an iron pin
is welded. This pin engages with any one of the holes in
the strip. The mirror tilt is set by slightly lifting the
bar, which disengages from the pin, adjusting the tilt to
the desired position and allowing the bar to drop back
reengaging to the pin. Disengagement can not be caused by
the wind. The cooker is shown in fig. 1.11.

The area of each mirror is 675 sq.cm. which would yield
67.5 watts for a solar intensity of 1 KW/m2 for 100
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percent reflectivity. The mirror reflectivity is about 82
percent giving 55 watts per mirror. Actual observations on
this cooker have shown that it gives about 550 watts. About
1.84 litres of water comes to boiling point within 22
minutes. The results are better than those reported for the
120 cm diameter aluminized plastic cookers even though the
area of this cooker is only 70 percent. The explation is
in the high reflectivity of the glass mirror and the better
absorption by the pot due to smaller angles of incidence.

FIG.1.11 MULTIFACET REFLECTOR SOLAR COOKER

Similar collapsible protable seven-facet concentrator
with electropolished facets cooker has been developed in
USSR[39] and is now mass produced in that country for its
possible use in the republics of central and South Asia,
Kazkhastan etc. Here the reflecting elements, the facets
are made in parabolidal form of electropolished aluminium.
This portable collaposible solar stove, consisting of seven
facets is designed to prepare liquid and certain second-~-
course dishes, to boil water, milk, coffee, and to produce
distilled watezr. The diameter of each facet is 0.56 m and
the total reflecting area is 1.85 sq.m. The focal distance
of the cooker is 0.65 m and the focal diameter is 0.08 m.
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It was experimentally observed that under normal calm sky
conditions when the solar radiation is 784 watt/m? about 6
litres of water comes to boiling point within one hour. The
total weight of the cooker is 20 kgm. The cooking pot in
this case is a aluminium container, fast-boiling with heat
insulating case and fixed in a ring at the focal point.

The body of the concentrator is assembled from six
hexahetral planes of the same kind. Seven metal rings are
attached to each frame to hold the facets. The concentrator
body and the frames are assembled and the rings installed on
an appropriate paraboloidal matrix, thus elementating the
need for facet alignment. For easy operation the design
provides for am equatorial rotation system. Rotation takes
place about an axis parallel to the celeastial axis. A
screw mechanism adjusts the concentrator position, depending
on the annual declination of the sun; the adjustment is made
periodically every 2 or 3 days. The concentrator 1is
suspended near the centre of gravity of the concentrator-
receiver system, which makes it easy to control.

1.5.8 Cylindro-parabolic solar cooker

This solar cooker as designed by Pratal[25] takes
advantage of the direct type of solar cooker and also of
heat box type of solar cooker. This cooker consists of two
parts, the cylindro parabolic reflector and oven. It
consists of two cylindro-parabolic mirror with a focal
length of about 1.05 m and each mirror having an area of 0.4
sq.m. made of nickel-plated brass sheet and attached to a
wooden structure traversed by a supporting shaft about which
it may be rotated. This shaft permits the reflector to be
focussed. It may be fixed in any desired position by means
of slip rings. The oven is double walled insulated cylinder
made of aluminium sheet with openable end covers. This oven
is kept on wooden stand as shown in schematic fig.1.12. 1In
its lower part the cylinder(oven) has an elongated window
along one generatix to allow the concentrated solar
radiation. The area of the window is about 0.06 sq.m. To
reduce the convection and radiation losses from indoors, a
glass sheet is used on the inner side and a mylar plastic
sheet is used on the outer side of the window. The reflec-
tors are eccentrically placed relative to the window, so
that the position of the apparatus need not be frequently
adjusted to the changing azimuth of the sun.

It was observed that 1.0 litre of water comes to
boiling point within 30 minutes with this cooker and it
operates at an efficiency of about 30 percent. All types of
cooking like boiling, baking, frying and roasting can be
domwepimpthitswsiolrarpcookersOn a day when the direct solar
radiation was 840 W/m2, about 1.5 kgm of potatoes with 1.0
litres of water were cooked within 150 minutes.
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FIG.1.12 SCHEMATIC DIAGRAM OF A CYLINDRO PARABOLIC SOLAR
OVEN

1.6 INDIRECT OR BOX TYPE SOLAR COOKER

Hot box type solar cooker typically use some
concentration of solar radiation, generally with plane
reflectors, in an insulated chamber with a transparent cover
(glass) for trapping the heat (green house effect). A
typical hot box is shown im fig.l1.3(a). De Saussure[5]
appears to have been the first to use the hot box. His hot
box consisted of an insulated, air tight, wooden box,
balckened on the inside and covered with two layers of plamne
glass seperated by an air space. Langley built a similar
hot box and carried it on an expedition to Mount Whitney.
The most common types of cookers are described below:

1.6.1 Solar hot box cooker

designed by Ghosh[29,30]
boxes made of teak wood with
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an air space in between. The inner box is tappered and the
walls are inclined at an angle of 45 degrees. The inner box
lined with blackened aluminium sheet rests on springs and
contains the cooking utencils with the food material. The
dimensions of the inner box are 25 x 25 cm at the base, 50 x
50 cm at the top and 14 cm high. Two clear window glass
sheets with the outer glass having double the area of the
inner glass are fixed in frame and are hinged to the box and
served as the box door.

FIG.1.13. BOX-TYPE COOKER AS DEVELOPED BY GHOSH (INDIA)

The reflector was one looking glass (70 x 70 cm) fixed
on a plain wooden plank and hinged to one side of the box.
The angle of the reflector can be changed with the help of
rod and tube arrangement. The maximum temperature recorded
in this cooker was about 160°C. Cooking of food by boiling
can also be done with this cooker. The cooker is shown in
fig.1.13. 1In this cooker as expected the cooking is slow
but the timings as is observed for cooking rice and chopped
meat varies between 2 and 3 hours depending on the sun's
intensity.

Similar type of hot box solar cooker was designed and
studied by Garg[44] and the same is shown in fig.1.14. It
consists of double walled(base area is 45 x 45 cms) with the
outer wall made of teak wood, 1.25 cm thick, and inner wall
made of blackened thin galvainzed iron sheet with 3.75 cm
fibreglass insulation in between and an openable double
glazing at the top with an inclination of 26 degrees from
horizontal at Jodhpur(India). The reflector is adjustable
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and is a plain looking glass (60 x 55 cms) which is fitted
on the inner side of a wooden cover. The cooker and the
reflector can be adjusted towards the sun with the help of
castor wheels and slotted kamani provided in the cooker.
The solar radiation directly and after reflection enters
through the double glass window and heats the plate and the
air inside the box.

B gy, TRANSPARENT GLASS
~— 60x55 cm
WOODEN FRAME

FIBRE GLASS
INSULATION

2|
J— BLACKEMED G.I.SHEET

:.5:m

s
[~ -—= 55em e

FIG.1.14. SCHEMATIC DIAGRAM OF HOT BOX TYPE SOLAR COOKER.
AS DEVELOPED BY GARG(INDIA)

It was observed that maximum temperature in the cooker
reaches to 178°C in summer season and 148°C in winter season
on clear days at Jodhpur. The cooker requires adjustment
after every 30 minutes towards the sun.

A variety of foods like rice, potatoes, vegetables and
arhar dal are satisfactorily cooked with this cooker and 1.0
kgm of each of these items took about 1.5,2.5,3.0 hours
respectively. Moreover two dishes can be cooked
simultaneously in the cooker which may take slightly longer
time as compared to single dish. Thus both lunch and dinner
within the pexiod of sun up hours can be prepared. The food
remains warm even at the time of dinner. The performance is
not effected by the wind and dust.
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Reflector mirror -

Double glazing —,
Cooking vessel
Absorber tray—

Quter box
Folding legs

FIG.1.15 BOX TYPE SOLAR COOKER.

Mohan Parikh and Rahul Parikh of Bardoli[61], India
have also designed a similar cooker with both the inner and
outer boxes made of metal and the inner box with vertical
wall., The cooker is schematically shown in fig.1.15.The
dimensions of the inner box (absorbing tray) are 45 x 45 x 8
cm. This space is enough to accomodate 4 cooking utensils
of 20 cm. All varieties of food like cereals, pulses,
vegetables, roots(like potato), eggs, soups, porridges, etc.
are cooked in this cooker.

Another box type solar cooker with a three-step
reflector, consisting of plane mirrors, is designed and
tested by Mannan[62,63] in India. The cooker 1is
schematically shown in fig.1.16. The folding three step
asymmetric reflector box cooker retains the essential
festures of a box cooker and fitted with a three-step
asymmetric reflector. As the reflector is adjusted relative
to the box window, the distance of the mirror from the box
window changes. Therefore this design will not give optimum
performance in different seasons of the year. Optimum
performance can be obtained if the mirrors also are hinged
together so that their relative angles can also be changed.
This arrangement 1is done in a two-step reflector box cooker
by Mannan and Cheema[63]. In this design the two reflecting
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mirrors are hinged with each other and the width of each

Reflector

FIG.1.16 A THREE STEP REFLECTOR TYPE BOX COOKER

mlrror is about 1.25 times the width of transparent window.

his g 0 - S ic system is designed to give
in summer and 2.0 in winter.
pared the performance of two-
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steps reflector box cooker with the single reflector box
type solar cooker and observed that the two-step reflector
box cooker gives 190 °C temperature in summer and 170 °C in
winter which is 30 ° and 45°C higher compared to single
reflector type cooker in summer and winter respectively.

1.6.2 Solar Oven

A solar oven is similar to a hot box cooker using an
insulated box and multiple reflectors. The area of the box
is kept as small as possible while the reflector area is
large. The major difference is in the machanism of
directing solar radiation to the cooking area. In the hot
box cooker direct solar radiation penetrates directly
through the glass window while in a solar oven additional
radiation after reflection also penetrates through the glass
window. Due to enhanced solar radiation penetration and
decreased cooker area for heat losses, the temperatures
inside solar ovens can attain quite high temperatures
sufficient for cooking all varieties of foods. The mirrors
are generally fixed at certain angles relative to theglass
cover and the whole oven is oriented and tilted in the
direction of the sun.

The solar oven was first designed by Telkes in
[18,23,31] USA. The three models, the triangular oven, the
pot stove and cylindrical oven as described by Telkes are
schematically shown in figs.1.17,1.18,1.19 respectively.
The Telkes triangular oven is designed especially for equa-
torial latitudes with the window tilted at 30 deg from the
horizontal. Reflectors are made either of highly polished
aluminium sheet, or reflector foil, or plane glass mirrors.
The inner box is made of sheet metal and blackened and
having double or triple glazed window. Four reflectors are
mounted at 30 deg from the normal to the window. The outer
box is made of thin sheet metal or other suitable material
like plywood or thin wood etc. The spacing between the two
boxes which is about 7 to 10 cmis filled with some suitable
insulating material which can withstand a temperature of
about 300°C. On the back wall of the oven a plug-type door
through which cooking pots can be placed inside or taken
outside is provided. It is reported that the cooking time
taken by this oven is about the same as with conventional
cooking fires. Temperatures as high as 210°C are commonly
experienced with this oven.

The pot stove as shown in fig.1.18 is designed to
permit cooking from the top which is said to be the
preferred way. The cooking pot which is blackened from
outside is pivoted inside the oven so that it can swing over
apratherpwidenrangemofmaboutw60 degree angle. The interior
of the oven is made of reflecting material and the shape is
so designed such that it can reflect maximum radiation on
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the cooking pot. The outer box can be made with any material
such as thin sheet metal, plywood, thin wood etc. The space
between the two boxes is filled with insulation. Four
square and four triangular reflectors made of highly polis-
hed aluminium, or aluminized mylar or looking glass reflec-
tors are used. Double glazing is used as window of the inner
box. A plug type door above the cooking pot which is fitting

Glass reflector ;\é— %

FIG.1.17 TRIANGULAR SOLAR OVEN.

Glass
reflector

FIG.1.18. TELKES POT STOVE.

in the opening is used to operate the oven. This pot stove
is mounted on a tripod type of stand with the help of which
the pot stove can be tilted towards the sun. The
appropriate tilt is maintained by a peg attached to one of
he stove ¥ h e can also cook all varities
about 210° can easily be
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FIG.1.19. CYLINDRICAL SOLAR OVEN.

The cylindrical oven as shown in fig.1.19 can be titled
in any position from 0 to 90 deg from horizomtal to follow
the sun. The inner surface of the cylindrical box is lined
with reflector lining reflecting solar radiation on to a
blackened cooking vessel kept on a cradle like cooking
platform which remains horizontal irrespective of the tilt
of the cylindrical oven. The outer side of the cylindrical
box can be made of thin sheet metal, wood, plywood, or
weatherproof cardboard. The space between two shells is
filled with good insulation. The window is double glazed
and the four square mirrors and four triangular mirrors are
mounted at 30 deg to the normal to the window. An insulated
plug type door for the operation of the cooking vessel is
provided on the back wall of the oven. The whole oven can
be inclined and oriented with the help of the pipe stand as
shown in the figure. The length of the oven in the axial
direction can be increased if several cooking vessels are to
be used simultaneously. Several cooking trials and performa-
nce studies are carried out on this oven and it is concluded
that all type of cooking like boiling, roasting, backing,
etc. can be done within 45 to 100 minutes. Temperatures as
high as 220 °C on clear days can easily be observed.

This oven was further modified and extemsive trials
were conducted by Telkes and Andrassy[23]. The body of the
modified solar oven consists of a well-insulated semi-
cylindrical form, made of sheet aluminium, sheet steel,
galvanised iron. Two shells are made and the space between
them is filled with insulating materials. The interior
shell is painted black, using heat resistant paint.
Aluminium sheet is not painted since this will help in
concentrating solar radiation on to the pot. An openable
door(window) of the same material is made to keep and remove
thewfoodonThemareavofmthenwindow is 0.19 sq.m. In some
ovens this window is hinged with the oven and is used as a
door to inmtroduce food. The reflectors are made of
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anodized sheet aluminium of the type known as *Alzak'. The
size of one reflector is 43 x 43 cm and the total effective
solar collection area is 0.56 sq.m. The angle of these
reflectors are so fixed relative to the window that the
effective solar intensification is about 3. The stand and
the orienting device is made of tubular metal with pivoting
axle for rotating the semi-cylindrical oven part. The
position of the oven is fixed by using a pin which engages
into openings on the side of the oven-body. The cooking
platform is made of hollow sheet metal shell, filled with
heat storage material and is blackened to absorb solar
radiation.

This oven intercept solar radiation directly through
window and by reflection from mirrors. Temperature as high
as 240°C has been recorded inside this oven near New York
city on a clear day. It was also observed that 1.0 litres
of water comes to boiling point from a temperature of 20 °C
within 30 minutes. Calculations show that this oven is
equivalent to 150 watts of electric hot plate. All types of
cooking, baking, roasting and boiling can be performed in
this oven.

This solar oven is considerably improved by Pandyal[64]
and Garg[45] and extensive trials are conducted on the same
both at Ahemedabad and Jodhpur. The solar oven developed by
them is described. This solar oven consists of a well
insulated semicylindrical box made of sheet aluminium and
wood. Two shells are made and the space between them,
7.5cm, is filled with fibre glass insulation. The interior
shell is painted black. A door of the same insulating
material is also made for keeping and taking out of food.
The Window (40 cm x 40 cm) of the oven comnsists of two

Reflector —-

Door

Inner shell ——
Insulation
Outer shell ———
Kamani Stand

Castor wheels

FIG.1.20 CYLINDRICAL SOLAR OVEN AS DEVELOPED BY GARG(INDIA)
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transparent glass sheets (3 mm thick) with a spacing of 2.0
cm. Eight reflectors, made of silvered glass mirrors, four
of square shape and four of traingular shape have been used.
The oven can be manually tilted and oriented towards the
sun. A cradle like cooking platform is made in the oven
which helps in keeping the vessel containing food horizontal
irrespective of the sun. This solar ovenm is shown in
fig.1.20.

Few such solar ovens have been installed in villages
near Jodhpur (India) for demonstration-cum-test purposes and
performance has been found satisfactory. On very clear
days, maximum plate temperature in the oven reaches to 350 °C
in summer season and 250°C in winter season. Practically
all types of food preparations like cooking, roasting,
baking and boiling can be done within 25 to 75 minutes under
clear sky conditions. It is reported by a villager using
the solar oven that the Bati, a local preparation
prepared(baked) in this oven was more tasteful than made
with conventional fuel(cow dung cake).

Recently Nahar[65] has compared the performance of a
solar oven (cylindrical type as developed by Garg[45]) with
the solar hot box cooker(with single plane reflector as
developed by Parikh & Parikh[61]), at Jodhpur both in winter
and summer, The parameters considered for comparison are :
(i) stagnation plate temperature, (ii) time required for
bringing a known amount of water to boiling point, (iii)
time taken for cooking of various dishes, and (iv) diurnal
variation of plate temperature. Some of the conclusions are
: (i) In winter season the maximum stagnation temperature
on a typical day for solar oven and hot box were 175 °C and
125°C respectively, (ii) In winter season, on a typical day,
two Kg of water kept in four vessels reached to boiling
point in 90 minutes and 150 minutes in solar oven and solar
hot box respectively, (iii) On a typical winter day, two Kg
of water reached to 97.5°C in one hours time in solar oven
whiletwo Kg of water in solar hot box reached to 89.5° in
one hours time, (iv) one Kg of dry food product (500 gm rice
and 500 Kg moong Dal) was cooked in 2-hour in solar oven
while it took 3-hour in solar hot box cooker on a typical
winter day (v) hard foods like Rajmah, Chhole, etc. in
winter season can only be cooked in solar oven and not in
solar hot box cooker, and (vi) two meals can be cooked in a
day in solar oven while only one meal can be cooked in solar
hot box cooker in winter season.

1.7. ADVANCED SOLAR COOKERS

The main problem with the conventional solar cooker
ivesndirectotyperorvboxntypenis that cooking is to be done
outdoors and there is no provision of heat storage device so
that cooking can not be done in the evenings or on cloudy
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days. A few solar cookers are either tried or proposed to
overcome these two problems. Some typical solar cookers of
this type are discussed below:

— Insulated box

Cooking utensil

Reflector

_~— Focal tube

FIG.1.21. HEAT TRANSFER TYPE SOLAR COOKER AS DESIGNED BY
ABBOT

1.7.1 Heat transfer system type solar cooker

Several solar cookers are made where some kind of heat

ansfering the heat from solar
bolic or flat plate collector)
rst cooker of heat transfer
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type was made by Abbot[9,10] in USA. The cooker is schema-
tically shown in fig.1.21. It consists of two parts, a
cylindro parabolic reflector and a hot box. The cylindro
parabolic reflector measures approximately 3m x 2m x 0.5
deep and hot box 0.4m x 0.4m x 1.2 m. The polished aluminium
cylindro parabolic reflector focuses solar radiation onto a
4 cm diameter blackened brass pipe enclosed in a circular
glass tube. The tube contains oil which when heated rises
due to natural convection to the insulated hot box. The oil
reservoir is surrounded from outside with insulation and is
designed to incorporate one or two chambers one above the
other in case of two chambers. Hot o0il from the pipe enters
the reservoir at the top and the cooker oil sinks at the
bottom which returns to the reflector through the return
pipe. The reservoir is kept always at a higher position
relative to the reflector to help in the natural circulation
of oil. The reflector had an equatorial mounting alowing
adjustment for seasonal variation of sun (north-south) and
diurnal variation of sun (East-West).For automatic tracking,
a simple clock mechanism can also be used. The temperature
at the top of the reservoir reaches to 150 °C and at night
rarely falls below 100 °C on sunny days. All types of cooking
except frying can be done with this cooker.

In some other cookers, flat-plate collectors have been
used to heat water to produce steam which in turn heats a
remote hot plate. Unfortunately, the maximum temperature
obtainable with a flat-plate collector is of the order of
130°C and at this temperature the efficiency becomes very
low. One such cooker using flat-plate collector has been
developed at the Solar Energy laboratory of the University
of Khartoun, Sudan. The collector consists of a number of
parallel pipes welded on two headers at the top and bottom.
Water is filed upto about three quarters of the length of
tubes. The system is allowed to reach thermal equilibrium
which is about 130 °C at 3.5 atmosphers absolute pressure. By
opening a valve the steam goes to the hot plate, gets
condensed on the hot plate and thus release the heat of
vaporization to the plate. This cooker operates at a very
low efficiency and is suitable only for light stewing or
water heating and because it works under pressure it may
lead to potential safety hazards in the village environment.

A similar solar steam cooker is developed at Brace
Research Institute, Canada[35,66]. In this case the heat
from the steam passes directly into a steam box or oven. A
perspective view of this cooker is shown in fig.1.22. This
steam cooker consists of two parts that are rigidly and
permanently joined to each other. The first is a flat-plate
solar collector (tube in plate type) with single or multiple
ribserspheatedpbymthepsungcausing water to boil and producing
steam. The second is the insulated steam cooker, in which
the food containing saucepan(pot) is placed. The Solar
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collector is at a fixed tilt angle of 45 degrees, and is
supported on a single pivot pipe that can be fixed into the
ground, or mounted on a cross stand. The entire cooker is
pointed towards the point of sunrise all morning and the
point of sunset all afternoon. More frequent adjustement of

\ l«—— Hot box

Absaorber -
pipe ——— Flat plate
collector
_,./-_-,_"'.-"-;“"'":
.//
Drain pipe ———

FIG.1.22. FLAT-PLATE COLLECTOR TYPE SOLAR STEAM COOKER.

the collector position can be done, but is not essential,
except in poor weather. The solar collector always contains

ome e bo one D ater being added each evening
as boiled away. Steam is
rise and will continue to be
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produced for the rest of the day as until sunset. Thus it is
possible to cook both the midday meal and the evening meal.
Food left in the cooker will remain hot for several hours
after sunset. This solar cooker is a slow cooking device,
and is best suited for foods that require long slow boiling,
such as stews, cereals and vegetables.

A similar solar steam cooker with an optimized flat-
plate collector has been designed by Garg and Thanvi[48] and
tested extensively at Jodhpur. This solar cooker, which is
relatively simple in construction, absorbs direct and
diffuse solar radiation and does not require adjustments
towards the sun, consists of two parts; an optimized tube-
in-plate type of flat-plate collector and an insulated steam
cooker. The collector plate having an absorbing area of 0.9
sq.m. (120 x 75 cm) consists of a wire would steel fin of 28
gauge thick with steel pipe of 19 mm diameter spaced at 25
cm centres. Two glazings are used over the flat-plate
collector.

The steam cooker fixed at the top comnsists of a double
walled insulated cylinderical box made out of 24 gauge
galvanized iron sheet. The diameter and height of inner box
with an openable 1lid is 15 cm and 26 cm respectively and of
outer box with openable 1id 26 cm and 36 cm respectively. A
steel pipe of 19 mm diameter and 15cm long is welded at the
bottom of the inner tank which acts as an inlet of water to
the absorber and outlet of steam. A metal ring of diameter
12 cm and height 4 cm is also placed in the inner box over
which the tiffin containing food is placed. The tiffin of
diameter 13 cm and height 22 cm is made of aluminium with
three compartments. The food requiring cooking is placed in
the compartments of the tiffin.

The entire cooker is fixed at an inclination of 41
degrees from horizontal at Jodhpur with the help of stand
made of wooden batten and is pointed towards the point of
sunrise all morning and the point of sunset all aftermnoon.
More frequent adjustment is not required. The solar
collector always contains water, about one cup of water can
be added each morning to replace the water that has boiled
away. Steam is produced within an hour of sunrise and will
continue to be produced for the rest of the day as along as
the sun shines on the collector. Because the cooking pot is
located above the collector, the same condensate returns by
gravity flow and boils up again. The entire cooker can be
cleaned by flushing the water through the cooker by opening
the gate valve provided at the bottom of the collector.

This solar cooker can be used for cooking or boiling of
cereals, rice, potatoes, dal, vegetables, etc. This cooker
can be installed in the open lawn or right on the chajja of
the house and then connected with a pipe of the steam cooker
placed inside the kitchen. Even in multistorey buildings
this solar steam cooker can be used with suitable location
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of the kitchen.

An improved heat transfer fluid type solar cooker is
proposed by Swet[40] in which a heat pipe is used to tran-
sfer heat from the focus of the cylindro parabolic concen-
trator to the hot plate. A cylindro parabolic concentrator
is mounted on a solar axis and by using an inexpensive
bimetalic helix tracks the sun movement and focuses the
solar radiation on a stationary heat pipe. The heat pipe
uses a ’daytherm-A' as heat transfer fluid and

UTENSIL OR THERMAL

STORAGE MASS
/fi‘xx 1.2 SHHpER WINTER
2m SUN
COLLECTOR SUN

LENGTH
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INSULATION

FEEDBACK
SUNSHADE

INDOOR'S OUTDOORS

LOCAL LATITWDE-”
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SYMMETRY

CLEAR PLASTIC WIND AND DUST SCREEN
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FIG.1.23. HEAT PIPE TYPE SOLAR COOKER.

both the concentrator and heat pipe are enclosed in a tran-
sparent polycarbonate cylinder reducing heat losses. The
orking id in h e X i quickly gets evaporated upon
upon giving heat to a specia-
The working fluid condensate



SOLAR COOKERS 43

returns by gravity gets quickly distributed by wicking
action in the heat pipe and again reevaporated and gives
heat to the hot plate. When cooking is not required a heat
storage mass can be placed on the hot plate, absorbing the
solar heat for later use. Only one such cooker was made and
tested in USA in 1974. The cooker is shown in fig.1.23.
Another solar cooker using a line focus concentrator,
heat transfer oil, an automatic sun tracking arrangement,
and a specially designed hot-plate with phase change storage
material is proposed by Stam[27]. Here the sun tracking is
done by a weighted pulley arrangement in which the downward

— Hotplate or thermal
: storaye mass

— Heat transfer fins

1---— Hour glass

Parabolic
reflector —\
Glass tube

upside clad —— b
with aluminum X ==

| |— Phase-change material

1

Counterweight ‘_F'? / //
vl

Out doors s Indoors

FIG.1.24., ARTIST CONCEPT OF A HEAT TRANSFER SOLAR COOKING
SYSTEM PROPOSED BY STAM.

s caused to coincide with the

3 our-glass. This rotation is
9 i » t speed of 15 degrees per hour.
=
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The cooker is shown in fig.1.24.

Another conceptual design of a indoor solar cooker is
given by Farber et al[67] and the same is schematically
shown in fig.1.25. 1In this cooker two heat transfer loops
are employed, one loop receives energy from the focussing
concentrator and transfers it to a thermal storage medium
(phase change material) and the second loop receives heat
from the storage medium and transfers it to the hot plate
for cooking of food.

— Heat storage

\

| — Przse - change raaterial
LI

— Solar collector [ concentrator \\ = control valve

\ | T Burner

|

l

Out doors " " Indoors Pump — Pump

FIG.1.25. ARTIST CONCEPT OF THE SOLAR COOKING HEAT TRANSFER
STORAGE SYSTEM PROPOSED BY FARBER.
1.7.2 Energy Storage type Solar Cookers
If suitable heat storage device is coupled with a solar

cooker, then it can be used indoors and even in the evenings
when the sun is not shining. Solar thermal emergy can be

0 h sensible heat, latent heat, or
*b L ‘
ol L zyl_l.lsl

ems of thermal energy storage
ecent book by Garg et al[68].



SOLAR COOKERS 45

Water is the best sensible heat storage material because of
its highest heat capacity (4.0 KJ/Kg K). Water has a
boiling point of 100 C and therefore as such it can not be
used for storing heat for cooking purpose unless it is
pressurised which is difficult and requires costly container
etc. Dual storage media i.e. crushed rock alongwith some oil
in a sealed container which can store heat in the tempera-
ture range of 150 to 200°C can be safely employed with solar
cooker. Rock has a heat capacity of 0.84 KJ /Kg K and oil
about 3.35 KJ/Kg K and if a system is having 70 percent by
volume of rocks and 30 percent oil then the combined system
will have heat capacity of about 1.17 KJ/Kg K. In this
system properly sized rock bed provides large surface area
and oil acts as a heat transfer fluid. A simple calculation
will show that for storting heat sufficient for cooking food
only for storing heat for a family of six persons, we
require about 140 litres of storage volume assuming about 50
percent combined storage-cooking efficiency. The space,
cost, insulation etc. of such a large size storage device is
out of reach of the typical village family.

There are many latent heat storage materials which
melts between 150 to 250°C and are stable. These materials
store many a times (more than 100 times) of heat compared to
sensible heat storage materials and therefore preferred.
Some candidate materials suitable for storing heat in the
cooking range are listed[55] im table 1.1.

Table 1.1 Candidate latent heat for storing thermal
energy in cooking range.

Material Composition Melting Point Heat of
(mole) (°c) fusion
(cal/gm)
NaNO;-NaOH 27-73 240 58.33
NaNO3-NaOH 70-30 248 37.76
NaBr-NaOH 22.3 =77.7 261 38.67
Ba(NO3)9-LiNO3 2.6 -97.4 253 87.43
Ca(NO3)9 -LiCl 40.85-59.15 270 40.07
NaNO3KNOj3 54=46 222 23.60
Na,CO3- 6.5-7.4-86.1 288 56.40
Na,0-NaOH
NaCl-NaNOj3- 8.4-86.3-5.3 2817 42.44
NayS0y
Al)Clg - 194 114.80
LiNOj - 254 90.87

The-phase-change storage system will require a tank
filled with phase change storage material in which series of
pipes or coil are immersed. Heat transfer fluid circulates
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through these pipes or coil, heats the salt(phase change
material) melts it at its melting point and further heat it
sensibly if temperature goes higher. When heat delivery is
required, some heat transfer oil at low temperature through
a seperate loop circulates through the salt tank and hot
plate(cooker). Initially sensible heat and later latent
heat of fusion is supplied through the pipe to the heat
transfer fluid. Because of the low thermal conductivity of
most of the phase change storage materials, it is very
difficult to recover 100 percent of the heat.

2r
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FIG.1.26 CHARGE-DISCHARGE CYCLE OF CHEMICAL HEAT PUMP
PROCESS

There are several reversible chemical reactions where
reactions takes place when heated (using solar heat) and
heat can be recovered when the reaction is reversed. The
main advantage of chemical energy shorage is that heat is
stored at ambient temperature for longer durations. Several

e m in ding ph i d-Water is proposed to store
9] have proposed a chemical

PN Y I which ammoniated salts of
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calcium chloride and magnesium chloride is used to store
solar energy for cooking purpose. The system has two basic
elements: a solar concentrating collector may be a fresnel
lens, and a heat storage unit. In the heat storage unit
there are ammoniated salts of MgCl,; and CaCl;. In the
charging mode solar heat is supplied to the high temperature
salt bed (MgCl,;) side from where the NH3 is driven to the
low temperature salt bed (CaCljp) side. Following reaction
takes place in the charging mode:

——20cm — | bl

Cooking volume .:__' -
L 10 liters s

Insulation —

\9k T g
lMgCQ Dog 3 ,300c

Open valve l—j /////
to chqrge
L

7 %
2 * / e
.

and discharge
2-6 kg

0.005m?3
30°C B3

CaCly

FIG.1.27 STORAGE/COOKING UNIT AS PROPOSED BY HALL et al

Heat can now be stored for infinite time at room
temperature. On slightly heating the low temperature salt
iate and return to the high
MgCly exothermally freeing
e discharging mode following
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reaction will take place:

CaCly.8NH3 + Q3 =——m————> CaCly.4NH3 + 4NHj

4NH3 + 4MgCly.NH3 ——————> 4MgCly.2NH3 + Q4

The charge-discharge cycle for these salts is shown in
fig.1.26.

The storage/cooking unit as proposed is shown in fig.
1.27. Here the concentrated solar energy is allowed to fall
at the top of the unit. While the system is being charged,
the low temperature salt bed is cooled by surrounding air.
The thermal capacity of the storage unit is 2 KWh and the
discharge rate is 1 KW. The total weight is about 20 Kg.
Several such charged unit can be used for cooking purpose
where cooking requirement is large.

1.8 PERFORMANCE OF SOLAR COOKERS

There are many parameters which effects the performance
of a solar cooker. The parameters effecting the performance
in case of direct type solar cookers are different than
those in case of a box type solar cookers. Hence the
performances in both the types will be discussed seperately.

1.8.1 Direct type solar cooker

Most of the direct or focussing type solar cooker makes
use of direct or beam solar radiation. The performance of
focussing cookers can be studied from the studies of heat
balance. The useful heat Q; derived from a solar cooker is

Qu = Qa -Qp (1.1)

where Q is the net heat absorbed by the cooking vessel and
is given as

Qa = Agyaly (1.2)

where A is the net aperture area of the reflector
intercepting solar radiation, r is the specular reflectance
of the reflector, Yis the intercept factor representing the
fraction of specularly reflected radiation that 1is
interceptedbywvesselyonisathe absorptivity of the vessel,
and I4 is the beam radiation normal to the aperture.Qp is

the heat loss from vessel which includes heat loss by radia-
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tion, convection, and evaporation. If evaporation heat loss
is considered as a part of cooking then for simplicity the

heat loss term Qp, can be written as
Qp = AU (T-Ta) (1.3)

Where A, is the heat loss area of the vessel, U is the
combined heat loss coefficient due to convection and radia-
tion, T is the cooking vessel temperature, and Ta is the
ambient temperature. The expression for the rate of useful
energy collection, Qu, is now given as :

Qu = Ar ya Ig- A,U(T-Ta) (1.4)
or rate of useful energy collection per unit of aperture

area A is given as

qu = rYaId - — (T -Ta) (1-5)
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FIG.1.28 VARIATION OF EFFICIENCY OF UTENCIL, REFLECTOR, AND
THE COOKER WITH TEMPERATURE OF WATER.

Where C is the concentration ratio. From this expression it
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Fig.1.28 shows[70] the general performance equation of
a solar cooker. From this figure it is seen that the perfo-
rmance efficiency of a solar cooker decreases with the
increase in its operating temperature, while the efficiency
of reflector remains unchanged with temperature of cooking
vessel and mainly depends on specular reflectance r and
intercepting factory. It is therefore essential to have the
reflecting surface of highly specular. The specular reflec-
tance of a surface depends on its nature and smoothness.
The values of specular reflectance for various surfaces are
given by Garg[71]. Generally keeping cost and availability
into consideration, polished and aluminized aluminium, alu-
minized polyster film, back silvered mirror, etc., are used
as reflecting surfaces in solar cookers. The intercept
factor depends on many parameters including accuracy of
reflector profile, alignment of the reflector and vessel,
etc.

For efficient cooking it is required that the cooking
vessel is heated from the bottom i.e. all the reflected rays
should strike the bottom of the cooking vessel and the
vessel should remain horizontal. In winter season or when
the altitude angle of the sun is low i.e. in the early
mornings or late afternoons, some of the reflected rays may
strike the side of the vessel. Ghai et al[14] have derived
an expression for maximum angle through which a reflector of
focal length F and aperture deameter D can be tilted so that
no reflected ray may miss the bottom of the vessel.

tan Y = @ eememeeeea- (1.6)

where R = £/D

This relationship between maximum tilt angle and the ratio
of focal length to aperture diameter(f/D) is shown in
fig.1.29. The effect[70] of blackening the bottom of the
cooking vessel on the temperature is compared with a vessel
without blackening the bottom in fig.1.30. The advantage of
blackening the bottom is appreciable and hence blackening of
bottom of the cooking vessel is essential. One of the main
limitation of the focussing type cooker is that if the wind
speed is high, the cooker will not be able to cook the food
because of high forced convection losses. The effect of
wind speed for two days one on calm day i.e. wind-speed is
0.4 m/s and other on windy day i.e. wind-speed is 2.3 m/s on
the.performance-of the.solar.cooker 1is shown in fig.1.31.
The performance of direct type solar cooker also gets effec-
ted on hazy and dusty days.
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FIG.1.31 EFFECT OF WIND SPEED ON THE TEMPERATURE.
1.8.2 Box type solar cooker

The performance of a simple box type solar cooker with
single plane reflector which is convenient to use depends on
many parameters such as climatic parameters like solar inso-
lation, ambient temperature, wind speed etc., design parame-
ters like properties of black paint used in tray, type of
cooker, number of glazing, insulation properties, effective-
ness of reflector-booster system, etc; and on operational
parameters like amount and type of food kept for cooking,
numbers of cooking vesells used, etc. Generally as a matter
of routine, three parameters are experimentally measured:
(1) time-temperature history of solar cooker when it is
empty, (ii) Cooking times of different food products, and
(iii) the time required to heat sensibly a known amount of
water upto the boiling point. A little design variation in
solar cooker will effect the above three parameters. The
cooker tested here consists of a rectantular hot box with
inner box made of sheet metal (60 cm x 60 cm) and outer box
made of sheet metal (70 ¢cm x 70 cm) and the space between
them filled with loose glass wool. The window is 60 cm x 60
cmwith double glazing. The reflector of size 60 cm x 60 cm
made of looking glass is hinged on one side of box and its
angle can be adjusted relative to the window plane. The
cooker alongwith the reflector can be adjusted towards the
sun.

The above cooker was tested extensively at IIT, New
Delhi on different winter and summer days. The cooker and
its reflector was adjusted every half on hour towards the
sunsswThevariationof .cooker-plate temperature with time of
the day when it is empty for a typical winter day is shown
in fig.1.32. It is seen that cooker plate temperature
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increases with the time of the day and maximum temperature
(stagnation temperature) reaches at about 12.30 hours when
the solar incolation is 915 W/m2. When the cooker is loaded
with water i.e. 2.0 litres of water was kept in four
blackened cooking vessels, then the plate temperature drops
down considerably. The variation in water temperature with
time of the day when 2.0 litres of water was kept in four
vessels in the cooker on a typical winter day is shown in
fig.1.33. It is seen from this figure that 2.0 litres of
water reaches to boiling water at about 13.0 hours. If the
water amount is reduced then the time required to reach at
the boiling point will also be reduced. In summer season
when solar insolation, ambient temperature, and initial
water temperature is high the boiling point for the same
amount of water will reach much faster compared to that in
winter seasons. The performance of the box type solar
cooker with or without load can also be calculated using the
mathematical model developed by Garg et al[72].

1.9 TESTING OF SOLAR COOKER

Although solar cookers have been the topic of research
for the last 100 years, there is no standard test procedure
for thermal rating of solar cookers. There are many test
procedures for thermal rating of flat-plate collectors in
different countries but the most widely accepted and used
procedure is ASHRAE standard 93-77[73]. Generally cookers
are thermally rated according to (i) stagnation plate
temperature, (ii) time required for cooking different food
products and (iii) time required to bring a known amount of
water to the boiling point. The above procedures are not
acceptable since the testing will depend on the climatic
parameters. Recently an attempt has been made by Saxena et
al[74,75] for evaluating the hot box type solar cooker which
is independent of the climatic parameters. In this procedure
two figure of merits, Fq and Fjare determined by conducting
the stagnation temperature test (without load), and by
sensibly heating of known amount of water. The first figure
of merit, Fq, which is defined as the ratio of optical
efficiency to heat loss factor is determined as follows.

The expression for heat loss factor (Upg) at stagnation
temperature (Tpg) as from fig.1.32 is given as

nols = Ups(Tpg-Ty) (1.7)

Where n, is the optical efficiency, Ig is solar insolationmn
onvhorizontalssurfaceratothestime of stagnation, and Ta is
ambient temperature. Since Cookers operate near the stagna-
tion temperature, the first] figure of merit Fq is given as
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No Tpg -T,

Fq = (1.8)

Urs Ig

This figure of merit is convenient to measure and its
comparison for different cookers will show the relative
merit for their thermal performances. A lower limit of Fq is
proposed (Fq; » 0.12) to ensure that the cooker will show
reasonably high stagnation temperature. The cooker under
consideration (Fig.1.32) has given a figure of merit Fq as
0.11 which is slightly lower than the prescribed limit and
may therefore is likely to be rejected since the cooker will
not be able to cook the food.

The determination of second figure of merit, Fy,
involves the measurement of water temperature of known
amount of water during the course of the day. It is desired
that the water temperature should reach the boiling point as
quickly as possible to reduce the cooking time. The time
interval dT required for a known thermal capacity of water
(MC),; to increase its temperature by dT, is given as

(MC)y dT
dT = (1.9)
Qu

Where Q, is the rate of useful heat gain by water and is
given as :

Qu = AF' [n H-Up(Ty-Ta)] (1.10)

where A is the aperture area, F' is the heat exchange effi-
ciency factor, and H is the solar insolation on horizontal
surface. Integrating equation (1.9) for the time internal T
during which water temperature rises from Tyq to Ty, and
rearranging the terms we get

. Ug, ( Ty2-Ta )
(MC)y No H
F'UL=- 1n [ ]
AT U Tu1-Ta
1 - — )
o H
(1.11)

It is seen from equation (1.11) that both the parameters
F' and Uy are almost imdependent of the climatic parameters.
However the time internal T required to increase the known
amount of water temperature from Tyq to Tygp will depend on
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climatic parameters. For a cooker F' should be large and
heat loss Uy should be small and hence the produce F'Up will
give misleading results. Therefore the second figure of
merit Fgp is given as

o
Fy = Fq (F'UL) = =————— (F'U}) (1.12)
Urs
~ F'no

Where it has been assumed that heat loss U_is approximately
the same as the heat loss at stagnation temperature. Now
the second figure of merit F)y which should be as large as
possible can be given as :

1 Ty2-Ta
1 -
(MC) Fq H
Fo = Fq 1n | ] (1.13)
AT 1 Tw1-Ta
1 - —
Fq H

From the above expression, the second figure of merit Fj can
be calculated and compared for different cookers.
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CHAPTER - 2

SOLAR DESALINATION

2.1 INTRODUCTION

Adequate quality and reliability of drinking water
supply is a fundamental need of all people. Without potable
or fresh water (less than about 550 parts per million (ppm)
of salt) there is no human life. Industries and Agriculture
also need fresh water without which they can not function or
thrive. Water is therefore the key to man's prosperity; it
is intimately associated with the evolution, civilization
and destiny; hence it is aptly said that water 1is
everybody's business. Fresh water which was obtained from
rivers, lakes, and ponds 1is becoming scarce because of
industrilization and population explosion. Moreover these
potable water sources are being polluted comnstantly by indu-
strial wastes and large amounts of sewage. It is said that
presently more than 2000 million people are not getting
potable water which leads to many deseases and stops the
development. Looking to the scaracity and large demand of
fresh water, the United Nations on November 10, 1980 dec-
lared the years 1981-1990 the decade of water supply and
sanitation. Many U.N. organisations like UNDP, WHO, and the
Worldbank are now actively involved throughout the world in
promoting projects concerning to supply of fresh water for
drinking purposes.

In the past also, the shortages of fresh water existed
but it was confined to arid and semi-arid regions and re-
gions where only brackish water is available. But now due
to industrialization and population rise, the shortage has
come into prominence. In older days when the population was
small and people lived near the water resources, the average
consumption of water used to be 15 to 25 litres per person
per day which increased to 50 to 75 litres per person per
day in the nineteenth century. Because of large demands of
fresh water, big industries and agriculture (increased irri-
gation land for growing more food) the per capita consum-
ption has been increasing by enormous leaps. Sixty years
ago united states of America was using about 40 billion
gallons of water and now uses about 240 billion gallons and
which will be 600 billion gallons after 20 years. Similar
trend is observed in all countries. The demand of fresh
water per person varies throughout the world, from 200 k

62



SOLAR DESALINATION 63

gallons per year in a developing country to 600 k gallons

per year in an industrialized country like United States.

There are many methods of converting brackish water
into potable water. Some of the processes which are now
commercially employed are :

1. Desalination: In this method, the brackish or saline
water is evaporated using thermal energy, and the resu-
lting steam is collected and condensed as final
product.

2. Vapor Compression: In this process of distillation
water vapour from boiling water is compressed adiabati-
cally and vapour gets superheated. The superheated
vapour is first cooled to saturation temperature and
then condensed at constant pressure. This process is
derived by mechanical energy.

3. Reverse Osmosis: In this process saline water is pushed
at high pressure through special membrances allowing
water molecules selectively and not the dissolved
salts.

4. Electrodialysis: In this method a pair of special
membrances, perpandicular to which there is amn electric
field are used and water is passed through them. Water
does not pass through the membrances while dissolved
salts pass selectively.

There are many parts of the wrold like arid and
semi-arid areas and coastal areas where plenty of under-
ground water is available but this is highly saline (2000
ppm to 3500 ppm) and therefore unfit for human consumption.
The ocean covers some 70.8 percent of the earth's surface
containing about 1350 million cubic kilometers of saline
water containing about 35000 ppm impurites out of which
about 28000 of this is common salt, sodium chloride which is
an essential part of our body. The minimum level of accep-
tance of fresh water for human consumption is only 550 ppm.
However, there are communities in the world which are taking
water upto 1500 ppm without any ill effect. For
agricultural purposes a salt content of 1000 ppm is general-
ly thought to be upper limit but there are many corps which
can grow even in higher salinity water. The requirement of
impurities (salinity) in water for industrial purposes
varies to great extent. For example saline water as such
can be used for many cooling operations except frequent
cleaning of exchangers is required. In some industries like
in modern steam power generation, very pure water with a
dissolved salt of only 10 ppm is required.

Distillation process is considered to be one of the
simplest and widely adopted technique for converting
seawater into fresh water. More thanmn 90 percent of the
worbdwideminstabbedpseawaterndesal ination capacity is due to
distillation process. One of the main advantage of a disti-
llation process| is that it required heat only upto 120°C
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which can be supplied from solar energy or other cheap
fuels, while in reverse osmosis, vapour compression, and
electrodyalysis processes some mechanical or electrical
energy is used. Distillation divides into four main types
of sub-processes: (a) (i) single effect distillation, (ii)
multiple effect distillation; (b) Vapour compression distil-
lation; (c) (i) single stage (ii) multiple stage, and (iii)
multiple effect multiple stage flash distillation; and (d)
Solar distillation.

Solar energy is an abundance, never lasting, available
on site, and pollusion free, however the cost of its collec-
tion and utilization becomes expensive because solar energy
is diffuse, low intensity, and intermittent and therefore
required some kind of thermal energy storage. But for
applications like distillation of bracking water using solar
energy, the intermittent nature of solar energy will not
limit its use and distilled water will be produced as and
when solar energy is available. Because of the simplicity
of apparatus design, requirement of fresh water, and free
thermal energy, work in the field of solar distillation is
in progress for the last 110 years.

2.2 HISTORY

In the hydrologic cycle, the nature is utilising solar
energy for converting brackish water into fresh water where
due to solar heating of water from oceans, lakes, rivers,
and other large bodies of water, vapours are being conti-
nuously generated and transported by wind to distance places
which get condensed and precipitated in the form of rain at
cooler regions. This god made distillation process can be
repeated on a much smaller scale on earth and brackish water
can be repeated on a much smaller scale on earth and brac-
kish water can be converted into fresh water. Since the
distribution and amount of rain water is very erretic, it is
not easy and economical to collect all the rain water. This
results in large percolation of water in the ground which
can be in some cases recovered by drilling holes at suitable
sites, large amount gets evaporated again into the atmos-
phere, and the rest flows into the rivers and finally into
the Ocean. Distillation of sea water by men is not a new
idea. Even in sixteenth century fresh potable water was
used to be distilled from sea water on ships. It was consi-
dered to be more economical to produce distilled water on
ship than to carry it from long distances.

The first recorded use of solar energy for distilling
sea water is that of the Arab alchemists in 1551 and des-
cribed by Mouchot[1] later im his paper. He used some kind
ofwglbasspvessebptondistillmthe water. Della porta in 1589
conducted an experiment im which two earthen pots, one
filled with bracking water and exposed to strong sun is used
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and distilled water is collected in the second pot. Their
work is reported later by Nebbia and Menozzi[2]. A French
Chemist Lavoisier in 1862 produced distilled water using
solar energy by using two large glass lenses and focussing
the sunlight on the pot containing brackish water. In 1869
Mouchot[1] used plane looking glass reflectors for concen-
trating solar energy for distillation purposes. An excellent
historical review of the growth of solar distillation is
given by Talbert et al[4]. Carlos Wilson, a Swedish Engineer
was the first who in 1872 designed and built a solar distil-
lation plant which is presently known as 'Solar Still' near
Las Salinas in Northern Chile. This 4700 sq.m surface area
solar still as described by Harding[5] consists of a wooden
bay of 1.14 m wide and 61 m long which was covered with
ordinary glass. The inside wood was painted with logwood
dye and alum to absorb solar radiation. In the bays, brac-
kish water was put daily, which on evaporation due to solar
radiation absorption and condensation on underside of glass
cover was giving the distilled water. This still worked for
more than 50 years and was giving about 4.9 litres/m? day
which is till comparable to todays still. This solar still
was later abandoned due to salt deposition in the bay and
cheaper methods became available for converting bracking
water into fresh water, After the first world war, interest
in solar distillation was reviwed and solar stills of roof
type, tilted wick, V-covered, inclined tray, plastic cover,
tubular and air inflated stills, and suspended envelope
type, etc. were studied. Several scientists like Mouchot[1l],
Kausch[6], Pasteur[7], and others used metal reflectors to
concentrate solar radiation onto a copper boiler and fresh
water was obtained by cooling the steam in the condenser.
But its efficiency was less than 50 percent. Abbot[8]
developed a solar distiller by using a clock driven cylin-
drical parabolic reflector with aluminium foil surface con-
centrating solar rays om to a vacuum jacketed tube contai-
ning water. This focussing type distiller showed efficiency
of the order of 80 percent but boiling of water in tube
caused some difficulties. In 1926 the French Government
announced a prize for the design of a portable solar still
(9,10). Maurian et al[11,12] described and tested solar
still of 0.9 sq.m area with inclined glass plate facing
south. These stills had given an efficiency of 15 percent
only. Richard[13] also conducted experiments on flat-solar
still of 1.4 sq.m area with inclined glass plate at Monaco
and obtained an efficiency of 25 percent. Later attempts
were made to improve the performance of these stills by
using porous black wicks of cotton cloth to increase the
evaporating surface[12] or by cooling the glass plate by
waterli3lsThessimplesbasin type solar still which is
studied and used most is schematically shown in fig.2.1
where there is shallow blackened basin of saline water
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covered with a sloping transparent roof. Solar radiation
that passes through the glass roof heats the water and the
blackened basin, therefore allowing the water to evaporate
which gets condensed on the underside of the glass and gets
collected in tray as distillate attached to the glass.

SOLAR RADIATION

{ JUNE DO DR B B
o™,
SALINE WATER —pc—— _# \ o~ GLASS ROOF
P o - /
- "\  CONDENSATE
A% EVAPORATION > . CHAMNEL

BLACK BOTTOM 1' SALINE WATER
BRINE

PRODUCT
WATER

FIG.2.1. SCHEMATIC OF SHALLOW BASIN TYPE SOLAR STILL

The interest on solar distillation was reborn during
world war II when a project was sponsored by Godfrey L.
Cabot Solar Energy at the Massachusetts Institute of Techno-
logy, USA to investigate the principles of solar distilla-
tion and to develop a portable solar distiller suitable for
life rafts for use by US Navy and Airforce. These units
consisted of a black felt pad of 0.2 sq.m area saturated in
sea water placed inside a transparent inflatable plastic
envelope and a distillate collector bottom connected to the
bottom of the plastic envelope (fig.2.2). While in use, the
whole assembly floated in the sea alongwith the raft after
inflation, and the solar radiation striking the black felt
pad makes the water evaporate which would condense on the
inside of plastic envelope and finally dripping into the
bottle at the bottom of the assembly. It is reported that
morerthan:2:00000-suchsunits-were produced during the world
war LI and each device was able to supply about 1 litre of
fresh water on a clear day.
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FIG.2.2. LIFE RAFT TYPE SOLAR DISTILLER

Immediately after world war II for a decade, in many
parts of the world serious shortage of fresh water was
experienced due to prolonged drought conditions. Several
desalination techniques were proposed and one of them was
solar distillation. In united states, the state of Califor-
nia, National Congress, and Department of interior, spon-
sored research programmes on solar distillers. In Europe,
the European Economic Corporation also became active and
funded few projects on solar distillers. In Algeria some
small size solar stills were put to use on some Caribbean
islands and mediterranean islands. The work on solar disti-
llation was at the peak during 1950 to 1960 but after 1960
the work on solar distillation proceeded at a diminishing
rate. A long term project was commenced at the Sea Water
Conversion Laboratory, University of California in January
1952 with the ultimate aim to provide fresh water at a
cheaper rates than that produced by using other fuels. By
now it was realised that the solar stills can supply drin-
king water to isolated residences and small communities due
to high cost of solar distilled water and therefore the main
effort later was to improve the operating efficiencies of
different type of solar stills. Research work on solar
distillation was therefore continued in many countries in-
cluding USA[16-23], USSR[24,25], Australia[26-28], India[29-
31], Pakistan[32,34], Japan[35], Italy,[36,37] Chile[38-39],
Cyprus[40], Kenya, France[41,42], Senegal, Iran[43], Egypt
[44]), Greece[45,46], Ethiopia, Tunicia, South Africa[47],
Albgeria[48y49iySpain 5055y Morocco, Iraq[52], U.A.R.[53],
Sudan[54], and Saudi Arabia[55,56]. Several large basin type
solar stills are made in many countries of the world and a
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brief summary of them is given in table 2.1.

The ordinary basin type solar still is known as *single
effect' since it uses the supplied solar energy only once
and most of the heat gets lost to the atmosphere and there-
fore these stills operate at low efficiency. Such stills
are studied experimentally by many workers like Howe and
Tleimat[19], Gomkale and Datta[57], Garg and Mann[31], Tel-
bert et al[4], Cooper and Read[58]. Computer simulation
studies for performance evaluation of single effect basin
type solar still were conducted by Cooper[59,60]. Based on
thermic circuits and Sankey diagrams assuming sine wave heat
flow, Frick[61] also developed a mathematical model of solar
still. The effect of heat capacity in a solar still was
studied by Hirschmann and Roefler[62] considering solar
insolation as periodic in nature. Baum et al[63], Sodha
et al[64], and Nayak et al[65] have done the periodic and
transient analysis of a single effect solar still. Looking
to the low efficiency of these single effect stills work on
other type of stills are also conducted. Studies on inclined
tray and stepped stills are conducted by Howe[20] Akhtamov
et al[66], and also in Tunisia[67]. Studies on tilted wick
type solar still which is also a single effect solar still
but gives higher output are conducted by Frick and Somerfeld
[68], Moustafa[69], Tanaka et al[70,71], Sodha et al[72]
Cooper et al[73]. A new generation of solar stills called
the *multiple effect solar stills' where the distillate
output increases considerably is studied by many workers
like Dunkle[74], Selcuk[75], Telkes[76], Hodges et al[77],
Eibling et al[78], Tleimat[79], Oltra[80], Bartoli[81], etc.
Solar powered distillation units where the steam generated
in solar boiler is the main source of energy and electrical
energy is used to drive the system has also been studied in
combination with multieffect or multistage-flask distilla-
tion by Howe and Tleimat[19], Eibling et al[78], Baum[24],
Lessley et al[82], Brice[83], Tleimat et al[84,85],
Weihe[86], and Tabor[87]. To increase the distillate out-
put, the heat transfer coefficient ranging from static
devices such as deformed tubes, horizontal sprayed tubes,
vertical foamy upflow[88], to mechanical enhanced devices
such as by Tleimat[89], Landa[90], Webb et al[91], etc are
tried. A high performance solar film covered still and
wiped film rotating-disk evaporator is studied by Tleimat
[89], Narov et al[92], Menguy et al[93]. Solar still green-
house combination is now a common practice in Europe and in
many places of North America where the transpired and evapo-
rated water fromplants field is used again and again and is
therefore suitable for water-deficient countries. Some of
the problem related to solar still greenhouse combination
are-studied by-Selcukl94595)ey The production of distillate
of a single effect solar still can be enhanced by increasing
the temperature of the feed|saline water using either waste
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SOLAR DESALINATION 7

heat if available or from solar energy collectors. Studies
on such indirectly heated solar stills are conducted by
Proctor [96,97], Soliman[98], Garg and Mann[31] and Sodha
et al[99]. Solar stills can also be used for the combined
production of fresh water, chlorine and magnesium from sea
water. Studies on such solar stills are reported from
Indial[100] and Kettani[101,102] from Saudi Arabia.

The subject of solar distillation is quite vast and
several review articles are recently written discussing the
design principles, mathematical modelling, performance cha-
racterists, and economics of various solar stills, but the
most comprehensive work discussing the uptodate advances in
the field of solar stills are presented by Malik et al[103].

2.3 SINGLE EFFECT BASIN TYPE SOLAR STILL

As a result of large interest in solar distillation
several types of solar stills are evolved. Out of the
several stills like single effect basin stills, multiple
effect stills, single or multiple wick stills, inclined tray
or stepped stills, the multistage-flash distillation stills,
solar film covered stills, and solar concentrator stills,
only the basin stills using single effect distillation have
been used for the supply of large quantities of water for
isolated communities or for small supplies of water such as
for battery charging, analytical purposes, etc. The conven-
tional basin type solar still as shown in fig.2.1 consists
of an insulated (sometimes uninsulated) shallow basin lined
or painted with a waterproof black material holding shallow
depth (5 to 20 cm) of saline or brackish water to be distil-
led and covered with a sloped (single or double sloped)
glass/plastic sheet supported by an appropriate frame and
sealed tightly to reduce vapour leakage. A condensate chan-
nel runs along the lower edge of the glass/plastic pane
which collects the distillate and carry the same outside the
still. 1In fig.2.1, a pipe is shown which is used to fill
the basin with saline water and another pipe is used to
control the level of the saline water and is also used to
flush the brine. The still can be fed with saline water
either continuously or intermittently but the supply is
generally kept as twice the amount of fresh water produced
by the still but it all depends on the initial salinity of
the saline water. The ratio of saline water supply and
amount of water to be flushed depends on the salinity of
basin water and is found to be proportional to the amount of
fresh water produced. The still is erected at an exposed
area with long axis of the still facing East-West direction.

In operation solar radiation after transmission through
therntransparent pane(cover) is absorbed in the water and
basin and therefore water temperature becomes high compared
to the cover. The water now loses heat by evaporation,
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convection, and radiation to the cover and by conduction
through the base and edges of the still. The evaporated
water from the basin increases the moisture content in the
enclosure and finally condenses on the underside of the
cover(glass/plastic), slips down into the condensate chan-
nels and through them out of the still for use. The main
important things in this still are that only durable mate-
rials should be used in its constructiomn, the basin should
be waterproof, and the whole enclosure should be airtight.

2.3.1 Types of single effect basim still

There are several small-small variations in the geomet-
ric configuration of single basin still. some of the geome-
tric[104,105] configurations of the solar stills are shown
in fig. 2.3. The solar still shown in fig.2.3(a) is a
double sloped symmetrical still with continuous basin of
2.8 m wide and 31 m long which is made water tight by using
heavy asphalt sheets. Glazings are supported omn precast
concrete pillars placed on lining. Distillate is collected
in stainless steel channel embeded in the concerete pillar
on the lower side of the glass pane. The average water
depth in the basin was about 10.0 cm. Asphaltic mastic
caulking material was used as sealing material for all glass
joints. This still was used at Las Marinas, Spain and is a
modified version of deep basin still tried at Daytona Beach,
Florida Laboratory.

The solar still shown in £ig.2.3(b) is a double sloped
symmetrical design with divided (separate) basins. This
design popularly known as CSIRO Australia Mark VI design
consists of a basin insulated with 25 mm polystyrene foam
and internmally lined with 0.76 mm butyl rubber. Concerete
side members contain grooves in which lower edges of glass
cover rests and distillate collected. At the top, the two
glasses are sealed using silicone sealant and thus elimina-
ting the need of a ridge support which is possible only in
small width solar stills. These stills are designed for the
continuous supply of saline water and therefore a slope in
the basin is required. Shallow depth of water(2 to 3 cm) in
the basin is maintained by placing dams across the still
after every 1 to 1.5 m. The still shown in fig. 2.3(c) is a
single sloped glass solar still used by Brace Research
Institute of Mc-Gill University, Canada at La Gonave, Haiti.
The still was installed on a gentle sloped hill with each
bay arranged like steps of a stair case. The concrete
pillar supports the glass and contains two cast troughs, one
for collecting distillate and second the rain water. The
basin liner used is butyl rubber which is glued and has
given problems. The design of solar still shown in
fig.2.3(d) is used in Greek Islands. In this design the
glass supports and distillate troughs are made of aluminium
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FIG.2.3.

PILLAR GLASS COVER

CONDENSATE
CHANNEL

CROSS SECTION OF SOME TYPICAL BASIN TYPE SOLAR
STILL (a) SOLAR STILL WITH DOUBLE SLOPED
SYMMETRICAL WITH CONTINOUS BASIN, (b) SOLAR STILL
WITH DOUBLE SLOPED SYMMETRICAL WITH BAISN DIVIDED
INTO TWO BAYS, (c) SOLAR STILL WITH SINGLE SLOPE
AND CONTINOUS BASIN, (d) SOLAR STILL WITH
UNSYMETRICAL DOUBLE SLOPED AND DIVIDED BASIN, (e) V
STILL, (f) SOLAR STILL WITH
OVER, (g) SOLAR STILL WITH
WITH DIVIDED BASIN.
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extrusions. Butyl rubber is used as basin liner and side
walls and curbs are made of concrete. The 1.5 m wide bays
are arranged in pairs so that passage is made between each
pair.

The V-trough or sawtooth type solar still shown in fig-
2.3(e) is developed at the university of California for use
on the south Pacific Islands and is yet to be constructed.
Due to reduced length of distillate trough in this design,
it will minimize the re-evaporation of distillate from
trough. The plastic inflated solar still as shown in
fig.2.3(f) uses tedlar plastic film 0.1 mm thick and chemi-
cally and mechanically treated to make it wettable, is used
by Mc-Gill University at Petit St. Vincert Island in the
Caribbean. The edges of butyl rubber linning and the edges
of tedlar cover film are clamped against the concrete curbs
making an airtight enclosure. The cover is inflated by
maintaining an air pressure of about 6 mm of water in the
enclosure. The plain streched plastic film type solar still
shown in fig. 2.3(g) is the same as in fig. 2.3.(f) but here
the plastic cover is not inflated but streched. <concrete
curbs with casted distillate troughs and butyl rubber as
basin liner is used in this design.

2.3.2 Basics of solar still

We would like that the solar still should provide as
much of distillate as possible per unit of area per day.
The distillate output from a solar still depends on many
parameters[31] like climatic parameters such as solar inso-
lation, ambient air temperature, wind speed, atmospheric
humidity, sky conditions, etc; and design parameters such as
thermophysical properties of the material used in its con-
struction, orientation of still, tilt angle of cover, spa-
cing between cover and water surface, insulation of the
base, vapour tightness, absorption-transmittance properties
of still etc; and operating parameters such as water depth
in the basin, initial water temperature, water salinity etc.
The ultimate aim is to increase the distillate output and
the important parameter effecting the output is solar inso-
lation on horizontal surface(Hy) measured in w/m2, If Qe
is amount of heat (w/mz) utilized by solar still for evapo-
rating M Kg of water per m2 per day, then the efficiency
of solar still is given as:

Qe

n = L) (2,1)
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The daily distillate output Me (Kg/m?2 day) of still is given
as:
Qe
Me = (2.2)
L

where L is the latent heat of evaporation of water
(2.43 x 106 J/Kg). The efficiency of the still should be as
close to unity as possible which can be done by reducing the
conduction, convection, and radiation heat losses.

REFLECTED

FROM WATER DIRECT SOLAR

RADIATION
REFLECTED \ REFLECTED
THERMAL FROM BOTTOM FROM COVEI!/ DIFFUSE SOLAR

RADIATION
CONVECTION \ ABSORBED RADIATION
BY | /
co::rnecnou \ m:“gg;f"\ | id 7l
THR
{7 cover )i J‘

LEAKAGE
SENSIBLE HEAT LOSSES
IN_ CONDENSATE | N i
IN SALT WATER —= ABSORBED B\ [ LA FILM
rs.u.r waTER -lv ¢
IN BRINE ——1
=
HeamaL —/ ABSORBED SOLAR l
RADIATION RADIATION b
TO GROUND

——————SOLAR RADIATION , SUBSTANTIALLY BELOW 2 MICRONS
—— + == THERMAL RADIATION, SUBSTANTIALLY ABOYE 5 MICRONS

FIG.2.4. ENERGY TRANSFER IN A SINGLE EFFECT BASIN SOLAR
STILL.

The energy transfer mechanism in the single effect
basin solar still is shown[106] in fig.2.4. A part of the
solar radiation incident on the glass cover gets reflected,
part gets absorbed within its thickness, and the rest is
transmitted to the still enclosure. A part of the transmit-
ted energy is reflected from the water surface, from the
side walls of the still, and from the bottom of the basin
liner while the rest is absorbed within the water. A part
of the heat from the heated water is lost in evaporating the
nclosed air, by radiation to
ction through the bottom and

e S » I e heat is also lost by vapour
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leakages through the still. The glass cover receives heat
as latent heat from the condensing vapours, from heated air
by convection, by radiation exchange from heated water, and
by the direct absorption of solar radiation. This heat from
glass cover is finally lost to the atmosphere by convection
and radiation processes. Energy exchange also takes place
in the brine in the still, distillate leaving the still and
saline water entering the still. Thus the incoming energy
is the direct, diffuse and atmosphere radiations while the
outgoing energy is convection, radiation and reflectionmn to
the atmosphere; conduction through base and edges; brine
leakage and vapour leakage from the enclosure; and sensible
heat of distillate.

Longterm systematic experimental data on double sloped
solar still was collected at Bhavnagar, India[57] to find
out energy balance around solar still having water depth of
2 cm and cover slope 20 deg. from horizontal and the typical
results are given in table 2.2.

Table 2.2 Cumulative heat balance on a solar still

Energy Transfer Percent of solar
radiation

Heat energy for evaporation 38.4
Heat loss by convection in still 3.7
Heat loss by radiation in still 12.2
Heat loss by reflection from glass 10.0
cover

Heat absorbed by cover 10.0
Heat loss by conduction through 16.0
bottom

Unaccounted heat loss such as vapour 9.7

leakage and side losses

From the above it is seen that the heat losses from the
ground are quite high, this may be due to the fact that
these stills were small uninsulated ones. If large stills
on ground are made then possibly these ground losses can be
reduced considerably. The heat loss by radiation from hot
saline water in still to the glass cover is also very impor-
tant and can be reduced by using a good quality glass cover.
In small stills the vapour losses may be small, but in large
stills it has been observed that vapour leakage constitute
the largest heat loss from the still. Hence the above table
gives only an idea of energy balance on a small solar still.

Apart from the design of solar still, the materials
used in its comstruction should be carefully selected. The
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choice for transparent cover can be either glass pane or
plastic film. Glass cover is preferred in solar stills
because it has high transmittance for solar radiation, opa-
que to thermal radiation, resistance to abrasion and high
stability over extended period of time, high wettability for
water, and universal availability. Problems with the glass
are its vulnerability to mechanical damage, high weight, and
require special skill to fix over the still. Plastics used
in solar stills are transparent to solar as well as to
thermal radiation, degrades to different amounts due to
ultravoilet radiations, requires special treatment to make
it wettable with water, less vulnerable to mechanical
damage, light-weight, and easy to apply over the solar
still., Another important material in a solar still is the
liner. Generally asphalt matt, black butyl rubber, or black
polyethylene liners are employed. The material selected
should absorb more solar radiation, should be durable,
should be water tight, easily cleanable, and should be able
to withstand temperatures around 100°C. Asphalt matt is a
good choice as basin liner for deep basin stills but is too
stiff for use in the shallow basin stills. Therefore in
shallow basin stills black butyl rubber and black polythe-
lene film are preferred. Butyl rubber has an added advan-
tage that it can withstand high temperatures which may
happen in case the still rum dry.

One of the most important material in a solar still is
the sealant material. Some of the sealant materials used
are putty, tars, tapes, silicone sealant, etc. The sealent
selected should remain resilient at very low and very high
temperatures. It is observed that various kind of puttys,
tars, and tapes used, deterioriate with time and become
brittle and therefore cracks through which after sometimes
the vapour starts leaking. The sealant used and found most
effective is silicone rubber sealant which remains resilient
(elastic) for very longtime. Some of the structural mate-
rials used in a solar still are wood, galvenized iron,
aluminium, asbestos cement, masonary bricks, and concrete.
It has been observed that the use of galvanized iron as a
tray or distillate channel is not a good choice since it
corrodes badlly in contact with saline water or ground.
Aluminium can be used as a distillate channel but it also
corrodes at high temperatures. Wood can be used in small
stills but with time it also gets damaged and its use in
large stills is completely ruled out. Asbestos cement is a
good material since it can be given any shape and is not
effected with the salinity of water. Masonary bricks or
concrete are probably the best materials as structural sup-
ports or basin since they are most durable and long lasting.
Its main problem is weight particularly when it is to be
transported to remote areas.

Insulation of still in the base increases the distil-
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late output. Any insulating material which has low thermal
conductivity, withstand high temperature (when the still
gets dry), and sufficient strength can be used as base
insulation. Insulation materials like fibreglass, rock
wool, polyurethane, polystyrene, straw etc. with some care
can be used. Insulation should remain dry and even a pin
hole leak in the basin liner will spoil the properties of
the insulation. Pipes for the supply of saline water and
transport of distillate are used. The pipes recommended are
asbestos cement pipe, PVC pipe, or ABS pipe.

2.3.3 Performance prediction of basin-type still

The performance of solar still can be predicted by
writing energy balance equations on various components of
the still. A steady state model of solar still was first

described by Dunkle[74] which was modified by Morse and
Read[28] and later by Cooper[59,60] and Howe[104] and the

(1-4g -1

/ Ta

¥4,

FIG.2.5. MAJOR HEAT FLUXES FOR A SOLAR STILL.

same will be described here. Referring to fig. 2.5, the
instantaneous heat balance equation on basin water can be
written as

T,
Iget = de t dp * qc + qp + Cy -;—— (2.3)
t

where I is solar radiation on horizontal surface; g is
absorptivity of water and basin liner; T is transmittance of
gibasspcoviersmgesmaependpgepare the evaporative, radiative
and convective heat loss from water to the transparent cover
respectively; gy 1s the conductive heat loss from water
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basin; Cy is heat capacity of water and basin; Ty is water
temperature; and t is the time. Similarly the instantaneous
heat balance equation on glass cover will be:

dTg
qga * Cg = 105 + gqe + qp + Q¢ (2.4)
dt
where qga( = qca + qra ) is the heat loss from cover to

atmosphere, Cg is heat capacity of glass cover, Tg is glass
temperature, Qg is the absorptivity of glass cover, qc4 is
the heat loss by convection from cover to atmosphere, and
qra 1s heat loss by radiation from cover to atmosphere.

Now the heat balance equation on the still is:

dT, 1,
+ Cy
dt dt

I gyt + Iag = Qqca *t qra t qp + Cg (2.5)

The parameters like (1-c%-T)I and (1-a,)' I are not
included in equations since these do not add into evapora-
tion or condensation of water.

The heat transfer by radiation q, from water surface to
glass cover can be calculated from the equation:

ar = Fo (7§ - T3) (2.6)

Where F is the shape factor which depends on the geometry
and the emissivities of water and glass cover, and 0is the
stefan Boltzmann constant. For the basin type solar still
and for low tilt angles of glass cover, the basin and glass
cover can be assumed as two parallel infinite plates. Then
the shape factor can be assumed equal to the emissivity of
the water surface which is 0.9. Hence equation(2.6) will be

ar = 0.90 (T§ - T¢) (2.7)

The convective heat loss from hot water surface in the
still to the glass cover can be calculated from the follo-
wing expression:

Qe = he (Tw "Tg ) (2.8)

where h, is the convective heat transfer coefficient the
value of which depends on many parameters like temperature
of water and glass; density, conductivity, specific heat,
viscosity, expension coefficient of fluid, and spacing bet-
Ween watersurfacerandiglassicover. Dunkle[74] has sugges-
ted a empirical relation for the convective heat transfer
coefficient, which when converted in SI units is given as
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(Py-Py)
+ w g Tw]1/3

he = 0.884 [ T,-T 5
268.9 x 10 -Py

g
(2.9 )

Where P, and P, are the saturation partial pressure of water
vapor (N/mz) at water temperature and glass temperature res-
pectively.

The evaporative heat loss qo from water to the glass
cover can be calculated by knowing the mass transfer coeffi-
cient and which can be calculated from convective heat
transfer coefficient. The expression for qo as given by
Dunkle[74] and converted into SI units is given as

de = 16.28 he (Py-Py) (2.10)

Heat loss through the ground and periphery qy is diffi-
cult to compute since the soil temperature is unknown.
Moreover, the heat conducted in the soil during daytime
comes back in the basin during night time. However, it can
be computed from the following simple relation:

qp = Up (Ty=Ty) (2.11)

where Up is the overall heat transfer coefficient.
The convective heat loss q., from glass cover to
ambient air can be calculated from the following expression:

qca = hca (Tg'Ta) (2.12)

Where h., is the forced convection heat transfer coefficient
and is given as

hea = 2.8 + 3.8V (2.13)

Where V is the wind speed in m/s

The radiative heat loss qp, from glass to sky can be
determined provided the radiant sky temperature Tg is known
which very much depends on atmospheric conditions such as
the presence of clouds etc. Generally for practical pur-
poses when the still is operating, the average sky tempera-
ture Tg can be assumed as about 12 K below ambient tempera-
ture i.e. Tg = T,-12. Thus radiative heat loss qp, from
glass cover to the atmosphere is given as:

dra = €40(T3-T% ) (2.14)

where gg is the emmissivity of glass cover.
Thervexactrsobutionrof nthe above simulataneous equations

is not possible and hence iterative techniques are employed

to find the solutions. The digital simulation techniques
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[59,60] for solving the above equations for a particular set
of conditions can also be adopted. Even charts are given by
Morse and Read[28], and Howe[107] which can be used for
performance prediction of solar stills for a particular set
of conditions.

As is seen from equations (2.7),( 2.8), and (2.10) the
amount of heat flow by radiation, convection, and evapora-
tion depends on the temperature difference between water and
transparent cover, (Tw-Tg). The maagnitude of heat flow by
radiation, convection, and evaporation expressed as percent
of total flow for various values of (Ty-T,) and water tempe-
rature can be seen[60] from fig.2.6. From this figure it is
concluded that for a particular set of (Tw-Tg) if the water
temperature T, increases the evaporation heat flow increases
which means that the efficiency increases. The chart as
given by Morse and read[28] for the performance prediction
of solar sill for a given set of conditions is shown imn
fig.2.7. For finding out the hourly distillate rate using
chart shown in fig.2.7 use of equations 2.4 and 2.5 are
made. Hourly rise in basin water temperature Ty from
sunrise to sunset is determined using equation (2.5) after
knowing various quantities in equation (2.4) for an assumed
value of T, from chart fig.2.7. Interative procedure is
adopted till the equation (2.4) is satisfied.

100[. e — S S
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FIG. 2.6 EFFECT OF BASIN "WATER TEMPERATURE ON THE
EVAPORATIVE CONVECTIVE RADIATIVE HEAT FLOW IN A
STILL
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The values of overall heat loss coefficient Uy through
the bottom has been assumed by Morse and Read[28] as 5.68
w/m? which appears to be quite high. Later Lof[108,109]sug-
gested a value for bottom loss and edge loss coefficient as
0.49 w/m2. Cooper[110] conducted careful experiments and
determined a value of Uy varying from 2.8 w/m#4 to 1.7 w/m2.
The value 2.8 w/m2 is for narrow and seperated basin type
solar stills and 1.7 w/m2 is for large size basin solar
stills. The mathematical model presented above can be used
to study the effect of solar radiation, ambient temperature,
wind speed, basin water depth, transparent cover tilt,
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FIG.2.7 CHART FOR ESTIMATING PRODUCTION RATE OF A SOLAR
STILL

orientation of still, insulation properties, transparent
cover properties etc. on the distillate output. Some of the
conclusions as drawn by Cooper[111] are as follows:

(1) The solar still output(distillate) is a strong
function of solar radiation on a horizontal sur-

T i i e output increases linearly

plation for a given ambient

>4 a e t ambient temperature increases
ﬂgh t:::iﬁmu|“I
J -
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or the wind velocity decreases, the heat loss from
solar still decreases resulting in higher distil-
lation rate. It is observed for each 10 C rise in
ambient temperature the output increases by 10
percent.

(2) The depth of water in the basin also effects the
performance considerably. At lower basin depths,
the thermal capacity will be lower and hence the
increase in water temperature will be large resul-
ting in higher output. However, it all depennds
on the insulation in bottom of the still. If
there is no insulation, increase in water tempera-
ture will also increase the bottom heat loss. It
has been observed that if the water depth in-
creases from 1.2 ¢cm to 30 cm the output of still
decreases by 30 percent.

(3) Number of transparent covers in a solar still do
not increase the output since it increases the
temperature of the inner cover resulting in lower
condensation of water vapour.

(4) Lower cover slope increases the output but from
practical considerations a minimum cover slope of
10 deg. is suggested.

(5) The maximum possible efficiency of a single basin
solar still is about 60 percent.

(6) For higher receipt of solar radiation and there-
fore the higher yield the long axis of the solar
still should be placed in the East-West
direction[31] if the still is installed at a high
latitude station. At low latitude stations the

orientation has no effect on solar radiation
receipt.
2.3.4 Experiments on Solar stills,

Experimental studies on small, medium capacity, and
large capacity solar stills are conducted in many countries.
But longterm and reliable experimental data on solar stills
are available only from few countries like USA[112], Austra-
lia[58], and India[57,31]. The experimental work as conduc-
ted by Garg et al[31,113,115] will be discussed here in
brief.

The effect of climatic parameters on the still output
was determined by using two small, single sloped solar
stills, each having a basin area equal to 0.58 m2, These
two solar stills have identical design features except one
with sawdust insulation(2.5 cm) in the bottom and second
without any insulation. Hourly values of distilled water
output, solar radiatiom om horizontal surface, ambient air
temperature, mean wind speed were determined for one com-
plete year on these two solar stills at Jodhpur(26.3°N),
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India. From hourly values, daily distilled water output
(1/m? day), total solar radiation(MJ/m2 ), daytime ambient
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FIG.2.8. VARIATION OF SOLAR STILL OUTPUT AND SOLAR INSOLA-
TION FOR DIFFERENT WEEKS OF THE YEAR.

temperature(°C), and daytime windspeed (km/hr) were deter-
mined and means for 52 standard weeks for a year were com-
puted. Fig.2.8 shows the variation of still output for
insulated and uninsulated solar stills. From this figure it
is seen that insulated solar still gives higher output (8
percent) compared to uninsulated solar still. The maximum
output observed was 5.271 1/m? day in summer in 19th week
and minimum output was 0.89 1/m?2 day in winter im 49th week.
A linear relation between solar radiation on borizontal
surface and still output was observed as shown in fig.2.9.
The still output increased from 1.76 1/m2 day at the radia-
tion intensity of 16.74 MJ/m2 day to 5.11 1/m? day at the
radiation intensity of 27.08 MJ/m? day. An increase in
still output was also observed with the increase in ambient
temperature. The increase in output is about 0.87 1/m2 day
for each 59C rise in ambient temperature.

The effect of some of the design variables was studied
on four double sloped permanent type of solar stills made of
cement concrete each with dimensions of 245 x 125 x 15 cm
i.e with a basin area of 3.0 m2 . Still No.l does not con-
tain any bottom insulation while still nos.2,3 and 4 each
contained 2.5 cm thick saw dust insulation. The glass
angles for stills 1,2,3 and 4 are 20°9,209,30° and 10° from
horizontal respectivelys "Thus the difference in output
between stills 1 and 2 will show the effect of base
insulation while [the difference in output between stills 2,
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FIG.2.9. RELATIONSHIP BETWEEN STILL OUTPUT AND DAILY SOLAR
INSOLATION

3 and 4 will show the effect of glass slope. Each of the
four stills was filled daily with about 5 cm of water daily
in the morning and hourly values of distillate were collec-
ted and measured. From the hourly means of distillate, the
daily distillate and the mean monthly distillate (nl/m? day)
were determined for the twelve months of 1974 for both the
channels, i.e. glass facing south and facing north. The
results are summarised in table 2.3.

It can be seen from this table that still 2, with base
insulation, gives a higher output. The average increase is
7 percent. By comparing the distillate output of stills 2-4,
it can be seen that the still with the lowest glass angle
gives the highest output. This may be because of low air
capacity and lower diffusion space. Still 4, with glass
angle of 10 deg. and base insulation, gives the highest
output, i.e. 2447 ml/mzday. By comparing the distillate
output of stills land 3, it can also be observed that still
1, with 20 deg glass inclination and without base insula-
tion, performs better than still 3, with 30 deg glass incli-
nation and with base insulation. After comparing the distil-
late output of each of the two channels for each of the
it was observed that all channels collect
Therefore, the usual assumption made
that one of the glass side

solar stills,
almost equal amounts.
for double-sloped solar stills,
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remains at a lower temperature and thus collects more disti-
llate, may not be correct.

To study the effect of some of the operational parame-
ters, five small single sloped solar stills each with a
basin area of 0.58 m? were made. All the five solar stills
are of identical design except that still 5 had 5 ¢m thick
sawdust insulation im its base.

In order to study the effect of water depth, each of
the five stills was filled with water of varying depths,
viz. 2.0,4.0,6.0,8.0 cm for the uninsulated stills and
4.0 cm for the insulated still. All the stills were tested
for a number of days, and the results are shown in Table
2.4. Variation in productivity for the same water depth on
different days is due to different solar intensities,
ambient air temperatures and wind speeds. But for each day
the productivity increases with a decrease in water depth.
The insulated still shows even greater productivity than the
uninsulated solar still with a low water depth. Actually, in
the case of lower water depth, the thermal inertia of the
system becomes low and, hence, the minimum

Table 2.4 Effect of water depth (cm) on the distilled water
output (1/m2 day) of single sloped solar still.

Test No. UNINSULATED STILL INSULATED STILL
2.0 cm 4.0 cm 6.0 cm 8.0 cm 4.0 cm

1. 2.93 2.95 2.82 2.67 -

2. 4.11 4.06 3.87 3.43 -

3. 3.77 3.72 3.65 3.31 -

4, 3.87 3.50 3.59 3.54 -

5. 3.55 3.21 3.28 2.98 -

6. 3.59 3.30 3.18 3.08 -

7. 3.47 3.24 3.16 3.10 4,21
8. 3.11 3.00 2.84 2.63 4.009
9. 3.54 3.29 3.22 3.19 4.67
10. 2.98 2.70 2.76 2.73 3.86
11. 3.02 2.72 2.61 2.27 3.61
12. 2.20 1.98 2.00 1.99 3.28
13. 3.03 2.78 2.59 2.55 3.81
Average 3.32 3.11 3.04 2.86 3.93

temperature difference betweenm water and glass required for
condensation of vapours on the glass is reached more
readily.
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It appears that the effect of colouring the water i.e.
the effect of dye on still productivity, has not been tried.
Cooper[116] reports that about 2-6 percent of solar radia-
tion is directly reflected back by the clear water surface
in the basin, 30 percent of the radiation is absorbed by the
water, and the rest is transmitted through the water which
is further reflected and absorbed by the basin liner. From
this it is clear that the productivity of the still can be
increased by increasing the absorptivity of water for solar
radiation. For this purpose, blue and red dyes were tried
by Garg[31] for a number of days and the results obtained
are shown in Table 2.5. It is interesting to note that by
colouring the water i.e by increasing the absorptivity of
water, productivity can be increased.

Table 2.5 Effect of dye on the distilled water output
(1/m?2 day) for single sloped solar still.

Test No. No colour Blue colour Red colour
in water in water in water

1. 1.97 2.33 2.53

2. 1.79 2.14 2.33

3. 2.05 2.27 2.53

4, 2.29 2.52 2.75

Mean 2.02 2.31 2.53

The effect of dye has recently been studied by Rajvansi
and Hsieh[117] also by considering the base black and water
column to be thermally stratified system.

The productivity of the solar still increases as the
temperature difference between the water and glass in-
creases. The importance of the use of waste heat in a solar
still has been described by Proctor[96], and it has been
shown that the productivity of the still can be considerably
increased by using preheated water(as from a solar water
heater) or rejected heat(as from various industrial proces-
ses or from internal combustion engines in remote areas).
Keeping this in mind, a small study was conducted[31] by
using the left-over heated water in the solar water collec-
ted in the early morning. For this purpose, two identical
solar stills were selected. One was filled with water at a
temperature of 30 9% and the other with water at 45°C. This
experiment was conducted for a number of days and the amount
of distilled water obtained daily for both cases is shown in
Table 2.6. From this table it is seen that the productivity
ofthewsolbarstillocansbesincreased by using preheated
water. The productivity can be further improved by using a
suitable heat exchanger fixed in the basin of the solar
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still, but this will add further cost.

Some of the additional conclusions drawn from experime-
ntal studies carried out in Australia[58,111] are as
follows:

The saline water in the still can be supplied either
continuously or in batches. In Australia continuous supply
of saline water in the solar still is preferred at a rate of
about 1.70 1/m2hr which is twice the maximum distillate
rate. This helps in reducing the salt deposition from the
salt solution. From thermal efficiency point of view batch
filling i.e. filling of saline water when the basin water is
coolest(early morning) is the best but it involves greater
labour costs and special plumbing arrangements.

Table 2.6 Effect of Ereheated water on the distilled water
output(1/m% day) of single sloped solar still.

Test No. Water temperature in the still in the
morning at 8.30 A.M.

459¢C 300cC
1. 3.84 3.68
2. 3.32 3.15
3. 3.18 2.92
4. 3.29 3.07
Mean 3.41 3.20

Algae growth within the solar still also effects the
performance to a little extent but its growth must be chec-
ked since its growth is unsightly and may finally block the
basin and contaminate the distillatiom troughs. The algae
growth can be checked by adding copper sulphate and chlorine
compounds in the saline water in the still. The main problem
in a solar still is the salt deposition of calcium carbonate
and calcium sulphate on the basin liner which are white and
insoluble and reflect solar radiation from basin water and
basin liner and thereby lowering the still output. It is
difficult to stop the salt deposition. The physical methods
suggested to prevent the salt deposition are frequent flus-
hing of the stills with complete drainage and refilling or
continuous agitation of the still water by circulating it
with a small pump. Once the salt gets deposited then the
only way is completely draining the still and then scrubbing
the sides and basin liner and then refilling the still.
Another serious observation made in Australia is the crys-
talline salt growth which takes place on the sides of the
basin and into the distillate trough effecting the purity of
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distilled water. Some success in preventing the crystalline
salt growth is achieved in Australia by pre-treating the
feed water with a complex phosphate compound which reduces
the rate of nucleation of salt crystals.

2.4 TILTED TRAY SOLAR STILL

Some of the limitations of a single effect horizontal
basin solar still are:(1) the water surface is horozontal
and hence it receives less radiation in winter particularly
at those places away from the equator,(2) very shallow water
depths are not possible, and (3) large space between the
basin water surface and the condensing surface. 1In a tilted
tray type solar still, which will be discussed here, both
the water tray and glass cover are at an optimum tilt angle
receiving more radiation, less water depth increases water
temperature resulting higher output and both tray and glass
cover are parallel and closer and thus reduces reflection
losses and less thermal intertia.

Glass cover

= Brine outlet

FIG.2.10. CROSS SECTION OF TILTED TRAY SOLAR STILL

The tilted tray solar still as shown im fig.2.10 1is
studied in great detail by Howe[20] at the university of
California, USA. The still is sloped at an angle so that
direct radiationm is received at near normal incidence which
is not possible in a horizontal still. The still consists
of a series of steps with narrow widths and shallow depths
ofvwater (127 vem)withinsulation on the rear side and glass
cover on the exposed side parallel to the tilted tray. The
saline water is supplied at the top step which flows down
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the steps and finally drained at the bottom. The water
distillate is collected in a trough attached to the glass at
its lower end. This tilted tray solar still has given very
good results. The distillate output of the inclined tray
solar still is compared[118] with the deep basin(30 cm water
depth) solar still in fig. 2.11. From this figure, it is
seen that during sunshine hours, the output of tilted tray
solar still is considerably higher compared to the deep
basin solar still. The reason is that during daytime, the
tilted solar still operates at an average water tempera-
ture of about 60°C while the water temperature in the deep
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FIG.2.11. COMAPARISON OF PRODUCTIVITY OF TILTED TRAY STILL
WITH DEEP BASIN

basin solar still is omnly 40°C. But during night time
reversal takes place. The water in the deep basin solar
still remains warm during night time and therefore it pro-
duces distilled water while the water in the tilted tray
solar still gets cooled in the evenings due to low capacity.
Achilov et al[119] also conducted experiments on portable
inclined tray(step) solar still with a total evaporation
area of 1.6 m? using foamed plastic and polyethylene. The
idea of conducting detailed calculation and experimentation
was to determine optimum distance between evaporation and
condensing surface, numbet of steps and optimum value of
step height. Maximum output was recorded in a still when
the distance between evaporating and condensing surface is
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9-10 cm, number of steps is 10-12 steps per meter width with
a maximum step height of 4 cm. This optimized solar still
has given an output of 5-6 litres/m2 day in summer and 1.5
to 2.3 litres/m? day in winter at the Bukhara State Educa-
tion Institute, Bukhara, USSR.

Salinewater- -

tank
—— Preheated water

o Double glass

Water (between two glass)
— Blackened tray

Baffle

I i — Water line

FIG.2.12 REGENERATION INCLINED STEP SOLAR STILL

In the solar stills discussed upto now, the latent heat
of condensation given to the transparent cover by the conde-
nsing water is lost by the transparent cover to the atmos-
phere. A part of this latent heat can be utilized by allo-
wing the cold water to flow over the condensing surface and
use this heated water in the still. This type of rogenera-
tive solar still was studied by Akhtamov et al[66] who gave
a name 'regenerative inclined step solar still(RSS)' to this
type of still. The solar still as shown in fig. 2.12 con-
sists of a blackened tray with baffles placed in a box with
insulation on the rear side and double glass cover at the
top. Saline water from an overhead tank flows between two
glass covers, gets heated during its passage along the
length of glass and from the other end of the glass enters
at the top of the blackened trays, flows through baffles
plates, part gets evaporated during its passage(top to bot-
tom) and at the bottom leaves the box. The condensade from
thewwndersiderofstherinnerglass is collected and goes out
of the still. The angle of the still is kept at 30 deg.
from horizontal to collect more solar radiation. This still
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was tested for few months at Bukhara State Pedalogical
Institute, Bukhara, USSR, This still has given about 1.5
times more distilled water compared to single slope inclined
stepped solar still.

Glass cover - —— Tray (basin)

of water

Saline water

Distillate o ]
outlet ’
Pump

FIG.2.13 MULTIBASIN STEPPED SOLAR STILL

Another type of solar still in which small basins are
put in steps like a stair case and named as multibasin
system is designed and tested by Moustafa et al[69]. One of
the still is shown in fig.2.13. This still consists of
saline water trays inm an airtight box with glass cover,
charging pump, and distillate collecting tray. The projected
basin area of the still is 0.836 m2 and the glass cover is
inclined at an angle of 45 deg. The depth of water in the
tray was kept as 5.0 cm. In this still higher output was
not recorded due to high heat losses.

2.5 WICK TYPE SOLAR STILL

The inclined wicktype solar still is of academic inte-
rest only since no commercial or large plant has been insta-
I'l'edv "The only advantage 0f the inclined wick type solar
still is that due to its very low thermal capacity and
exactly parallel and very mear to transparent cover absorb
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more solar radiation and therefore produced high distilled
water. The main problems are in the chocking of pores of
wick with salt in due course of time, deterioration of the
wick cloth, decolouring of wick cloth, and maintaining uni-
form flow of water. Telkes[76] in 1956 suggested the use of
black porous fabric dipped in water placed over an insula-
tion in an airtight box with glass cover at the top as amn
efficient solar still. The cross-section of such a still is
shown in fig.2.14, Saline water is supplied from the top
side of the still to the entire width of the wick with the

[‘}}lls;;llu‘te L
utie /'
Brine
water

FIG.2.14 CROSS-SECTION OF TILTED WICK TYPE SOLAR STILL.

help of adistributor at a very slow flow rate such that the
entire area of the black cloth wick remains wet all the
time. A water proof liner is placed between the insulation
and the wick. Solar energy is absorbed by the water in the
wick and gets evaporated and condensed on the underside of
the glass and finally collected in the condensate channel
fixed on the lower side of the glass. Twenty such solar
stills each of 1 m wide and 2.32 m long with a total wick
area of 46.4 m2 were installed at Daytona Beach, Florida,
USA. In 12 units, glass cover was used. In 4 units weathe-
rablemylar film was used. In 4 units Tedlar film was used.
Initially soacked wick of black terrycloth was used which
was later replaced by sailcloth and glass fibers pressed
into black plastic. The stills were tilted 30 deg. towards
south and have given an output of 4.48 litre/m? day at 22.72
MJ/n2 day.

A similar inclineld wick type solar still was also
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tested by Moustafa[69] et al in which a black synthetic
wettable mat of 2.5 cm thick and area 0.182 m? was placed
over a plastic sheet. The flow of water in the wick was
controlled using a flow regulator and shut-off valve ope-
rated with a photocell. Another novel idea in a wicktype
solar still was given by Frick and Sommerfeld[68] who sugge-
sted the use of Jute cloth along the width of the still
dipped in saline water trays. The Jute cloth remains wet
due to capillary action and therefore avoiding the use of
water distribution system. Efficiencies as high as 40 to 50
percent are reported with this type of still.

A series of experimental and theoretical studies on
inclined wick type solar stills are conducted by Mimaki
et al[120], and Tanaka et al[121,122] in Japan. The wick
used is of black cotton towel with an effective area of 2.79
m2, The still is insulated with 5.0 cm thick cellular glass
insulation. The still was supplied water from the top using
a distributor and a pump system. The still was tested
extensively under the solar insolation at Yokohama(35°
33'N), Japan. The still output recorded was 5.0 1/m? day at
solar intensity of 23 MJ/m? day.

ck polyethyne sheet

Foam
Water proof layer

MNylon base

FIG.2.15 CROSS SECTION OF TILTED MULTIPLE WICK TYPE SOLAR
STILL

Detailed theoretical and experimental studies on tilted
multiple-wick type solar still are carried out in India by
Sodha et al[72] who instead of using a thin layer of flowing
water or a single piece of wick, used black Jute cloth
pieces of uneven length placed one upon another and sepa-
rated by black polythylene film. The cross section of the
still is shown in fig. 2.15. The still consists of blac-
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kened jute cloth pieces of increasing length separated from
each other with black polyethylene film, with their top
edges immersed in the water tank which is along with width
of the still. The entire wick remains wet due to capillary
action. The width of each jute cloth is 0.86m and the total
length of the wick (multiple pieces) is about 1.0 m. The
entire wick is placed over a waterproof thin sheet(plastic)
and then on a thin sheet of foam which acts as an insulation
layer on the rear side. Over the wick, a glass sheet of 3.0
mm thick is placed. The entire system is kept in position
with the help of aluminium angle frame on all the four sides
and nylon ribbon netting on the bottom side. The distillate
is collected in a galvanised iron channel fixed on the lower
side of the glass. Experiments are conducted with the still
inclined at an angle of 15 deg facing south at New Delhi,
India.

Analysis of the wick type solar still is carried out
similarly as was carried out in case of basin type solar
still(section 2.3.3) and it has been assumed that the wick
surface behaves as a very thin layer of water and the capa-
city of water in the wick and that of glass is very small.
The energy balance on the glass cover is writtem as:

Iog * de * dr * dc = dra * dca * 9g (2.15)
and energy balance on the wick surface is written as

Iaut = 9e * 9r + ¢ + qp + qy + qf (2.16)

where dg> dws> 9f are the heat stored in glass, water and
still, and heat going out with the distillate. All other
terms are defined earlier. For the whole still the energy
balance equations are given as:

I(oyt tag) = dea * dra +* 4p *+ dg + 4y + 4 (2.17)

Under steady state conditons, the terms 9g »Qqw and q¢ can
be neglected. Using Dunkle's[74] relation for qo ,q. and
qr, the amount of water distillate me(l/mzhr), can be calcu-
lated from the following expession:

de qC(PW'Pg)

me = = 16.273 x 1073
L L(Tw-Tg)
(2.18)

The values of Tw andTg for a particular place and still
can be calculated by solving equations(2.15) and (2.16)
using numerical methods. Values of some of the important
parameters for a wick type solar still (effective area 2.79
n? and spacingpbetweenpgibasspand wick 6 mm) are calculated
using above equations by Tanaka et al[122] and the same are
given in Table 2.7.
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Table 2.7 Typical computed results for a wick type
solar still.

Parameter Value
I (KW/m4) 0.80
Tw(°C) 61
Tgi(°C) 56
Tgo(©°C) 54

T T (KW/m?2) 0.63
qc(KW/mz) 0.03
qe(KW/m ) 0.44
qr(KW/m ) 0.04
qb(Kw/m ) 0.06
qf(Kw/m ) 0.06
qca(KW/m ) 0.30
qra(KW/m ) 0.26
me(1/m2hr) 0.68

2.6 MULTIPLE EFFECT DIFFUSION SOLAR STILL

The single effect basin solar still has advantage such
as simple, reliable, and does not require additional power
to operate, but require large area to obtain per unit of
water distilled because of its low efficiency. This low
efficiency is due to the fact that the heat loss by convec-
tion and radiation from the water in the basin are high and
the latent heat given by the condensing water to the glass
are completely lost to the atmosphere. 1In a multiple effect
solar still, the latent heat given to the condensing surface
is further used in heating the saline water at a lower
temperature. Thus it becomes a multistage system, where
everytime, the latent heat of condensation heat the saline
water and lesser quantities of distilled water is produced
in successive stages. These multiple effect solar still
definitely gives much higher distilled water output compared
to the single effect basin still but these are comparatively
sophisticated in design and are expensive. The multiple
effect stills are studies by Telkes[76], Dunkle[74], Selkuk
[75], Hodges et al[77], Eibling et al[78], Tleimat[79],
Oltra[80], Bartoli[81], etc.

The multiple effect solar still as described by Dunkle
[74] consists of two parts, a distillation unit and a solar
heater unit. A solar heater unit consists of flatplate
collectors used for heating water and the hot water is
stored in the storage tank as shown in fig. 2.16. The
distillation unit consists of an airtight chamber with five
vertical plates (Fig 2.16), the first plate being heated by
solar heated water circulated through tubes attached to the
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left side of the first plate. On the right side of this
plate(first) water is allowed to fall in a very thin layer
and the heat will cause evaporation of saline water. This
vapour will condense on the left side of the second plate
and gives its heat of condensation to the plate which is
used in evaporating the saline water flowing on the right
side (back side) of the second plate. This operation will
continue upto the last plate where the heat of condensation
is used in preheating the incoming saline water. The conden-
sate on the front sides of each plates drips down and final-
ly collected in each trays and channeled out. The brine is
collected from the bottom of the chamber. The performance
of this multiple effect solar still can be predicted by the
simple analogy as is suggested by Dunkle[74].

FIG.2.16 MULTIPLE EFFECT DIFFUSION SOLAR STILL

The heat transfer between the plates takes place by
convection, radiation, conduction, and diffusion of wvapor.
The convection heat loss can be eliminated if the spacing
between the plates are kept such that the Grashof's number,
Gr, becomes less than 2000. Thus

GT = =-mmcmmmmmmm—mm- < 2000 (2.19)

where x is the plate spacing in metres, pis density of air
(kg/m3), g is acceleration due to gravity (m/s), B is coef-
ficient of volumetric expansion of air (per ©°C), AT is
temperature difference between plates, and pis coefficient
ofmviscositypke/msoppPrompequation (2.19) it is seen that
for humid air at a temperature of 65 °C and temperature
difference of 11.1 ©C between the plates, the free
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convection will be suppressed if the spacisng between the
two plates is kept at 1.33 cm.
The rate of diffusion Ww in Kg/m3 hr is given as:

DMw Py dPw
Ww = - (2.20)
RT ((Pr=Py) dx

where D is the diffusion coefficient and is given as:

0.0043 T13/2 1 1
D = ( + )
Pp(vi/2 4+ v}/3)2 M

Ya

M
3.21)

Where M is the molecular weight and V is the molecular
volume. Now substituting D from equation (2.21) in equation
(2.20), we get

0.0043 T1/2 M 1 1 1
Ww = - ( + ) ( )
R(VE/3+ v}/3)2 M M, P, - P,
dgw
(2.22)
dx

From this equation it is seen that for lower values of
molecular volume Vy and molecular weight My of a gas, the
rate of diffusion will be higher. Therefore a lighter gas
such as hydrogen in the chamber will be preferred since it
will provide higher values of diffusion rate. By increasing
the pressure gradient dP,/dx, the diffusion rate can be
increased which can be done by decreasing the spacing dx
between the plates. If the total pressure Py in the chamber
is also decreased then the diffusion rate can also be in-
creased. Maintaining low pressure in the chamber will be
difficult from practical considerations.

The expressikon of rate of diffusion of water vapor
Ww(equation 2.22) can further be written as follows if
diffusion is in air:

APw Ps - Pwm
Ww = ¢, ( ) (2.23)
Ax Pr - Punm
where ¢, is diffusion constant for water air system at one
atmosphere, APw is partial pressure difference across space
for water vapor, Ps is atmospheric pressure and Pwm is the
mean partial pressure of water vapor in the space. The
diffusion constant &, is a function of temperature for
water-air mixture and at a temperature of 60°C, o, = 0.0033.
Simulation studies on five effect:- diffusion still was
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conducted by Dunkle[74]. He observed an still output of
14.0 litres/m? day for a temperatur range of 48.9°C to
37.89cC.

Chimney —— i +—— Heat exchanger

+E - Saline water

ZE

B

= < ——= Condensate
i outlet
Blackened Insulating
bottom material

FI1G.2.17 THE CHIMNEY-TYPE SOLAR STILL

Glass sheet

Saline water
in trays

Insulation

FIG 2.18 MULTI-TRAY MULTIPLE EFFECT SOLAR STILL

Bartali et al[81] have developed a multiple effect
solar still known as chimney-type solar still as shown in
fig. 2.17. As is seen from the figure there is a still with
ion and a glass cover at the
ney containing a heat exchan-
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ger is used. The saline water drawn through the heat exchan-
ger flows over the blackened plate in the still where it
gets heated and evaporated. The vapour goes in the chimney
chamber and gets condensed over the heat exchanger giving
its latent heat to the incoming saline water and therefore
preheating it. The distilled water is collected from the
bottom of the still. Bartali et al[81] from theoretical
studies observed that it would be better to distribute
preheating and vaporization and to seperate heat collection
from evaporation,

Lobo et al[123] studied a simple multibasin-multieffect
solar still as shown in fig.2.18. Here several transparent
basins full of water are formed on glass sheets using glass
vertical retaining walls. The still consists of a shallow
water basin kept on an insulation and a clear window glass
at the top inclined at 10 deg. to the horizontal. On two
other glass sheets water basins are formed by making 9
vertical retaining walls seperating 10 channels which con-
tains saline water required to be distilled. Condensation
of water vapor takes place on the underside of the three
plates.

Glass cover

x First basin
R A e i A oy vt e A

v A
VAV N AV AN S T N S

Insulation

FIG.2.19 DOUBLE BASIN SOLAR STILL

A detailed theoretical and experimental studies on a
double basin-multiple effect solar still are conducted by
Malik et al[124] and Sodha et al[125]. The double basin
solar still is shown in fig. 2.19. Here two glass covers
are used. Over the second glass cover i.e. the inner glass
cover a thin layer of saline water is filled. The second
basin is as uwsuwal in case of conventional single basin
still. The water vapor evaporated from the lower basin will
condensate on the lower glass sheet of the second upper
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basin giving its latent heat to the saline water. The
condensate is collected in a channel. The latent heat which
is used in heating the water in the second basin and the
heat which is directly absorbed by the second basin from the
sun is used in evaporating the water from the second basin
which gets condensed on the lower side of the top glass
cover and collected in a condensate channel. The heat
collected by this upper glass is finally lost to the atmos-
phere. The upper basin reduces the solar radiation reaching
the lower basin. A periodic theory is used in analysing the
performance of this solar still by Sodha et al[125]. The
experiments conducted on this still have given encouraging
results. an efficiency of 36 percent higher compared to
single basin solar still is determined.

Unfortunately the additional distillate output obtained
in a multiple effect solar still compared to single basin
still has not compensated for additional cost, sophistica-
tion, and maintenance. The cost of distilled water from a
simple single basin solar still is always lower then the
cost of multiple effect solat still. Moreover, no commercial
solar operated multi-effect solar still is in operation.

2.7 MULTISTAGE FLASH DISTILLATION

In the multistage flash distillation process the latent
heat of condensation is used in heating the feed water while
in the multiple effect distillation process the latent heat
of condensation is used to evaporate the feed water. Most
of the large modern distillation plants are of the multi-
stage flash distillation type mainly because these are com-
mercially successful and the cost of fresh water produced by
these plants is low compared to that from multi-effect
distillation plants.

The first solar operated multiple-stage flash distilla-
tion plant better known as humidification-dehumidication
process of 18.9 m3 /day capacity was installed at Puerto-
Penasco in Mexico on the shore of Gulf of California which
is based on the work at the university of Arizomna[77]. Work
on humidification-dehumidication technique is also conducted
in India [126,127] and a plant of 4500 litres/day was desig-
ned and operated. The humidification-dehumidification plant
as described by Hodges et al[77] is shown in fig.2.20. As
is seen from this figure, the plant consists of three main
parts: the solar collector system, the hot water storage
system, and evaporated condenser system. Five bays of simple
cheap plastic collectors each with 2 m wide and 10 m long
with total collecting area of about 966 n? are used. Saline
water heated in these collectors is stored in one under-
groundustoragentankyfromwhere it is pumped and sprayed in
the packed tower(evaporator) from its top. This water drips
down in the packed tower to its bottom and comes in direct



SOLAR DESALINATION 103

™

[y i it

i

* ?*
(?} lr ) J ‘Suliir::ervuter Coxﬁglscfe
ik (SN R | g TR B e

Water tanks

FIG.2.20. PRINCIPLE OF HUMIDIFICATION-DEHUMIDIFICATION
DISTILLER

contact with the upcoming air forced from the bottom of the
evaporator tower. This dry air comes in touch with hot
saline water and humidified at higher temperature. This hot
and humidified air is then passed through condenser tower
which is parallel to the evaporator tower and connected
through horizontal cross connections. This hot humid air in
the condenser tower moves from top to bottom and comes in
touch with the finned tube condenser coils through which
cold sea water is flowing in the upward direction. A part
of the humidity of the air gets condensed on the coil and
heats the incoming sea water in the coil. The condensate is
dripped off the finned tubes and collected in the bottom of
the condenser tower from where it is piped out. The dehumi-
dified air from the condenser tower is also taken out and
recirculated by a blower again to the evaporator tower. The
incoming seawater which is preheated after receiving latent
heat of condensation from the condensing vapour of the air
is taken out and is also stored in an underground storage
tank as is shown in fig. 2.20.

It is seen that the humidification-dehumidification
distiller described above is similar in operation to that of
a steam operated multiple-stage flash distiller. The hot
saline water passes from one stage to the second with each
time flashing off vapor and going to lower pressure/lower
temperature stage. The incoming sea water also gets heated
in stages, each time receiving heat from condensing vapor
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and getting preheated. The only difference appears to be in
the procedure used in reducing the pressure in stages. 1In
the conventional steam operated multiple stage flash disti-
ller, the pressure in successive stages is reduced using
orifices between stages while in the humidification-dehumi-
dification distiller, pressure reduction occurs due to
lowered temperature in each stage of the plant. Theoretical-
ly the plant appears to be quite promising. But the power
requirement for running the pumps for circulating the saline
water and brine and the blowers used for the circulation of
air in the Puerto Penasco installation three water pumps
rated at 12 KW and an air blower rated at 30 KW are used.
For meeting the power requirement a 50 KW diesel electric
generating set was used and its waste heat was used to heat
the saline water after the solar collectors while a vapor-
compression distillation plant of the same distilled water
output uses only 15 KW. So from energy utilization point of
view, the humidification-dehumidification distiller is not
attractive.

Since the electrical energy consumption in the above
distiller was large hence the use of solar energy as heat
source was proposed in several conventional distillers.
These distillers use electrical emergy for pumping and
vacuum production and solar energy is used as heat source
hence these distillers are termed as solar assisted distil-
lers. Several scientists like Howe and Tleimat[19], Eibling
et al[78], Baum[24], Lessley et al[82], Brice[83], Tleimat
et al[84,85] Weihe[86] and Tabor[87] suggested the use of
solar energy to produce hot water or steam and drive the
conventional vacuum type distillation plant. Baum[24] sugge-
sted the use of paraboloidal reflector to produce the steam
while Eibling et al[78] and Weihe[86] suggested the use of
line focus cylindro parabolic reflector to produce steam at
a pressure slightly above atmospheric pressure. Howe and
Tleimat[19] suggested the use of flat-plate collectors to
heat the saline water upto 70°C for supply to the
distillers.

A solar assisted mulistage (3-stage) flash distillation
unit is shown in fig.2.21. As is seen from the figure, the
saline water passes through tubes in the upper portion of
the flash chambers, where it gets heated by the condensing
vapours and is further heated in a solar collector, from
here it is released to the first flashing chamber maintained
at low pressure which causes the flashing of the sea water
and reduces the boiling temperature to saturation value.
These generated vapours condense on the tubes and the brine
goes at a low pressure to the second flash chamber where it
further flashes and the brine temperature gets further
reducedymthenvapourswagaibnmcondenses on the tube in the
upper half of the chamber. This process is repeated in the
third and subsequent stages. The condensate from all the
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chambers is collected and taken out.

Condenser

Seowater — e
input

~ Product water

FIG.2.21. MULTISTAGE FLESH DISTILLER USING SOLAR COLLECTOR

The efficiency of the plant is generally given as the
radio of weight of distillate produced to the steam used and
is termed as Gained output Ratio(GOR). The GOR of a multiple
effect distiller depends on the number of stages as well as
on the temperature of steam used. For higher GOR, the
number of effects should increase which results in decrease
in temperature difference for heat transfer surface in all
effects. This large heat transfer area will result in
higher capital cost. But higher GOR of the distiller will
consume less steam resulting in smaller solar collector
area. Therefore the decrease in solar collector area should
be balanced with the increase in number of effects. Recently
efficient heat transfer evaporators, a vertical Tube Evapo-
rator(VTE) developed by Sephton[88] and the rotating wiped

t[89] have become available.

ator is shown in fig.2.22. It
clamlped onto rings to form
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cavities within which the vapours condense. The sea water
is fed along the length of the stationary wipers on the
outside surfaces of the copper disks. The condensate from
the inside of the cavities is thrown out by centrifugal
force and collected and conveyed to the outside of the
rotating cavity by stationary radial scoops.

FIG.2.22., SCHEMATIC OF ROTATING-DISK WIPED-FILM EVAPORATOR

Using the above rotating disk film evaporator (15 Nos.
in series) a 40 m3/day plant was made by Tleimat and
Howe[84]. The system basically consists of two pazrts
(fig.2.23), a steam production unit, and a multiple effect
desalination unit. In the steam production unit, solar flat
plate collectors are used to heat the water in storage tanks
1 and 2. Hot water from either of the storage tanks is
introduced into the degasser where the pressure corresponds
to a saturation temperature slightly below the water tempe-
rature so that all the noncondesible gases are removed by
vacuum pump. Now hot water enters the flash chamber where
part of it is flashed into vapour and the rest is cooled and
sent back. The vapour from the flash chamber is now intro-
duced into the cavity of the first effect of the multiple
distiller and is condensed and returned to the solar collec-
tor. The vapour produced in the first effect is used as the
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heating steam in the second effect and. is condensed and

ENGINE DRIVEN GENERATOR

STORAGE
TANK
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COLLECTOR STORAGE
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LJACKEI’ COOLING WATER

LAST EFFECT
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FIG.2.23 SOLAR-ASSISTED WIPED-FILM MULTISTAGE FLASH DISTIL~-
LATION UNIT

removed as product. The vapour produced in the second
effect is used as the heating steam in the third effect and
so on until the last effect where the vapour is finally
condensed. The condensate from effect 2 to 15 is collected
as product.
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CHAPTER - 3

SOLAR FOOD DRYING

3.1 INTRODUGTION

It has been estimated that the world population will
increase from the present value of 4 billion to 7 billion by
the year 2000. It is also estimated that about 600 to 900
million people do not have enough food to eat now and this
number is likely to increase with the increase in popula-
tion. There are obviously two direct ways solving the
problem: (1) increase the food production by bringing more
area under cultivation and irrigation, using newer mecha-
nised methods of agriculture, and using hybrid seeds and
better management and agricultural practices, (2) reduce the
food demand by reducing the population growth. The third
alternative which is equally important but not given ade-
quate attention is reducing the loss of food during and
after harvest. The actual estimate of food loss during post
harvest due to spillage; contamination; attack by brids,
rodents, and insects; and during storage is difficult to
know due to technical and practical reasons[l1] but it is so
enormous that most conservative estimates were enough in
1975 to result in a resolution by the Seventh Special Ses-
sion of the United Nations General Assembly to seek 50
percent reduction of post-harvest food losses within a
decade.

A very conservative estimate indicate that a minimum of
107 million tonnes of food were lost in 1976 out of 750
million tonnes produced including durables and perishables.
In countries (Developing Countries) where cold storage fas-
cilities are not adequately available, post harvest losses
between 30-50 percent in perishables are reported[2]. These
food loss can be reduced in developing countries if these
countries establish and maintain adequate harvesting, sto-
ring, and handling practices, particularly in rural areas
and create efficient policy and administrative infrastruc-
ture. The post harvest losses vary considerably and depends
on crop variety, climate, the system of harvesting, proces-
sing, storage handling, marketing, and the social and cul-
tural setting. The developing countries produce about 15
percent of the world crop. Many commercial crops like tea,
coffee, cocoa, tobacco, nuts, etc., are grown only in deve-
loping countries. Crops like wheat, paddy, potatoes, barley
etc. contribute about 40 percent of the world harvest.

116



SOLAR FOOD DRYING 117

About 36 percent of the vegetables and 50 percent of the
food of the world are produced in Developing Countries.
Fish is another food product whose estimate is not available
but is produced in large quantities in developing countries.
If even the 50 percent of the post harvest food losses are
reduced then in many developing countries the food is not to
be imported.

There are several ways of preserving the food for later
use. Drying is a traditional method for preserving the food.
It also helps in easy transport since the dried food becomes
lighter because of moisture evaporation. Drying of seeds
prevents germination and growth of fungi and bacteria. The
traditional age old practice of drying food crops in develo-
ping countries is spreading food products in open sum in
thin layer which may be termed as open sun drying or natural
sun drying. In this technique the product is spread in thin
layers on a hard platform and the product is turned once or
twice a day. This natural sun drying is simple and
economical but suffers from many drawbacks such as :

(i) there is no control over the crop drying, the crop may
be overdried resulting in discolouration, loss of germina-
tion power, nutritiomal changes, and sometimes complete
damage. (ii) there is no uniform drying, (iii) in case of
slow drying there can be deterioration of food due to fungi
and bacteria, (iv) the rain and duststrom may damage the
crop since in open drying there is no protection, (v) there
will be considerable damage due to birds, insects, rodents,
etc. in the open sun. The moisture content and the tempera-
ture at which the food product is to be dried is always
fixed and which is possible only in controlled drying.
There are several advantages of controlled drying of grains
such as : product quality, storage capability, and hygiene
improves; reduce wastage, time, and space; provide better
quality and better return; and improve transportability.
There are three basic methods of drying (i) In-storage layer
drying, (ii) Batch drying, and (iii) continuous flow drying.
The fuel used in control drying of food is electricity, oil,
natural gas or coal. The energy consumed in United States
by food processing industries during the year 1975 was 1.13
x 1079 TJ which constitutes 0.2 percent of the total energy
consumption. This energy demand is fast increasing and it
is unlikely that this increasing demand will be met by
natural gas and electricity. If a little technology and
money is applied then solar energy can be a possible solu-
tion for the dehydration of food. Experiments conducted in
many countries have clearly shown that solar dryers cam be
effectively used for drying food. It is a question of
adapting it and designing a right type of solar dryer for a
particular product. 'Solar energy is all the more effective
for food drying because of following reasons :

(a) Solar energy is diffuse in nature and provides low
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grade heat. This characteristic of solar energy is
good for the drying at low temperature, high flow rates
with low temperature rise.

(b) The intermittent nature of solar radiation will not
effect the drying performance at low temperature. Even
the energy stored in the product itself will help in
removing excess moisture during this period.

(c) Solar energy is available at the site of use and saves
transportion cost.

(d) The high capital cost of solar dryiers can be compen-
sated if the dryer is used for drying other products
also or atleast is put to other multiple uses such as
space heating, etc.

3.2 HISTORY OF SOLAR DRYING

Although natural drying of food in open sun is prac-
tised since time immemorial, but the concept of collecting
solar heat and using it for food/crop drying has received
increasing attention in recent years. The dryers developed
so far vary from simple small cabinet dryer to forced conve-
ction dryer where solar energy is used to heat air and the
heated air is used in more or less in conventional dryers.
A good history of solar dryers is given by Sodha et al[3]
and the present one is from their work. Cabinet or box type
of solar dryers appear to be the simplest dryer where the
heating of air and moisture removal takes place in the same
unit. Such simple cabinet dryers were first made by Lawand
[4,5] and field tested them[6] for many years. These cabinet
dryers are made in many countries by locally available
materials with small modifications in the original designs
and dried fruits and vegetables. Some such studies are
conducted by Garg and Krisman[7] in India, Harahap et al[8]
in Indonesia and Pablo [9] in Philippine. The drying rate
can be increased by combining the air heater and the box
dryer and is known as shelf type dryer. Such shelf type of
dryers are used for drying grapes imn Australia by
Szulmayer[10], for drying cocoa in Brazil by Ghosh[11], for
drying orchard in USA[12], for fruit drying in Turkey by
Akyurt and Uzdaglar[13], and for drying Cassava stick in
Columbia[6]. Akyurt and Selcuk[14] developed a shelf type
dryer supplemented with auxiliary energy for its continuous
operation. A solar wind ventilator dryer was developed by
Nahlawi[15] at the Brace Research Institute, Canada where a
air heater is used to preheat the air and the wind driven
fan is used to circulate the air through the shelf type
dryer.

Studies on drying of timber(kiln) using solar emnergy
emnploying.a.glass house.and.simple flat-plate collectors are
conducted by Rehman and Chawla[16], Johnson[16], Maldanado
and Peck[17], Tao and Hsiao[18], Chundoff et al[19], Troxell
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and Muellezr[20], Sharma et al[21] and Tschernitz and Simpson
[22]. Supplemental heat source is also sometimes employed
in a solar kiln as is done by Terrazawa[23]. Solar kiln as
large as 60-120 n3 drying capacity are in operation in
united States[24]. Several large size solar kilmns are also
planned in USA.

The early work on solar drying using solar heated air
was conducted by Beulow[25,26] and Becker and Boyd[27] in
USA. Peterson[28], and Lipper and Davis[29] developed a
system for drying grain using solar energy. Studies conduc~-
ted in Kankas [30], Towa[31] and Ohio[32] in USA on solar
drying of shelled cormn and soybeans clearly indicated that
apart from saving in time significant saving in conventional
fuel can be achieved. Studies on solar rice drying in
Texas[33] has also clearly revealed that 20 to 60 percent
drying time can be reduced by using solar energy. Studies
on large scale solar drying using solar air heaters and
tunnel type dryers are conducted by Kaminakas[34], Luke[35],
and Carnegie and Pohl[36] and in some system even rockpile
heat storage system is employed. Evacuated tube collectors
are used[37] to supply heat to an industrial drying plant at
Gilroy, California for the dehydration of Onion.

Solar energy can be used for drying grains in two ways:
using high temperature, high speed systems where collectors
of sophisticated designs are used and solar energy can only
supplement the auxiliary energy, the second is low-tempera-
ture, in-storage drying systems where low levels of heat
input over extended periods are used and therefore simple
low cost plastic collectors are employed. Considerable work
on low temperature-bin drying either by using seperate plas-
tic collectors or collectors integrated with the bin wall is
conducted in USA for the drying of grains[38-42].

Solar drying is a heat and mass transfer process and
without its full appreciation it may not be possible to
effectively design a solar drying system. Basics of solar
drying principles are discussed in books[43,44] and other
publications[45,46].

3.3 BASICS OF SOLAR DRYING

Drying or dehydration of material means removal of
moisture from the interior of the material to the surface
and then to remove this moisture from the surface of the
drying material. In natural sun drying where the product is
directly exposed to the sun in the open air, the necessary
heat required for moisture removal is supplied from the sun
and a little from the ambient air and the wind and the
natural convection disperse water vapour. While in the con-
vection type of dryers, a stream of preheated air from solar
energy supplemented by auxiliary energy is allowed to pass
over the product which supplies the necessary heat for
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moisture removal from inside to outside and also carries the
moisture. Sometimes both the direct heating and preheated
air system are combined. The drying of product is a complex
heat and mass transfer process[46] which depends on external
variables such as temperature, humidity and velocity of the
air stream and internal variables which is a function of
drying material and depends on parameters like surface cha-
racteristics (rough or smooth surface), chemical composition
(sugars, starches, etc.) physical structure (porosity, den-
sity, etc.), and size and shape of the product. The rate of
moisture movement from the product inside to the air outside
differs from one product to another and very much depends
weather the material is hygroscopic or non-hygroscopic.
Non~-hygroscopic materials can be dried to zero moisture
level while the hygroscopic materials like most of the food
products will always have a residual moisture content. This
moisture in hygroscopic material may be a bound moisture
(remained in the material due to closed capillaries or due
to surface forces) and unbound moisture which remained in
the material due to surface tension of water(fig.3.1). When
the hygroscopic material is exposed to air, it will either
absorb moisture or desorb moisture depending on the relative
humidity of air. The equilibrium moisture content (EMC)
will soon reach when the vapour pressure of water in the
material becomes equal to the partial pressure of water in
the surrounding air. The equilibrium moisture content in
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the drying is therefore important since this is the minimum
moisture to which the material can be dried under a given
set of drying conditions.

A series of drying characteristic curves can be
plotted. The best is if the average moisture content M of
the material is plotted versus time as shown in fig.3.2.
Another curve can be plotted between drying rate i.e. dM/dt
versus time t as shown in fig.3.3. But more information can
be obtained if a curve is ploted between drying rate dM/dt
versus moisture content M as shown in fig3.4. As is seen
from fig.3.4 for both non-hygrocopic and hygroscopic mate-
rials, there is a constant drying rate terminating at the
critical moisture content followed by falling drying rate.
The constant drying rate for both non-hygroscopic and hygro-
scopic materials is the same while the period of falling
rate is little different. For non-hygroscopic materials in
the period of falling rate, the drying rate goes on decrea-
sing till the moisture content becomes zero. While in the
hygroscopic materials, the period of falling rate is similar
until the unbound moisture is completely removed, then
further decreases and some bound moisture is removed and
continues when the vapour pressure of material becomes equal
to the vapour pressure of drying air. When this equilibrium
reaches then the drying.rate becomes zero. The constant
drying rate referred as adiabatic drying since the total
heat content of the air remains constant and depends on
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external factors such as air flow rate, thermodynamic state
and transport properties of air, and state of aggregation of
material. Under dynamic equilibrium conditions, rate of
water evaporated is equal to the rate of heat transfer to
the surface:

dM Ahyp
-------- = emeeme- ( Pywb = Py« ) (3.1)
dt Ry Tabs
dM Ahc
and ~ec==- T emmmcoe- (Tc: - wa) (3'2)
dt L

Where A is the surface area of drying material, hp is mass
transfer coefficient, h, is convective heat transfer coeffi-
cient, L is latent heat of vaporisation, Pyyup is the vapour
pressure of water in air at temperature T, , Py is the
vapour pressure of water at the surface of material, and Ty
is the wet bulb temperature.

In the constant-rate period, the drying time, tc is
given as:

Me AHD(Pyyp=Py, ) Me Anc(Te -Tgyp)

In the constant drying conditiomns, the driving forces
(T - Typ) and (Pyyp - Py, ) are constant and therefore
equation (3.3) will yield

AhD(vab = Py ) Ahc(n< - wa)

From equations(3.1) and (3.2), it is seen that the
drying rate in the constant-rate period can be increased by
increasing the initial air temperature, increasing the
surface area of the material, increasing the heat transfer
and mass transfer coefficients, increasing the drying air
temperature with respect to the wet bulb temperature, and
also by increasing the vapour pressure differential between
the drying air and the drying material. Atleast the heat
and mass transfer coefficient is a complex function of many
variables such as air flow conditions, geometry of air-
material interface, temperatures, etc.

In the falling-rate . period, the effect of external
factors starts diminishing and the transport properties of
the material becomes important. In this stage the tempera-
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ture of the material starts increasing and the satisfactory
drying can be done by properly controlling the temperature
and humidity of the air. It is therefore not easy to obtain
a general expression of drying rate for predicting the
drying time in the falling-rate period. Several mechanisms
to explain the movement of moisture in the material such as
liquid movement due to capillary forces, vapour or liquid
diffusion due to concentration gradients, etc., are given
but no theory can clearly explain the drying phenomena.
Therefore empirical equations are used in this region. Since
the constant rate period and falling rate period are quite
different, therefore the design criteriam for the dryer
design will be different in each case.

The period of constant drying for most of the organic
materials like fruits, vegetables, timber, etc. is short and
it is the falling rate period in which we are more interes-
ted and which depends on the rate at which the moisture is
removed. In the falling rate regime moisture is migrated by
diffusion and in products with high moisture content, the
diffusion of moisture is comparatively slower due to turgid
cells and filled interstices. In most agricultural products,
there is sugar and minerals of water in the liquid phase
which also migrates to the surfaces, increases the viscosity
hence reduces the surface vapour pressure and hence reduces
the moisture evaporation. Drying is done either imn thin
layer drying or deep layer drying. 1In thin layer drying
which is done in case of most of the fruits and vegetables,
the product is spread in thin layers with entire surface
exposed to air moving through the product and the Newton's
Law of cooling is applicable in the falling rate regine.
Most of the grains are dried in deep layer which can be
considered as series of thin layers and the temperature and
humidity varies from layer to layer.

With the help of sorption isotherms which is a relation
between moisture content, M, and equilibrium relative humi-
dity, ERH, at constant temperature for different products,
it is possible to know the relative forces holding the water
in the product. The equilibrium relative humidity, ERH, of
a product is the relative humidity of air when the product
neither gain water nor lose water. The sorption isotherm
for few agricultural products are shown in fig.3.5

There are eight moist air thermodynamic properties
which are generally used in drying such as vapour pressure,
relative humidity, humidity ratio, dry bulb temperature, dew
point temperature, wet bulb temperature, enthalpy, and spe-
cific volume. Each of these parameters can be calculated by
empirical relations[47]. However, it is tedious job and
therefore special charts which show the thermodynamic prope-
otiespofpthepnodisitpairparepprepared and the same are known
as psyschrometric chart. An example of a psychrometric
chart is shown in fig.3.6. | If one of the parameter changes,
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its effect on the other parameters can be seen from psychro-
metric chart(fig.3.6). The most important parameter is the
saturation vapour pressure which is the maximum pressure of
water vapour which depends on the temperature. Values of
saturation vapour pressure at different temperatures are
given in table 3.1. The drying process can be explained
with the help of the psychrometric[45] chart of fig.3.6. 1If
the air is not saturated (say dry bulb temperature is 30°C
and wet bulb temperature is 20°C) and is allowed to pass

Table 3.1 Saturation vapour pressure Ps(KPa) of water, humi-
dity ratio w of saturated air at 100 kpa, and
latent heat L (MJ/Kg), for various temperatures.

Temperature Vapour pressure Humidity Latent
( ¢ (KPa) ratio Heat(MJ/Kg)
10 1.23 0.0077 2.491
15 1.71 0.0108 2.467
20 2.34 0.0149 2.455
25 3.17 0.0204 2.442
30 4,25 0.0276 2.431
35 5.63 0.0371 2.419
40 7.38 0.0496 2.407
45 9.59 0.0660 2.395
50 12.30 0.0872 2.383
55 15.80 0.1167 2.371
60 19.90 0.1545 2.359

over the material and if no external heat is applied, then
the sensible heat of air and material is exchanged for
latent heat of vaporization of water and the path travelled
on psychrometric chart(fig.3.6) will be 20°C wet bulb line
shown by line AB. Looking to the chart during this process
the humidity ratio has changed from 0.0114 to 0.0140 i.e.
about 0.0036 Kg of vapour per Kg of dry air is absorbed
during this process. Now if using solar energy, the air is
heated to 45 C with arelative humidity of 17 percent and is
passed over the drying material. During the drying process,
this air is cooled adiabatically along the 24°C wet bulb
line, then the final humidity ratio will be 0.0189. Thus
the moisture evaporated with the heated air will be 0.0075
Kg of vapour per Kg of dry air which is almost double the
water evaporated compared to when air was not heated.

As noted above the moisture content of the product at
thestime-of harvestoisverysimportant from drying point of
view and the equilibrium moisture content from the safe
storage point of view are important parameters. The initial
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moisture contents for some of the crops at the time of
harvent are given in table 3.2.

Table 3.2 Initial moisture comntent (percent) of some crops
at the time of harvest.

Crop Moisture content crop Moisture
(Percent) Content
(Percent)

Apple 82 Oats 20
Barley 20 Onion 80
Chillie 80 Paddy raw 22-24
Cassava 65 Paddy paraboiled 30-35
Coffee 60-70 Peach 89
Coffee beans 55 Potatoes 75=-80
Cocoa beans 50 Rice 18-24
Corn 20-30 Sorghum 18-30
Fish 75

Grape 80 Wheat 18-25
Green peas 80 Wood 60
Ground nut 40

Hay 40

Maize 35

Millet 21

The value of equilibrium moisture content for some crops are
given in table 3.3.

Table 3.3 Equilibrium moisture content of some crops, per-
cent wet basis.

Product Temperature Relative humidity of air(Percent)
(°C)  mememeemememeeecececececeeaaas
10 30 50 70 90
1 2 3 4 5 6 7
Barley 25 4.4 8.5 10.8 13.5 19.5
Cabbage 25 1.3 4.7 9.1 16.0 -
Carrot 25 2.1 4.4 9.5 18.2 -
Lumber 25 2.8 5.7 8.4 12.2 18.0
Milk Powder 10 2.7 3.4 7.0 7.6 -
Oats 25 - - - 13.1 18.5
Onion 20 - 8.3 12.0 15.2 -
Peaches (dried) 24 0.7 2.6 7.3 16.8 -
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TABLE 3.3 Contd...

1 2 3 4 5 6 7
Peanut 20 - 4.5 6.0 8.7 -
Peas 25 6.6 9.0 11.2 14.1 -
Potatoes 10 4.9 7.3 10.7 14.3 -
Prunes (dried) 24 2.1 6.6 12.7 20.7 -
Raisins 24 2.9 8.2 14.5 23.1 -
Rice 25 5.9 9.5 12.2 14.1 19.1
Shelled Corn 25 5.1 8.4 11.2 14.0 19.6
Sorghum 25 4.4 8.6 11.0 13.8 18.8
Tomato 20 - 7.8 10.6 13.5 -
Wheat 25 5.8 9.1 11.6 14.5 20.6

For safe storage, the material is to be dried upto a
particular moisture content. The safe storage moisture
contents for some of the materials are given in table 3.4.

Table 3.4 Safe storage moisture content for some of the
Agricultural products.

Product Maximum moisture Product Maximum moisture

for safe storage for safe storage
(Percent) (Percent)

Annas 15-18 Maize 15

Apple 24 Mushroom 5

Apricot 15-20 Musturd 11

Banana 3- 6 Oats 14

Barley 14.8 Onion 4

Canary seed 12 Peabeans 17

Carrot 5 Peach 15-20

Cauliflower 6 Peas 5

Cherry 15 Potato 8-12

Cocoa 8-9 Rapeseed 8.5

Coffee 11-12 Rice 13

Copra 5 Rye 14

Corn 13 Sorghum 13

Fix 24 Soyabean 13

Flax 10.5 Sunflower 9

Grape 15-20 Wheat 14.5

Hay 20-25 Wood 20
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Drying temperature is also critical since higher tempe-
rature will surely increase the rate of drying but the
product may be damaged. Grain drying is particularly sensi-
tive to temperatures. When the gain is dry or nearly dry
then high temperature drying may cause more damage. Initial-
ly when the grain is damp, the grain remains cool due to
evaporative cooling when moisture is evaporating. As the
grain becomes drier, the temperature of grain increases
since moisture evaporation decreases. When the grain gets
dried then the grain temperature becomes almost equal to the
temperature of the drying air. Therefore to avoid the grain
from damage, it is to be heated upto a certain maximum
temperature only. The maximum allowable drying temperatures
for some grains are given in Table 3.5. These maximum
storage temperatures are for drying products upto the safe
storage moisture contents shown in table 3.4.

Table 3.5 Maximum drying temperature (°C) for grain.

Grain Seed Commercial use Feed
(°c) (°c) (°c)

Barley 45 55 80-100
Buckwheat 45 45 -
Corn 45 60 90-100
Flax 45 80 80-100
Mustard 45 45 -
Oats 50 60 80~-100
Peas 45 70 80-100
Rapeseed 45 65 -
Rye 45 60 80-100
Sunflower 45 50 -
Wheat 60 65 80-100

Product drying can be done either at low temperature
known as low temperature drying or at high temperature known
as high temperature drying. Low temperature drying is adop-
ted generally for drying corn in storage bins which is a
slow drying with natural air or air heated to few degrees
above ambient and therefore is economical, energy efficient
and results in high quality product. Low temperature drying
depends on airflow, weather, initial moisture content, and
amount of heat used. Approximate number of days required
for drying corn to 15 percent moisture level with air at

4.4 ° and at 70 percent relative humidity are given in table
3.6.
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Table 3.6 Approximate number of days for drying at low
temperatures.

Initial Moisture AIR FLOW RATE (m3/m3 storage)

Content(percent) 0.013 0.02 0.03 0.04 0.07

DAYS FOR DRYING

20 b4 36 21 14 9
24 41 35 28 19 12
26 60 45 34 24 15
28 70 55 40 27 21

High temperature drying (>50°C) is practiced for drying
food products like fruits and vegetables containing high
moisture content. In case of deep bed brying, high tempera-
ture drying may cause overheating and overdrying at the
inlet side or in lower layers and underdrying at the outlet
or at upper layers. The overdrying of lower layers should
be avoided to preserve nutritious value of the product,
since by this, the product may be spoiled and may become
unfit for even animal feed. The efficiency of drying, no
doubt, increases with the increase in the temperature of
drying air but also on the flow rate of air. 1In high tempe-
rature drying, the outlet air containing high humidity may
also be at high temperature and hence it can be recirculated
to improve the drying efficiency.

3.4 TYPES OF SOLAR DRYERS

The traditiomnal way of drying agricultural products in
developing countries is to spread the material in thin layer
on a platform in open sun. The natural drying does not
involve money except some labour, but results in poor
quality of product due to no control over drying rate, un-
hygienic conditions, and spoilage. Solar energy can be more
effectively employed for control drying resulting in good
quality product. Actually control drying means controlling
the drying parameters like drying air temperature, humidity,
drying rate, moisture content, and air flow rate. Therefore,
a solar dryer is to be designed carefully keeping all the
above drying parameters in mind and the appropriateness of
the dryer. Since there are many options in the design of the
solbarvwdryersywhencentherendis a large variety of solar
dryers. These solar dryers has been classified in many
ways. The scientists of Brlace Research Institute[12] have
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classified the solar dryers as passive dryers or active
dryers or in a more general way in five types : direct type
dryers, natural dryers, indirect type dryers, mixed mode
type dryers, and timber dryers. Szulmayer[46] has classi-
fied the dryers into three types : direct radiatiomn type
dryer, indirect dryer, and mixed mode type of dryer. Based
on operational mode, recently Malik[48] et al has classified
the dryers into six types: direct mode dryers, indirect mode
dryers, mixed mode dryers, timber dryers, structural integ-
rated dryers, and other noval dryers. But considering the
operational modes and practicability of dryers, these can be
classified basically into two types: the direct type or
natural convection type dryers, indirect type dryers and
forced circulation type dryers.

3.4.1 Natural convection or Direct type solar dryers

These dryers appear to be more attractive for use in
developing countries since these do not use any fan or
blower to be operated by electrical energy. Moreover, they
are low in cost and easy to operate. However, the problems
with these dryers are: slow drying, not much control on
temperature and humidity, small quantities can be dried, and
some products due to direct exposure to sun changes colour
and flavour. In its simple form, they consists of some kind
of enclosure and a transparent cover. The food product gets
heated due to direct absorption of heat or due to high
temperature in the enclosure and therefore moisture from the
product evaporates and goes out by the natural circulation
of air. There are several designs of direct type dryers and
either these are developed keeping in mind the availability
of local materials required for its fabricationm or for
drying a particular product. Several dryers are fabricated,
tested, and analysed in several countries.

3.4.1.1 Rack type solar dryer

Perhaps the simplest and effective dryer is the rack
type dryer which is extensively used in Australia[49] for
drying grapes and in Columbia for drying of Cassava partic-
les. The dryer consists of racks of certain width, length,
and some spacing made of wire mesh over which the drying
material is placed and covered at the top by a metal or
wooden roof to protect the material from rain and excessive
sum. The drying unit used for drying sultanas (Grape
Variety) in Australia consists of wire racks consisting of 8
or 10 tiers spaced vertically each of 45 m long and 1.2 m
wide oriented N-S direction. The spacings etc. are such
that the sultanas are exposed to direct solar radiation
during morning and aftermoom hours and not during the middle
of the day when the sultamas are shaded by the roof or the



132 CHAPTER 3

racks above them. About 15-20 Kg of grapes are put on racks
in an area of 1 m2 and these get dried upto 13 percent
moisture content within 9 to 15 days. It is concluded that
better quality product can be obtained in this way of sun~-
drying than by artificial dehydration methods. It has been
suggested that the sultanas should be covered with some
cheap plastic sheet to avoid it from rewetting during the
night period.

3.4.1.2 Solar Cabinet or box dryer.

Another dryer which has attracted the attention of many
scientists is the Cabinet dryer which is also a natural
convection type and was first developed by Lof[50] and which
was later modified/studied by many workers including Lawand
[5], Kapoor and Agarwal[51], Garg and Krishmnan[7], Ismailo-
va[52], Khan[53], etc. The solar cabinet dryer in its
simple form consists of a wooden or of any material box of
certain width and length (length is generally kept as three
times its width), insulated at its base and also preferably
at the sides and covered with a transparent roof. The
details of the cabinet dryer are givenm in fig.3.7. The
inside surfaces of the box are painted with black paint and
the product to be dried are kept on the trays made of wire
nesh bottom. These loaded trays are kept through an openable
door provided on the rearside of the drier. Ventilation
holes are made in the bottom through which fresh outside air
is sucked automatically and also holes are provided on the
upper sides of the drier through which moist warm air es-
capes. When the food product is placed on the trays and
exposed to solar radiation, the temperature of the product
rises resulting in evaporation of moisture. This warm moist
air passes through upper ventilation holes by natural conve-
ction, creating a partial vacuum and drawing fresh air up
through the holes provided in the base of the dryer. Tempe-
ratures as high as 90°C have been recorded[54] in this dryer
when it is empty. Observations made on this dryer in many
countries are quite encouraging and concluded that this
dryer can reduce the drying time from one half to one third
compared to open sun drying.

3.4.1.3 Green house type solar dryer

This dryer appears to look like a small greenhouse
(fig.3.8) where there are two parallel long drying platforms
made of wire mesh and are covered with slanted long glass
roof with long axis along the N-S direction. There is a
mettalic cap at the top of the glass roof leaving some space
in between through which moist warm air can go out creating
partial vacuum inside and therefore fresh outside air is
sucked through holes provided on the side walls facing east
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and west below the drying platforms. This cap does not
allow the rain and dust to enter the dryer and enhance the
moisture evaporation from the product. The inside of the
dryer as well as the trays are painted black. Fresh air in
the dryer enters through the openings through shutters
provided in the lower portion of the walls below the glass
roof and above the drying platforms. Solar radiation
penetrates through the glass roof, heats the product
directly and absorbed within the dryer increasing the inside
temperature. Sometimes to enhance the drying rate or in
cloudy or rainy season, gas heaters are used which are kept
below one of the platforms. These simple dryers are used in
Brazil[11] on large scale for drying Cocoa.

Exhaust air

} (warm: humid )
|
]

Shutter open

- T~ Cold air

FIG.3.8. GREEN HOUSE TYPE SOLAR DRYER

3.4.2 Indirect type solar dryers

Indirect type of dryers are a little superior omne than
the direct type dryers since here the drying temperature,
humidity, and drying rate can be controlled to some extent.
These dryers use a drying chamber which may be either tray
type, bin type, belt type; or tunnel type depending on the
requirement and where food requires drying is placed, and
somekind of solar air heater which is used to heat the air
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and therefore raising the temperature of the drying chamber
and can be made use of some black painted mettalic sheet
with or without insulation and glazing. Some of the dryers
directly receives solar radiation and also heated air from
the air heater while in other designs, the drying chamber
receives hot air only from air heaters. Thus depending on
the requirements and operation, these dryers are also of
several types and a few of themwill be described here.

3.4.2.1 Chimney type paddy dryer

This dryer named as 'Rice Dryer' was developed by
Exell[55] in Bangkok, Thailand and which consists of a
simple air heater, drying chamber, and a tall chimney used
to increase the convection effect. The dryer as is schema-
tically shown in fig.3.9 consists of solar air heater made
of framework of bamboo poles and wire convered with 0.15 mm
thick transparent PVC sheet and the ground is covered with
burnt rice husk which absorbs the solar radiation and heat
the air. The hot air in this air heater rises to the drying
chamber kept at its top and the fresh outside air enters
from the front openings of the air heater. The drying
chamber may either consists of transparent PVC sheets ou
bamboo frame absorbing directly the solar radiation or with
bamboo frame covered from all the four sides with some
opaque material. The drying material(rice) is kept in the
drying chamber on nylon netting of sufficient sized pores
spread on bamboo matting. The drying material is kept on
this nylon net tray in thin layer through which hot air
heated from air heaters enters through its bottom and goes
up in to the chimney. The chimney is a long cylinder made
of bamboo frame covered with black PVC to keep the inside
air warm. There is a cap at the top of the chimney leaving
some space in between chimney top and cap to allow warm
humid air to go out and protecting the product from rain and
other foreign materials. The height of the chimney and the
hot air inside it creates a pressure difference between its
top and bottom and therefore creating a forced movement of
air through the rice bed to the top of the chimney. Although
this dryer is designed to dry rice only but other food
products or grains which require slow-low temperature drying
may also be dried. The drying rate will depend on depth of
the bed, Initial moisture content of the material, solar
insolation, ambient temperature, and the design of the
dryer. It is experienced that if the material in the dryer
remained untouched then the material in the lower layer gets
overheated and overdried while at the top remained under-
dried. Therefore stirring of material and thin layer of
material is recommended: Thils dryer has been studied both
experimentally and theoretically[56,57] by scientists of the
Asian Institute of Technology, Bangkok, Thailand.
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FIG.3.9 CROSS SECTION OF CHIMNEY TYPE DRYER.

3.4.,2.2 Fruit and Vegetable dryer

As discussed earlier, the fruit and vegetables contain
little more moisture compared to grains and therefore are to
be dried quickly otherwise the material may get deterio-
rated. A fruit and vegetable dryer suitable for drying
small quantities of product was developed in USA and the
same is schematically shown in fig.3.10. This is also a
combination of direct type and indirect type and the drying
chamber is a long column consisting of wooden frame with
three sides covered with durable transparent plastic sheet
and rear side with openable wooden door. The top of the
drying chamber is covered with translucent fibreglass sheet
which also allows some solar radiatioen to go inside and heat
the air at the top thus creating air movement in the dryer.
Several drying racks one over the other spaced properly are
kept in the drying chamber. The air heater consists of some
rigid base may be some particle board at the bottom and a
blackened metal sheet at the top with some air passage
air enters through the inlet

t during its passage to the air
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FIG.3.10 CROSS SECTION OF FRUIT AND VEGETABLE DRYER

heater. The heated air rises through the drying racks in
the drying chambers and leaves the chamber at the top
through vents. Thus the drying material gets heated directly
by absorbing heat through the transparent walls and from
heated air coming from solar air heater by mnatural
convection.

3.4.2.3 Solar Wind ventilated dryer
1cteased if the air flow rate

te can be increased either by
fan or wind operated famn. A
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FIG.3.11 SCHEMATIC OF WIND-VENTILATED SOLAR DRYER.

dryer which uses a rotary wind ventilator at the top of the
drying bin which increases the air circulation and hence the
drying rate is described by Nahlawi[15] and the similar type
is used for drying a variety of products in Syria[58], is
shown in fig.3.11. As is seen from this figure, the dryer
consists of a solar air heater, drying chamber, and a rotary
wind ventilator. The solar air heater consists of a blac-
kened hard board sheet with insulation on the rear side and
covered by a single sheet of transparent plastic film. A
is placed between the glazing
h outside air enters through
r heater passes through the
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space between the glazing and the absorbing plate through
the wire mesh, gets heated, reaches the top of the air
heater, and enters through the bottom of the drying chamber.
The drying chamber is made up of wooden frame with three
sides, east, west, and south covered with transparent plas-
tic film and on the rear side facing north is the wooden
openable door. The bottom and the north side of the drying
chamber is insulated. This drying chamber holds twelve
trays placed in two adjacent six-tier stacks. Here also the
product gets heated directly from solar radiation tramsmit-
ted through walls of the chamber and also by the heated air
coming from the solar air heater. A rotary wind ventilator
is fixed at the top of the drying chamber which when spins
in the wind expells air from the drying chamber. The height
of the drying chamber should be large so that it provides a
chimney effect and to provide more wind for the wind venti-
lator. Since the air heater operates at low temperatures,
efficiency of air heater varies from 50 to 75 percent and
the drying time is reduced to one half to one third compared
to open sun drying.

3.4.3 FORCED CIRCULATION TYPE DRYERS

As the name implies, in these dryers some kind of
blower for the circulation of air which is either operated
electrically or mechanically is used. Such dryers are com-
paratively thermodynamically efficient, faster, and can be
used for drying large agricultural products. These forced
circulation type dryers are also categorised as direct mode
forced circulation type dryers and indirect mode forced
circulation type solar dryers. The direct mode forced cir-
culation dryers are similar to the indirect type natural
circulation dryers except that here circulation of air is
made by forced circulation and therefore are not very effi-
cient and not preferred. While indirect type or forced
circulation dryers are very efficient, can be used at low as
well as high temperatures, and for drying large quantities
of agricultural products. These dryers are of bin type,
tunnal type, belt type, column type, or rotary type.

3.4.3.1 Bin type Grain dryers

Solar energy is most ideal for drying grain since it is
to be dried at low temperature and slow drying is generally
preferred. Since grain is stored and dried in the same bin,
this process is termed as in-storage drying. Sometimes it
is also called as deep-bed drying or in-bin drying. A
typical drying bin is shown in fig.3.12. In all drying bins
there is 'a false or perforated floor which should have an
open area equal to 15 percent or more of the total area.
Warm air may be at a temperature of 5 to 10°C above the
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FIG.3.12 TYPICAL DRYING BIN

ambient temperature is drawn into the bin and forced up
through the floor into the grain. This warm air during its
passage picks up moisture from the grain goes up and passes
out through the vent to the roof. Generally these bin
dryers contain some auxiliary heating device such as elec-
trical or propane heat source located after the fan. Some-
times drying can also be conducted by forcing the outside
air through the grain. This in-storage drying is a low cost
low capacity drying system compared to other solar drying
systems. Several papers{41, 42, 43] on bin dryers are recen-
tly published.

There are two important components in the bin dryer,
one is the solar collector and second is the bin itself.
Generally two types of collectors both made of plastic
sheets and materials such as inflated bag collector and
Binwall collector are employed in-storage drying systems,
since small air temperature rise is required. The inflated
plastic solar collector which is commercially available in
USA and is light-weight and collapsable consists of a large
plastic bag with one fan on one side of the bag(Fig.3.13).
This fan is used to keep the bag inflated. The transparent
cover is made of UV stablized vinyl and the collector plate
is made of two layers of vinyl. The second layer of vinyl
is the absorbing plate which consists of a black opaque
vinyl while the first layer(in the middle) is made of tran-
slucant vinyl. A part of the solar radiation after transmi-
ssion through the transparent cover gets absorbed by the
translucant plastic sheet and the rest is absorbed by the
translucantyplasticosheetrand the rest is absorbed by the
black vinyl sheet depending on its absorbtivity. The air
picks up heat from the absorbing plate and the translucant
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sheet and is exhausted into the inlet to the drying bin with
the help of the electric blower. There are several versions
of these plastic inflated collectors. The advantages of
these collectors are low in cost, collapsable, easy to store
when not in use, large area can be covered and low pressure
drop, while disadvantages are: high heat loss through the
base of the collector since there is no insulation in base,
and remains horizontal hence intercept less radiatiom during
winter season when sun is low.

Another type of solar collector known as bin wall
collector are studied by Peterson[59]. These bin wall col-
lectors which do not need any much space and becomes almost
a part of the bin are schematically shown in fig.3.14 for
circular and rectangular bins. In bin-wall collectors,
generally the bin wall is painted flat-black which forms the
collector plate. In circular bins, the south half portion
acts as the collector, and the bin wall is covered with a
transparent UV stabilized plastic film spaced with the sur-
face and held in position using intermittently spaced wood
studs. In case of rectangular bins, the south wall as well

Cold air inlet Clear vinyl covet

/,—— Translucent vinyl sheet

Warm air

| Black vinyl sheet L Insulated
Electric fan plattorm

FIG.3.13. SCHEMATIC OF PLASTIC INFLATED COLLECTOR

as the south facing roof acts as a collector. Air is sucked
by the fan through the space between the bin wall(collector
plate) and transparent cover and is forced by the fan to the
drying bin through the grain. Permanent covers like fibreg-
lass sheets etc. can also be used in bin dryers. However,
when drying is not required the cover is to be removed,
otherwise it will result in very high temperature of bin
wall resulting in convection currents in bin and therefore
unnecessary moisture migration in the grain. This bin wall
collector has an advantage that it does not need any addi-
tional space and intercepts more radiation in winter season
compared torhorizontalcolblbector. The disadvantages are:
the bin wall area sometimes is not sufficient to dry the
grain in sufficient quantity and hence additional collector
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area is required, and the collector is to be removed in the
non-drying season which is a little difficult one.

Filling the drying bin with harvested graim is an
important strategy since if it is not done scientifically
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FIG.3.14. CROSSECTION OF BIN WALL COLLECTORS FOR CIRCULAR
BINS AND RECTANGULAR BINS.

then it may spoil the grain. There are three filling stra-
tegies: single filling, layer filling, and controlled
filling. There are advantages and desadvantages of each
filling strategy but the controlled filling is preferred.
In the single layer filling which is known as fast filling
which is done within 1 to 3 days, the drying is to be done
at a faster rate otherwise there is a possibility that the
drying front may not reach at the top layers in the allow-
able storage time when it should be at safe storage moisture
content level and therefore the grain at the top level may
get spoil. In the layer filling technique the bin is filled
on progresses. The initial

W v higher moisture is a single
i.:-lb]l.::-.-#)u ZH&I
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layer in the bin and gets dried quickly because of higher
flow rates. The second layer which is at a slightly lower
moisture content require comparatively less air flow rate
and therefore gets dried. Finally the last layer of grain
contains less moisture and requires less flow rate for
drying and therefore gets dried in due course of time since
lower layers are already dried. In the controlled filling
strategy which is similar to the layer filling strategy, the
second layer is not filled in the bin unless the first layer
is fully dried. This strategy in no doubt reduces the
chances of spoilage and filling proceeds as fast as the
drying occurs, but increases the harvesting time.

There are basically three types of grain dryers[60].
In the non-circulating batch type dryer, the grain is loaded
as a batch and it remains stationary throughout the drying
period. In the re-circulating batch type dryers the grain
is loaded and unloaded continuously or intermittently.
These three types of dryers are available in stationary bins
and portable dryers. The bin dryers of various capacities
and types are available. The bin dryer should be sized in
such a way that the grain harvested in a day should be dried
in 24 hours. In the batch-in-bin process which is of low
cost and which contains a fan, a heater, a perforated floor,
grain spreader, sweep auger, and underfloor unloading auger,
the heater and the fan unit is started as soon as the first
layer of grain is filled in the bin and continues till this
grain layer reaches to the equilibrium moisture content.
The second layer of grain is dumped in the bin when the
first is dried and it all depends on the initial moisture
content of the grain and size of the drying unit. For
efficient drying, air-flow rates of 125 litres per second
per cubic metre of grainm is suggested. The grain depth
depends on the initial moisture content and the type of
grain. Typcially[60] at moisture content below 20 percent
grain depths for wheat, oats and barley is 1.5 m to 2.0 m.
If moisture content is high then the grain depth should be
low. As a matter of rule, lower and uniform layer of grain
will increase the air flow and increase the drying rate.
The heating of air is stopped when the drying front is about
15 cm from the surface, because rest of the drying will be
done automatically when the grainm is cooled for storage.
Cooling can be done with the dryer fan itself or if aerated
storage is available then hot grain can be transfered to the
storage bin directly and it can be cooled by aeration fan.
In any case the grain should be cooled to within 5°C of
ambient air to prevent condensation or moisture migration
[607.

There are some bin dryers, where the perforated drying
floor which is cone-shaped holding the grain to be dried is
located about omne meter below the roof. The fan and the
heater unit is also placed below the drying floor. When the
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grain gets dried it falls on the second perforated floor in
the bottom of the drying bin where aeration fan is used to
cool the grain. After the first batch is over, the second
batch is loaded on the drying perforation floor and the same
procedure is repeated. This process of drying is repeated
till the bin is filled upto the level of heater unit with
the dried and cooled grain and then the grain is transfered
to the storage bin. All the process like drying, cooling and
storage can continue simultaneously also. More uniform
drying can be obtained if a vertical stirring auger is used
in the drying bin. Stirring auger increases the drying rate
and therefore grain depths upto three meter can be used.
This also avoids the overdrying of grainm in the bottom
layers.

There can be a recirculating batch bin dryer also where
the grain dries more uniformly than in a non-recirculating
batch dryer. In these type of dryers either the grain is
recirculated or the grain is supplied at a continuous flow
in the bin. 1In one of the recirculating bin dryers, the
perforated floor can be sloped towards the centre so that
the grain flows in the centre of the bin from where it is
picked up by a cential vertical auger and delivered at the
top of the drying bin. The dried grain gets mixed up with
the other grain and provides a more uniform drying.

—= Warm humid air out
Air —a=

,.-:l‘— plenum —— Grain column

v+l Selar heated

FIG.3.15. NON-RECIRCULATING TYPE BATCH DRYER.
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There are portable bin dryers also which are on wheels
and can be taken to farms for drying operations only and
these are also of two types recirculating type or non-
recirculating type. Fan type, capacity, and column width in
a batch dryer are important parameters. Centrifugal fan
will provide more uniform airflow rate with different grains
and quiter in operation compared to axial fams. Lower
column widths and large fan capacity will provide higher
drying rate. But this will result in lower fuel efficiency.
Batch type dryers are preferred over the continuous flow-
dryers where relatively small amounts of different grainms
are to be dried. However, batch dryers require higher flow
rates and therefore more pumping power is needed. The batch
dryer can be non-recirculating type or recirculating type.
In the non-recirculating batch dryer as shown[60] in fig.
3.15 there are two enclosed columns and the wet grain is
loaded in the dryer from the top until it is filled. The
solar heated air is passed through the grain as shown in
figure till the grain gets dried. Since the grain is not
re-circulated or does not move, the inside layer gets over-
dried while the outermost layers may be underdried. After
the drying cycle is over, the grain is either cooled in the
dryer itself by putting the heating unit off or it is tran-
sferred to the aeration bin for cooling. In the recircula-
tion batch dryer as is shown in fig. 3.16 there is a central
vertical auger which is surrounded by a air plenum and which
is surrounded by grain. The operation is similar to the
non-recirculating batch dryer except that here the grain is
continuously recirculated with the help of vertical auger
throughout the heating and cooling processes. The auger
picks up the grain from the bottom of the circular bin and
delivers it at the top of the bin.

Vertical auger

N

Grain s
Warm =
humid

air

Fan

FIG.3.16. RECIRCULATING TYPE BATCH DRYER.
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The continuous flow bin dryers are also of two types:
the crossflow dryer and parallel flow drier. In the conti-
nuous cross flow dryer as shown in fig.3.17 there are two
vertical grain columns and the hot air flows normal to the
grain flow. Here also the wet grain is filled from the top
of the dryer, moves down into the two hot air plenum
chambers and finally at the bottom it is removed by the
auger. The grain flow rate can be controlled either
automatically or manually depending on the initial grain
moisture content, column width, and the hot air temperature
and its flow rate. Here also there is no mixing in the
grain hence the grain on the inner layer gets overdried
while on the outermost layer side remains underdried. 1In
the parallel continuous-flow dryers as shown in fig.3.18,
the air flow is parallel to the grain flow. In this design
there is more uniform drying since all the grain layers get
air at uniform temperature and grain gets mixed up while it
moves down but it required air slightly at higher tempera-
tures for drying.

=4

'::'!.h Warm humid air

I‘-.; .
Cooling Jo oo

= air ="

K|

|
Ny
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1

|

I Plenum '_I:"Jr'

FIG.3.17. CONTINOUS CROSS-FLOW BIN DRYER

Another important parameter is the circulation of air.
Generally in small dryers it is preferred to exhaust the
warm humid air. But in commercial dryers, if the part of
the exhausted warm humid air is recirculated, the efficiency
of the system improves. It has been proved that even if the
50 percent of the warm exhaust humid air is recirculated
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through the drier, the dehydrator efficiency increases by
about 30 percent but the drying rate decreases by about 10
percent. This can be explained on the psychrometric chart
shown in fig.3.19. When no air recirculation takes place,
the heating and drying can be shown by line A B and C. Here
point A shows the temperature T4 and humidity Hq of the
fresh air entering the dehydrator, point B represents the

Grain

———m= Warm himid
T air

Grain

Cooling
air

FIG.3.18. CONTINOUS PARALLEL-FLOW BIN DRYER.

maximum air temperature after the heating. Thus line AB
represents the rise in enthalpy of air. Now when there is
no recirculation, the air at condition B will be cooled
adiabatically along the line BC picking up moisture from
food material and exhausted at point C. ©Now if a part of
this warm humid air and fresh air is heated to point D at
temperature Ty and humidity H)y and passed over the food it
cools adiabatically along the line DE and air at condition E
is achieved. Again a part of the air is exhausted and a
part mixed with fresh air and heated to get a new condition
F shown in fig.3.19. Thlis procedure may continue again and
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again. Thus it is seen that although additional heat is
required because of additional re-heating steps but the
quantity of heat used for evaporating per kg of water evapo-
rated gets reduced.

Leaving dehydrator
with recirculation

We
¢ bU/b /;},
e

Humidity ratio (Kg vapour/Kg dry air)

= ———— -
1° Hy
c w" Without
bu/;, I recirculation
e of air

I
1
T T

Dry bulb temperature (°C)

FIG.3.19. THE EFFECT OF RECIRCULATION OF AIR IN DEHYDRATOR.

3.4.3.2 Tunnel or Belt dryer.

Tunnel or belt dryers are large scale drying system
consisting of an elongated enclosure through which trucks
loaded with trays filled with material moved automatically
through the dryer from one direction while solar heated air
at50°C to80°Cc moves from the opposite direction. These
trucks move continuously from one end to the other end and
introduced periodicallly at one end of the dehydrator. 1In
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actual operation the food required drying is spread in
uniform thin layers in trays which are stacked one over the
other to a height of 1.5 to 2.0 m.

In the belt dryer, the prepared food is kept on belt
spread on it in a uniform thin layer(10 cm) and the belt
continuously moves in a direction opposite to the direction
of hot air which is sufficiently at a high flow rate and
high temperature (70 to 100°C). If the product gets
sufficiently dried then for final drying it can be spread in
thick layers (40 cm) and hot air at 40°C to 70°C can be
employed for drying. Such tunnel or belt type dehydrator if
retrofitted and Solar Energy/auxiliary fuel is used will
prove to be economical.

3.4.3.3 Solar assisted or Hybrid dryers

Due to intermittent nature and low intensity of solar
radiation, and auxiliary heating arrangement is always used.
Storage of solar heat will make the system more dependable.
Such drying systems where solar energy is used to supplement
the auxiliary energy are known as solar assisted or hybrid
drying systems. So in such hybrid dryers there are some kind
of solar air heaters, drying bin, fan or blower, auxiliary
energy supply unit and a thermal storage device. Auxiliary
energy may be supplied either by electric heating or through
oil or gas burners and used only when the solar air heaters
or the heat from the thermal storage device is not suffi-
cient to supply the necessary energy for drying the product.
Several storage systems are proposed but the most preferred
one is the rock bed storage system which stores the heat
in the form of sensible heat and performs the dual function
of storing the heat and acts as an heat exchanger also. The
storage is used only when the solar air heaters are not able
to supply the necessary heat required for drying. The
storage is charged when the solar radiation is at the peak
or when the drying is not required. Storage unit is put in
series to the solar collectors.

Scientists of the California Polytechnic State Univer-
sity in collaboration with TRV Space and Energy Systems have
set up [61] a large solar assisted fruit and vegetable dryer
at Fresno, California. The solar contribution in this hybrid
system is 1582 MJ/hr which is about 60 percent of the total
heat requirements for drying. This solar dehydrator consists
of several single glazed solar air heaters with a total area
of 1950 mz, a thermal storage (rock bed) device of about 350
m3 volume, a novel rotary wheel type heat recovery unit, and
a tunnel dehydrator in which 14 trucks loaded with prepared
food moves at a rate of 24 hours per truck in one direction
andrtherheatedrairisssentofrom the other direction. This
solar dehydrator is schematically shown in fig.3.20. It is
seen from the figure that the ambient air is first preheated
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in the heat recovery wheel by means of warm humid air coming
from the dehydrator to be exhausted. This preheated air is
further heated to the desired level either by passing it
through the thermal storage unit or passing it through the
auxiliary energy heating unit or by the combination of these
two depending upon the availability of energy in the storage
unit. In this case the control system will divide the air
flow, one part going through the storage unit and second
part going through the auxiliary heater part to raise the
temperature of air at the desired level. This system is
designed for a fixed air flow rate of 9.5 m3/s to the
dehydrator 24 hours a day. The drying temperature varies in
different months say 60°C in the beginning of June to 66°C
in August and September.

iy
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FIG.3.20. SOLAR CROP DEHYDRATOR AT FRESNCO, CALIFORNIA.

3.4.3.4 Solar Timber drying

Drying of lumber is required for its use in making
furniture, doors, cabinets, floorings, wood carvings, etc.
Air drying of lumber is the cheapest, and simplest but it
takes longer time in drying since it gets effected with rain
andovaryingrdegreesofshumidity and even the product is not
superior. Therefore, kiln drying using fuel heated air is
generally adopted. The use of solar energy for lumber
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drying can save the fuel and can be used to small units of
low capital investment. It has been observed that solar
dried lumber is better compared to open air dried lumber.
The lumber dryer generally consists of a large green house
generally rectangular with all the four walls and roof made
of single or double covers of transparent plastic sheet or
glass sheet. Inside the chamber the floor which is generally
made of cement concrete is a bit raised one and on which the
lumber is stacked in such a way that there is sufficient
space for the circulation of air. Amn electrically operated
fan is used for circulating the air inside the chamber
through the stack. The inside wooden frame, ground etc, are
all painted black.

Plenum chamber Plenum chamber
closed \ opened ,l'
Battle
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S Battle
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y
.
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removed 1 gl r&‘
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S L Vents opened ——

(a) Single pass dryer. (b) Recirculating type dryer.

——— Vents closed —

FIG.3.21. TWO MODES OF OPERATING SOLAR KILN

Studies on solar lumber drying are conducted in India
by Rehman and Chawla[16], and Sharma[21] et al who actually
built solar timber seasoning kilns and experiments conducted
on several species. Studies on solar lumber drying are
conducted in many countries like USA[62,17], Japan[23],
Taiwan[18], Uganda[63], Australial[64], Fizi[65], Philippines
[66], etc. Almost all the solar kilns are similar except
some small small variations. The idea is to utilize the low
grade heat and to increase the drying rate without degrada-
tion of the timber. The solar timber seasoning kiln as
described by Sharma et al[67] and shown schematically in
fig.3.21 and 3.22 consists of a rectangular structure with
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frame work made of wood and long axis in the E-W direction.
Tilted roof facing south at an angle of 24 deg. from horizo-
ntal was used in the present construction. All the walls
except on the north side and roof is covered with two layers
of transparent polyethylane sheet seperated by an air gap.
In later designs glass sheets are employed in place of
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FIG.3.22. FRONT AND SIDES OF SOLAR KILN.

polyethylene sheets. There is a false ceiling in the kiln
above the wood stacks. There is a another false north side

wall extend1ng from the wood stack level upto the false
i 3 3 e 3 3 is fixed. All the interior

The kiln has a space to dry
n 25 mm thick crossers. The
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adequate humidity in the kiln is maintained with the help of
a water spray humidifier provided on the north side of the
wall in the upper protion of the false ceiling. With some
adjustments the kiln can be operated either as a single pass
flow through dryer or as a recirculating dryer. The fan of
1.5 KW is used for the circulation of air in the kiln.

3.5 THEORY AND SIMULATION MODELS [Ref. 3,43]

Drying simulation models are useful in predicting the
performance of design variables and in knowing the contribu-
tion of solar energy in drying the product. In drying the
heat and mass transfer occurs simulatneously. The necessary
heat required to evaporate the moisture from the surface of
the material is generally provided by heated air. As discu-
ssed earlier, most of the biological materials, initially
dry in the period of constant rate moisture loss and then
followed by falling rate drying period. Most of the cereal
grains which contains less moisture, dry entirely in the
falling rate period. Generally most food products/grains
are either dried in single layer or in deep layer and the
drying behaviour in both the cases is different and there-
fore discussed here seperately.

3.5.1 Single layer drying

As discussed earlier if the moisture content of the
product is high, then the surface of material will behave
like a thin layer of water and the internal resistance of
moisture transport will be much less than the external
resistance to water vapour removal from the surface and the
product will dry in the constant moisture rate loss. The
drying rate dM/dt in the constant drying rate period can be
determined by either using equation(3.1) or (3.2) and the
drying time tc can be determined by using equation(3.1) or
(3.2). However, the only thing to be determined is the
transfer coefficients hp and hg which sometimes is difficult
to determine because of irregular shapes of the products.

In the falling rate period, the thermal resistance for
the moisture movement within the product becomes more than
the external resistance and therefore the driving potential
(Pywb-Pye ) decreases and thus the drying rate decreases.
In this falling rate period the product temperature increa-
ses and is more than the wet bulb temperature. In the
falling rate period the rate of moisture evaporation is both
a function of internal variables and extermal variables and
therefore it is difficult to predict the drying rate. Only
empirical or semiemprical methods are used in predicting the
drying rate. Several mechanisSms[3] are proposed to explain
the movement of moisture in capillary porous products such
as in grains. Some of the mechanisms proposed are: there
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can be liquid movement due to surface forces (capillery
flow), there can be liquid movement due to moisture concen-
tration difference (liquid diffusion), there can be vapour
movement due to moisture concentration difference (vapour
diffusion), there can be vapour movement due to temperature
differences (thermal diffusion), there can be liquid and
vapour movement due to pressure difference (hydrodynamic
diffusion),etc. For the drying of capillary porous products,
Luikov[68] has given a set of following partial differential
equations:

oM
= V2 Kiqg M+ '72 K120 + V2 Kq3 P
t
a0
= VZ Koqg M +V2 Kog @+V2 Koz P (3.5)
s t
9P
= VZ K31 M + Vz K390 + VZ K33 P
ot

Here Kq1, Ky and K33 represents the phenomenological coef~-
ficients and other K's are the coupling coefficients. Al-
though moisture M, temperature 6 and pressure P effects the
moisture flow inside the grain, but it has been observed
that the moisture movement due to pressure graient is signi-
ficant only at sufficiently high temperatures which is not
within the range of grain drying, hence the above equations
reduces to:

aM
= VZ K11 M + Vz K120
ot
oM
= V2 Kgq1 M + V2 Kyp0 (3.6)
at

The above two equations are applicable to many food
products. It is also observed that for most of the cereal
grains the coupling effects of temperature and moisture is
not very significant and hence equations (3.6) reduce to

oM
P, = VZ Kq1 M
ot



SOLAR FOOD DRYING 155

30 (3.7)
_— = y? K920
at

Equations (3.7) can be very effectively employed to describe
the drying and thermal behaviour of grains. However, it was
observed that even the thermal diffusion effect is insigni-
ficant upto temperatures 120°C. So Luikov's equations fina-
lly leads to the following equation:

oM
= VZK]_]_ M (3.8)
at

Where Kq1 is now termed as diffusion coefficient and is
replaced by D, the diffusion coefficient. Now for a
constant value of diffusion coefficient D, the equation
(3.8) can be written as:

aM 3% n C oM
Y + ) (3.9)
ot 31l T or

Here r defines the particle's coordinate and C is a constant
and is zero for planar symmetry, C is unity for cylindrical
body and C is two for a spherical body. Now equation (3.9)
can be solved for any regular shape of the grain with the
following initial and boundary conditions;

M (r, 0) My (3.10)

M (ry, t) Meq (3.11)
Where Mjp and Meq are the initial and equilibrium
moisture content. Solving equation (3.9) using the above
boundary conditions, the expression of moisture ratio
MR[=(M-Meg)/(Min-Meq)] for a infinite plane is given as-

8 o 1 (2n + 1)2 72
MR = ====-- i - exp. [ - ————— x2 ]
w2 n=0(2 n + 1)2 4
(3.12)

and for a sphere the equation is

6 a 1 1’12'n2
MR = —_— z —  exp. [ - —— x2]
0 nl 9
(3.13)



156 CHAPTER3

and for an infinite cylinder the equation is

o 4 A&
MR = 7§ ——— exp. [ - e—— x2] (3.14)
n=1 % 4

where x = A (Dt)1/2/V, Ap 1s the roots of bessel function of
zero order, A is area and V is volume of the body.

For products with high moisture content such as fruits
and vegetables, first there will be constant rate period
then there will be falling rate period. The drying of such
high moisture products is modelled by Hussain et al[69].
Sarvacos [70] has expressed the diffusion coefficient as an
exponential function of moisture content.

D(M) = D, exp (pM) (3.15)

Where p is a constant. It is also shown by Sarvacos[70]
that the drying process can be explained well by three
process : Constant rate, Ist falling rate, and 2nd falling
rate (Fig.3.3). Therefore for three phases of drying, three
different models are given as follows:

For contant rate drying where Min < M < Mc

IM

—_— = vy? Deff M

ot

98 (3.16)
= y2 Kgg ©

ot

For first falling rate period where Mhyg <M < Mc

oM
= V2 Degg M (3.17)
it
P oM L
— = vz Ky9 8 + K —— where K = ——
at at Cp

For second falling rate where Meq £ M & Mpyg
oM oM

—_— = ePM g2 N i PePM (
ot 9x

)2
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30 oM
—— = V2K22® + K
ot ot (3.18)

Depending upon the initial and boundary conditions, these
equations can be solved.

There are empirical equations developed for various
products under certain specific conditions to predict the
drying rate in addition to the above theoretical equations.
The drying time, t, for shelled corn in the temperature
range of 60to 150°C was calculated by Thompson et al[71] and
the same can be calculated from the following empirical
equation: ’

t = A 1n MR + B(1ln MR)2 (3.19)

where A - 1.086178 + 0.00488(1.8 & + 32.0)
and B = 427.3640 exp ( - 0.055418 6 - 1.05632)

Another empirical drying equation was developed by Flood
et al[72] for corn in the temperature range of 2 to 22°C,
which is given as:

MR = exp [ - K(t0:664)] (3.20)

where,
k = exp (-xtY)

x = [ 6.0142 + 1.453 x 10-4 ($)2]0.5
- (1.8 6 + 32) [ 3.533 x 10~% + 3.0 x 10-8 (¢)2]0.3

y = 0.1245 - 2,197 x 10-3¢ + 2.3 x 10°7¢ (1.88 +32)
-5.8 x 105 (1.8 6 + 32)

Where ¢ is the relative humidity, x and y are bed coordi-
nates, and 6 is grain temperature in ©C.

The following formula is derived by Becker[73] from the
drying rate data of wheat:

MR = 1-24.82%Dt)1/2 + 14.29 Dt for (pt)1/2 < 0.034
and MR = 0.509 exp (-629.68 Dt) for (pt)1/2 3 0.034
(3.21)
where D = 76.8 exp [-11080/6,p5)

Here 6,ps is in °R.
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3.5.2. Deep-bed grain drying

Upto now we have considered only the drying of indivi-
dual cereal grain Kernals or in thin layers which is done
only when the moisture content in the product is high,
However, most of the cereal grains contain low moisture and
dried in large quantities and therefore deep bed drying is
preferred. Several models are proposed for predicting the
drying rate in deep-bed grain drying.

3.5.2.1 Logarithmic model

The first logarithmic model which is a empirical method
of modelling low temperature drying is proposed by Hukill
[74]. The assumptions made in this model are: (1) the
latent heat of evaporation of moisture of grain is much more
than the sensible heat required to heat the grain and remo-
ving the moisture, (2) during the drying process when mois-
ture is added in the air, the increase in its sensible heat
is negligible, (3) grain density is constant, and (4) during
the drying process there is an equilibrium between the air
and grain temperature. Based on these assumptions Hukill
[43] has given the following equation:

oT oM

GaCa (3.22)

ay at

where Ga is the air mass flow rate. The solution of this
equation is given as:

2D’
MR = - (3.23)
2D7 4 21 -

where D' and Y' are the dimensionless depth and time
variables, and are given as:

LKPg ( Mip = Meq)y

GaCalT, = Tg)

Y = K.t =7Y'ln 2

where Ta is the air temperature in the plenum, and Tg is the
exhaustvairtemperaturesBarre et al[75] obtained the fol-
lowing equation of moisture ratio MR, when he used the
above logarithmic model and [applied the boundary conditions.
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1 eD +eY -1
1n ( ) (3.24)
D eY

The above two models were tested by many workers[76]
against the emperimental results and found that this logari-
thmic model is unable to describe the movement of drying
zone.

3.5.2.2 Partial differential equation (P.D.E.) model.

The partial differential equation (PDE) model which is

simply a set of partial differential equations used for
modelling the drying process is more accurate compared to
logarithmic model and is applicable to both at high tempera-
ture and low temperature processes. The assumptions made in
formulating the PDE model are:
(1) during the drying process the volume shrinkage is negli-
gible, (2) conduction from particle to particle is negli-
gible, (3) within the individual particles the temperature
gradient is negligible, (4) both the grain flow and air flow
is plug type, (5) 3¥/93t and 3W/3t are negligible compared to
9T/3x and oW/93x, (6) the bin walls have negligible heat
capacity and are adiabatic, (7) during short time intervals
the heat capacities of grain and moist air are constant, and
(8) the moisture equilibrium isotherm and thin layer drying
equations are accurately known. Now the analysis will be
done for the fixed bed (stationary bed) and fluidized bed.

(A) Fixed bed model(Ref.3)

“"I i ) |
, i \—Q,M,Cp,Qp)é

W)T)VG ,?Q)CG

FIG.3.23. BED VOLUME
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For making this model, we consider an elemental bed
volume(Fig.3.23) located anywhere in the fixed grain bed.
Now the drying characteristics require four unknowns: the
moisture content M, the humidity ratio of air W, the air
temperature, t, and kernmal temperature 6. Now following
Sodha and Kumar[77], four balances are made resulting in
four differential equations.

(i) Enthalpy of air: The heat transfered by convection to
the grain bed is equal to the sum of the enthalpy
carried out of the volume by air and the change with
respect to time in the enthalpy of air in the void

spaces.
oT T

GaCq — = € paCa = -h(T-8) (3.25)
ax ot

where Ca is specific heat of moist air, Ga is mass flow
rate of air, ¢ is bed porosity, Ra is air density and
h is enthalpy.

(ii) Enthalpy of grain: The energy transferred by convec-
tion by hot air to the grain is used as sensible heat
in increasing the grain temperature and temperature of
evaporated moisture and as latent heat in evaporating
the moisture from grain. Thus on the grain kernel the
enthalpy balance equation is

L) oM
DgCgm T = h(T-6) + L Dg -a-t"' (3.26)

Here Cgop is the specific heat of wet grain (= Cg +
Mcm), and pg is the grain density.

(iii) Humidity of air: The moisture loss by the grain kernels
is equal to the net amount of moisture carried out of
air out of element plus the change in the humidity of
the air in the void spaces. Thus we get

oW oW M
Go +€ D, = - Py — (3.27)
ax at ot

where Gy, is the mass flow rate of air at the outlet

(iv) Moisture Content of grain: The drying rate for a thin
layer can be expressed either by diffusion type of
expression(eq.3.8) or by empirical relatiom (3.19).
Thuswforwthiswbayerndrying, the differential equation
will be of the form.
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oM

= any thin layer drying equation (3.28)
ot

Now the three differential equations(3.25), (3.26), and
(3.27) alongwith the equation(3.28) formulate the simulation
model and can be used to study the drying behaviour of a
deep stationary bed. The boundary conditions are T(o,t)
=T(inlet), ©(x,0) = 6(initial), W(0,t) = W(inlet), M(x,0) =
M(initial).

(B) Cross flow model:

In a cross flow dryer, the air and grain moves in
perpendicular directions i.e. if air flows in x-direction,
the grain moves in y-directionm. Now considering the differe-
ntial volume(dxdy) in any location in the bed and making all
the assumptions as in fixed bed case, the differential
equations will be:

3T h, (T-8)
ox (GaCa + G4aCyy)
EL] h,(T-0) L + Cy(T-8) W
= + Gg
oy (GpCp + GpCyaM) (GpCp + GpCyal) ox
ow Gp oM
= - (3.29)
ax G, oy
oM
and = a thin layer equation
ot

where G, and Gy is the mass flow rates of air and product
respectively, and 'a' is the partial surface area per unit
of bed volume, and W is the humidity ratio. The boundary
conditions are: T(0,Y) = T(inlet), ©(x,0) = ©(initial),
W(0,Y) = W(inlet), M(x,0) = M(initial).

(C) Concurrent flow model:

Here in this dryer both the grain and the hot air moves
in the same direction. Considering the elemental volume Sdx
in the bed and making all the assumptions of fixed bed
drying the set of equatiomns will be:

aT - h,(T-96 )

ax (GaCa + G,CyM)
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36 hy(t-9) L + Cy(T-0) oW
= - . G,
dx (GpCp + GpCyaM) (GpCp + GpCyalt) dx
oW ) Gp dM
9x Ga dx
dM
= a thin layer equation (3.30)
dx

The boundary conditions are T(o) = T(inlet), (0) =
(initial), W(0) = W (inlet), and M(0) = M(imnitial). The
above equations are total differential equations and can be
solved numerically.

(D) Counter-flow model:

In the counter-flow type dryers, the flow of the air
and the grain is in the opposite direction, and here also as
in earlier cases the energy and mass balances can be consi-
dered on an elemental volume(Sdx) of the system with assu-
ming the flow of grain in the positive direction. Assuming
all the earlier assumptions and steady state conditions the
equations can be written as:

dT h,(T-6)
dx (GaCy + GLCyW)
de h,(T-9) L + Cy(t-9) dw
= + . Ga
dx (GpCp + GpCyaM) (GpCp + GpCyaM) dx
dw B Gp dM
dx Gg dx
aM
—_— = a thin layer equation (3.31)
dt

The boundary conditions are:
T(L) = T(inlet), 6(0) =e(initial), W(L) = W(inlet), and
M(0) = M(Initial)

Although equations(3.31) appears to be similar to the
equations(3.30) of the concurrent flow case except some
changes in the sign but the solutions of equations (3.31)
will be quite different from  equations(3.30) because while
the concurrent model is a single point boundary value prob-
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lem but the counter-flow model is a two point boundary value
problem.

Recently Thomson et al[78] formulated the mathematical
model to predict the performance of three types of conti-
nuous grain dryers-Cross flow, Concurrent flow, and counter
flow. It was observed that the performance characteristics
of each of the three dryers are significantly different from
each other. The grain gets overdried where the air enters
and remains underdried where it leaves in case of crossflow
dryers. In the concurrent type of dryers, most of the
moisture was removed during the initial stages of drying.
The counterflow dryers is the best compared to the other two
dryers since it removes more moisture per metre of drying
bed than the other two dryers.

3.6 ENERGY REQUIREMENTS FOR GRAIN DRYING

Table 3.7 Energy required(kwh/tonne) for drying corn from
24 percent to 14 percent, wet basis.

Drying Method Energy used by
Fan Heat
1. High speed drying at 3.2 225
90°cC
2. High speed drying at 2.2 170

90°C to 16 percent
moisture level and then
by dryeration
3. High speed drying at 90°C 14.6 100
to 20 percent moisture and
then bin finish.

4. Batch-in-Bin at 60°C Fan + Heat 210

5. In-Bin at 20°C Fan + Heat 185

6. In-Bin at low temperature Fan + Heat 120
AT = 4°¢C

7. Low temperature solar Fan + Heat 80

drying, Maximum AT=10°C

The energy required for graim drying is very large and
as discussed earlier in USA, liquified petroleum gas or
natural gas is used. It has been estimated that for drying
150 million metric toms of crop in USA about 20 million
barrels of oil equivalent is used[79]. As discussed earlier
that there are a variety of methods used for drying grain
and therefore it becomes essential to know that which method
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is very efficient. Although apart from energy efficient
drying process, the other factors like drying capacity,
reliability, and quality of the product are also very impor-
tant. A good review of energy requirements by different
drying methods are made by Peart et al[80] and this work is
due to them only. The summary of energy required (Kwh/tonne)
for drying corn from a initial moisture content of 24 per-
cent to the final moisture constent of 14 percent by various
drying methods is given in Table 3.7.

From table 3.7 it appears that from energy efficiency
point of view solar drying is the best but solar drying is
weather dependent and the calculations made are for central
Indiana weather conditions for October, November and Decem-
ber. Another energy efficient system is the one where high
speed drying at 90°C is dome upto a 20 percent moisture
level and then the grain is shifted to the storage bin with
perforated floor and the drying is done at low temperature
with natural air at a rate of 1 m3/min/tonne. This systenm
is no doubt energy efficient but required two separate
drying systems and therefore the equipment cost is higher.
In bin drying at 20°C which is a layer drying method in
which the bin is partially filled, dried and then second and
third layer is added and dried is also very energy efficient
drying system.
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CHAPTER 4

SOLAR POWERED WATER PUMP

4.1 INTRODUCTION

In many developing countries of the world animate power
and muscle power is still used for lifting water for crop
irrigation or for drinking purposes. Both these methods are
highly inefficient, time consuming and becoming costlier.
The energy requirements of rural people in developing coun-
tries are quite low and are met largely by non-commercial
energy sources like firewood, agricultural waste and cow
dung cakes. The agricultural land is either irrigated by
natural means like rains or by using animal or muscle power.
The use of diesel or petrol operated water pumping sets or
electric water pump is also increasing. With the increase
in population, more land is to be brought under cultivation
to increase crop production for meeting the demand of food
for which water is an essential ingradient. Moreover, in
developing countries where 40-50 percent GNP (Gross National
Product) coming from agricultural sector alone, more energy
particularly for pumping of water for irrigation is re-
quired. Efforts are being made in developing countries to
provide electricity inm rural areas but the progress has
been slowmainly due to the reason that it is capital inten-
sive and is difficult to connect remote scattered villages
with the central electric grid system. Therefore decentra-
lized energy systems like solar irrigation pump sets may be
more appropriate in developing countries. Taking India as a
typical example of a developing country, the energy require-
ments by human and animal power, diesel engine, and electric
motors are assessed and the same are shown[1l] in table 4.1
From this table it is seen that by 2000 AD there will be a
considerable increase in the use of electric motors and
diesel engines for pumping water. Inspite of large efforts
made by government of India only 30 percent of the total
villages are electrified and that too are not getting suffi-
cient electricity. Very little percentage of villages having
population less than 500 are electrified due to large
capital investment.

Solar radiation is maximum in summer months when grea-
ter need of irrigation occurs. Moreover, intermittent nature
of solar energy will make the water pumping intermittent and
the pumped water can be stored in large ponds for irrigation
when required. The development of a small solar pump for

170
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Table 4.1 Table showing estimated energy for pumping water
(million KWH) [From Garg (1)]

Year Human and Diesel Electric Total
Animal power Engine Motors
1968-69 2746.6 1004.5 1543.9 5295.0
1973-74 2375.8 1813.2 3973.1 8152.1
1978-79 2178.0 1905.2 6778.4 10861.6
1983-84 1932.2 3264.51 7573.4 12770.1
1988-89 1642.9 2627 .4 10234.2 14504.5
1993-94 1294 .4 3107.4 12153.5 16555.3
1998-99 893.1 3620.9 14207.9 18721.9

irrigation purposes of 2 to 5 KW capacity can result in an
agricultural revolution. Solar Energy can be used for pum-
ping of water in two ways. In the direct conversion scheme,
solar energy is directly converted into electricity using
photovoltaic (solar) cells, this produced electricity is
either stored in batteries or used directly in d.c. motors
or converted into a.c. using inverter and then used in
conventional water pumps (fig.4.1). In the thermodynamic

D.C—=A.C.MOTOR

D.C. MOTOR

WATER PUMP

FIG.4.1. THE PHOTOVOLTAIC WATER PUMPING SCHEME.

conversion scheme shown in fig.4.2, solar energy is first
converted into mechanical energy (shaft power) and then
mechanical energy is wused for pumping water employing
water pump. In the thermodynamic scheme somekind of solar
energy collectors like flat plate or concentrating type are
used for heating a working fluid
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SOLAR ENERGY

SOLAR ENERGY
COLLECTOR

WORKING FLUID

BRAYTON CYCLE

RANKINE CYCLE

MECHANICAL ENERGY

[WATER PuMP___ |—=-{ELECTRICAL MOTOR |

FIG.4.2. THE THERMODYNAMIC WATER PUMPING SCHEME

which is then used for operating a Rankine, Stirling, or
Brayton engine producing mechanical power. The cost of
solar water pump is very high which is due to low conversion
efficiency of solar energy to mechanical energy and low
production rate of machinery involved. Unfortunately the
solar cells are also very expensive and the efficiency is
low. With the renewed interest in photovoltaic materials
and equipment development, it is hoped that the solar pumps
would be cost competitive with the alternative pumping
systems.

In this chapter, the history of solar pumps, types of
solar pump, typical solar pump installations and types will
be described.

4.2 HISTORY OF SOLAR PUMPS

The use of solar energy for pumping of water is not a
new idea. Several efforts are made in the past to convert
solar heat into mechanical power. A good review of solar
water pumping is made by Pytlinski[2] and Newkirk([3].Perhaps
the first historical attempt for pumping water using solar
energy was made by a French Engineer, Salomon de Caux[4]
(1576-1626) who developed an engine and pumped water using
solar heated air. Another Frenchman, August Mouchot, with
the backing of Napoleon III, developed and demonstrated [5-
7] several solar water pumps (1860-1878). Mouchot developed
his first solar engine in 1866 and demonstrated the same in
Paris World fair in which he used a number of truncated cone
reflectors (45° cones) to focus solar radiation on a copper
tube converting water into steam and then steam engine was
used for pumping water. The second engine was built by



SOLAR POWERED WATER PUMP 173

Mouchot in 1875 with French government support in which a
reflector of 4.0 m? and an axial boiler of 0.8 m long was
used which produced steam at 50.7 x 104n/m?2 at 426 K and
used for operating a rotary engine driving a water pump.
This pump had produced a power of about 370 watts. The
third solar engine was built by Mouchot in 1878 in which a
reflector area of 5.2 m2 was used. John Ericsson, a Swedish
immigrant to America built several successful hot air engine
which earned him in 1868 an honorary Ph.D. from the univer-
sity of Lund, his native Place. Ericsson[8] in 1883 built a
solar engine in which he used a parabolic trough of 3.3 m
long and 4.9 m wide focussing solar radiation on a boiler
tube, producing steam at a pressure of 24 x 104 N/mZ
driving a reciprocating engine to generate about 1.2 KW. An
Englishman, Williem Adam [9,10], during the years 1876-78 in
Bombay, India operated the first solar operated steam engine
in which he used a hemispherical reflecting surface of about
12.2 m in diameter made out of small plane mirrors
(25 em x 42 cm) focussing solar radiation on a copper boiler
producing steam continuously at a pressure of
20.7 x 104 N/mn?2 and running a 1.8 KW steam engine and used
for pumping water. In France, Abel Pifre[9] in 1878 used a
parabolic reflector of 9 n? alongwith a rotary pump and was
able to pump 99 litres of water in 14 min. from a depth of
3 m. A Frenchman Charles Albert Tellier[9] in 1885 used
flat-plate collectors of 19.5 n? for vaporising ammonia
from ammonia solution and the vapors pushed through a
diaphragm the water out from a submerged ironm cylinder. The
ammonia was condensed and recycled and was physically
seperated from the water using a flexible rubber diaphragm.
This solar pump was able to pump about 1 m3 of water per
hour from a depth of 19.8 m in Autevil, France.

An American, A.G.Eneas built several solar engines[9]
and in 1901 he demonstrated a solar water pump at the Os~-
trich Farm in Pasadena, Califormia, USA, which was the
largest pump ever built to that time. Eneas in his solar
water pump used truncated, cone-shaped reflector with 10.2 m
in diameter with a central opening of 4.6 m in the bottom
consisted of small flat mirrors, reflecting solar radiation
onto a tube boiler producing steam at a pressure of
10.3 x 109 N/m? driving a compound condensing engine coup-
led to a centrifugal pump. This solar pump was able to 1ift
5.3 m3 of water per minute from a depth of 3.6 m thereby
producing a peak power of 7.5 KW. H.E.Willsie[11] during the
years 1902-1908 built several solar engines using first time
the two fluid system. 1In 1904 Willsie built in St. Louis a
4.5 KW solar pump using flat-plate collectors with double
glazing of about 55.7 m2 area and an ammonia engine. In
1905 the Willsie Sun Power Company built another 15 KW pump
using sulfur dioxide near Needles, California. An American,
Frank Shuman[12] during the years 1907 to 1915 built several
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solar engines used for pumping water. In 1907 Shuman built
in Tacony, Pennsylvania a solar pump using flat-plate colle-
ctors for heating water which in turn is used to evaporate
ether and the resulting ether vapor was used to drive a
vertical vapor engine of 2.6 KW <capacity. 1In 1911, Shuman
built another solar engine developing 24 KW power. One of
the largest and most successful solar pump was operated by
Shuman and C.Boys at Meadi, a Suburb of Cairo, Egypt in 1913
which used five parabolic troughs each of 4.06 m wide at the
top and 62.2 m long with a total solar radiation collecting
area of 1263 m2 with a concentration factor of 4.6. These
collectors were placed along the north-south direction and
were rotated automatically in the east-west direction during
the day. Along the focal line, a tube boiler was used
producing steam which in turn produced a power of 37.3 KW
giving an overall thermal efficiency of about 4.32 percent.
J.Harrington in 1920 in New Mexico generated sufficient
steam using solar energy concentrators which is used to rum
a steam engine and then pumping water upto a height of 6 m.
In 1951, an Italian firm, Somor Ltd. of Milan[13] started
manufacturing on a commercial scale solar pumps with capaci-
ties of 0.5, 1.0, 2.0, and 2.5 KW. Here also sulfur dioxide
was used as a working fluid and it was estimated that about
1.5 m2 collector area will produce about 0.7 KW. In 1940
F.Molero of the Heliotechnical Laboratory at Tashkent, USSR,
used 10 m diameter parabolic dish to produce steam at a
pressure of 2.03 x 105 N/m2 which was further used for
pumping water for irrigation and livestock watering. In
1955, d' Amelio at the University of Naples, Italy, deve-
loped a novel system in which heat is directly transferred
from solar heated water to a liquid like ethyl chloride
which is immisible in water without any seperate heat excha-
nger. The vapors of ethyl chloride, which are obtained by
direct contact with the hot water, is passed to an expansion
turbine. This turbine operates an irrigation water pump.

Although the Stirling engine was invented in 1816 by
Scottish Clergyman, Robert Stirling and his brother, James
but it was considerably improved and built by a Swedish
engineer John Ericsson in 1826 which gave a very low effi-
ciency at that time. The Philipps Company of Holland in
1946 considerably improved this engine, which operates on
the Stirling cycle and this was used (1951-1955) by Ghai and
Khanna of New Delhi, India for pumping water by using spe-
cially designed plane glass reflectors[14]. A 4 KW solar
turbine using a binary Rankine cycle with monochlorobenzine
as a working fluid was developed in 1961 by Tabor and
Bronicki[15]. These vapor turbines produced under the name
ORMAT Rankine power units are now available in the range of
100 watts to 15 KW and can be used for pumping of water.

In Dakar, Senegal, Masson and Girardier[16] during 1962
to 1966 developed two solar motors. The motor operating
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since 1962 lifted 8 to 10 litres water per minute from a
depth of 10 metres which is equivalent to 21 watts. In
another experiment in 1966 flat plate collectors of 300 m2
were used and the solar engine pumped water at the rate of
40 m3/hr from a depth of 8 to 10 m. During the years 1974
to 1980, a French Company, Society Francaise d'Etudes Ther-
miques et d' Energie solaire, SOFRETES[17,18] installed
several solar irrigation pumps in many countries of the
world. The first solar pump (1975) of 25 KW capacity using
1500 m2 flat plate collectors was installed in San Luis de
la Paz, Mexico which had given on output of 2600 m3/day of
water from a head of 10 m. Later a 50 KW solar pump was
also developed by this firm. Here water is heated through
flat plate collectors which in turn through heat exchanger
boils the organic liquid such as butane or Freon Operating a
Rankine cycle reciprocating engine or turbine. A 37 KW
solar water pump delivering water at a rate of 38 m3 per
minute was operated[19] in 1977 at the Gila River Ranch near
Phoenix, Arizomna, USA in which parabolic reflectors of
564 m2 were used for generating steam which in turm through
heat exchanger vaporize Refrigerant 113 used as working
fluid in a Rankine cycle power unit., A 19 KW solar water
pump[20] using parabolic trough collectors (622.4 m2) with
caloria HT=-43 as primary fluid, a storage unit of 22.7 m3
with Caloria HT-43 as storage medium and a vapor turbine
with Refrigerant 113 as working fluid was used near Willard,
New Mexico, USA. This solar water pump was able to pump
about 2.6 m> water per minute from a depth of 34 m.

A solar power generation [21-23] unit of 150 KWe with a
technical support from Sandia Laboratory, Arizona Solar
Energy Commission and University of Arizoma in October, 1979
was built on the Dalton Cole farm South-west of coolidge in
Central Arizomna. The plant was completely desigzned by Acurex
Corporation, Califormia and used 2140.5 m linefocus
collector subsystem, a storage of 114 m3 tank of hot oil,
and an organic Rankine cycle turbine engine built by Sun-
dstrand Corporation. This plant was operated for three years
by the University of Arizona to characterize energy perfor-
mance, identify needed equipment improvements and quantity
operating and maintenance requirements. This plant was
later deeded to the owner of the farm on which it is sited,
Dalton Cole, Jr. A-100 KW solar thermal electric power
station is in operation in Sulaibyh, Kuwait[24] since June,
1981 which is a joint Venture of Kuwait Institute for Sciemn-
tific Research (KSIR), Kuwait, and Messers-Chmitt~Bolkow-
Blohm (MBB) of Germany. The solar power station consists of
56 point focussing parabolic dishes, each of 5 m diameter
with total collector area of 1025 mz, a thermal storage tank
and an organic Ramkine cycle engine using toluene as working
fluid and provides both electric and thermal energy for
heating and cooling of greenhouses, desalination, irriga-
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tion, and pumping of brackish water. MacCracken[25] in
1955 described a novel solar pump known as thermopump which
uses no moving parts and the heat supplied from a flat-plate
collector can be used. In this system the heat is wused to
vaporise a low boiling point liquid like R-11, R-113, R114
etc. which pushes a floater down which in turn pushes a
diaphragm forcing the water to go out. The vapors on
cooling get condensed go to the generator and the water gets
lifted from the reservoir. Swet and Fox[26] have discussed
(1973) a representative device which pumps water by the
direct pressure of solar heated air through low heads. A
floating sheet metal housing serves both as solar collector
and pumping unit. Minto (1976) has described[27] a vapor-
power engine operating on a small temperature difference
between a heat source and sink and the same is known as
Mintowheel and which can be operated with solar energy. In
the Minto solar wheel, a series of sealed containers
fastened around the wheels rim with a low boiling point
liquid such as R-11, R-22, R-113, R-114, R-500, propane,
etc. in the lower containers are used. Minto solar wheel
starts from the change of thermal energy to potential emner-
gy, and then from potential energy to mechanical energy.
Lin and Bhardwaj[28] have recently done the analysis of the
thermodynamic cycle of the Minto solar wheel. Rao et al
[29,30] have developed (1976) two types of solar water pumps
for 1ift irrigation which have no moving parts. This pump
uses flat-plate collectors to vaporise a hydrocarbon fluid
under pressure and vapors are used to force water from a
closed tank, to a higher elevation. Burton[31] of Papua New
Guinea in 1980 has described a simple solar water pump where
flat-plate collectors are used to heat Refrigerant 113 and
the vaporisation and condensation of this working fluid is
used to pump the water using a diaphragm pump. This pump
has no moving parts and gives an overall efficiency of 1.7
percent. A special mechanical valve is developed to pump
the water.

Solar photovoltaic water pumps[32] are in operation in
many parts of the world since 1968. It is impossible to
know the number of pumps installed and the list of manufac-
turers. The largest solar photovoltaic water pump was made
first time in USA which was of 25 KW 1in Nebraska and now
pumps of this capacity are available in many countries. A
few French firms have put up solar photovoltaic pumps in
Senegal, Mali, Nigeria, Upper volta, Rwanda, Cameroon, Saudi
Arabia, and Corsica. A large number of photovoltaic pumps
are in operation in India also.

The interest in solar water pump is renewed with the
shortage of food, electricity and diesel oil. A Natiomnal
WorkshopronSolarItrigation|33] was arranged in 1977 at
Albuquerque, New Mexico, USA by ERDA and United States
Department of Agriculture under the chairmanship of Wether-
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holt. Recently several review articles on Solar Water
Pumping are written by Garg[l], Bahadori[34], Hofmann et
al[35] and Derrick et al[36]. A technoeconomic analysis
for the transfer of technology with a special case of solar
pump is carried out by Parikh[37]. Analysis of photovoltaic
solar pumps is carried out by Braunstein and Kornfeld[38],
Matlin and Katzman[39], Evans et al[40], and Matlin[41].

4.3 COMPONENTS OF SOLAR ENERGY PUMPS

There are several components of a solar thermal energy
water pumps such as collector array, thermal storage unit,
heat exchangers, Rankine turbine, pump, electric storage
batteries, etc., and therefore there are several design op-
tions also. Some of the important design options are discu-
ssed below:

4.3.1 Collector types

Solar energy collectors which are generally employed
for mechanical power generation required for operating a
water pump are: flat-plate collectors, solar pond(non-conve-
ctive type), evacuated tube collectors, and concentrators.
All these collectors, their design, performance, limita-
tions, etc. are discussed by Garg[42-44] in earlier publica-
tions.Flat plate collectors of liquid type are generally
preferred because of their simplicity and no need of sun-
tracking arrangement but supply heat at below 100°C. Flat
plate collectors of liquid type are used in solar pumps
where a low boiling point liquid (60-90°C) is used and which
gets expanded in a Rankine cycle engine like turbine. The
efficiency of such a combination in no doubt is quite low.
Some of the parameters need attention while designing a
liquid flat plate collectors are : number and transmittance
of glazing, absorptance and emittance of absorbing plate,
materials of construction, size number, and location of
manifold and tubes, heat transfer efficiency from absorber
plate to fluid in tube; insulation properties; tilt, orien-
tation and place; etc. For power production or water pumping
applications a collector with single glazing with black
chromium coating on absorber plate is sufficient. The
efficiency equation for such a collector (liquid type) is of
the form:

n= 0.82 - 4.2( AT/I) (4.1)

Where nis the efficiency of the collector, AT is the tempe-
rature difference (°C) between the collector inlet (Tj,) and
ambient air temperature (Ta), and I is the solar radiation
incident on the collector plane ( W/m2 ). The final selec-
tion will depend on its conversion efficiency, operating
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temperature, and cost.

Evacuated tube collectors (tubular collectors) which
supply f£1luid[43] in the temperature range of 100-150°C are
also used in solar pumping units. Here the space between
the inner absorbing tube and the outer glass tube is eva-
cuated (=10'4 torr). The outer surface of the inner tube
is coated with a selective coating and thus the thermal
losses from the whole unit gets considerably reduced. A
number of such tubes generally spaced equal to outer tube
diameter are arranged in a frame with either a white plane
deffuse reflector on the rear side or a cusp reflector is
placed behind the tubes to enhance the solar radiation.
These collectors are now commercially produced in many coun-
tries.

Non convecting solar ponds where the heat loss by
convection is reduced using salt concentration gradients
which increase with increasing depth are used in Israel for
power production and studied in many countries[43]. The
depth of such ponds are generally 1 to 2 m and salts em-
ployed are NaCl or MgCl . Such salt graident or Nom-convec-
ting ponds collect and store the solar energy and are able
to provide water temperature in the bottom upto 95%°C. The
main problem of these ponds are the maintenance of salt
gradient concentration.

Solar concentrators of two or three dimensional geomet~-
ries with different concentration ratios, various degree of
sophistication, operating temperatures, and costs can be
employed. There are two main advantages of these collectors:
one is that these operate at high temperature resulting
higher 'Rankine cycle efficiency, second these collect more
solar energy during the daylong since they follow the sun.
The disadvantages being: a sophisticated sun tracker is
required which also uses auxiliary power, they do not col-
lect diffuse solar radiation, etc. Statiomary concentrators
with a concentration ratio of about 3 may also be employed
which require only seasonal adjustments. These concentrators
may be either refractive type such as Fresnel lenses. Gene-
rally two dimensional reflector type concentrators known as
linear concentrators or parabolic through concentrators
(PTC) are employed in solar pumping units. There are three
ways of orienting these PTC collectors: (i) axis of PTC
remains horizontal in the north-south direction and tracking
is done in the east-west direction during daytime, (ii) axis
of PTC remains horizontal in the east-west direction and
tracking is done in the south-north direction during day-
time, and (iii) axis of PTC is tilted equal to the latutude
angle in a polar mount. In summer months, the north-south
arrangementmcoblbectsmmoremsolar radiation during mnoontime
throughout the year but the collection falls off sharply as
the sun's azimuth angle departs from solar noon. The polar
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mounted PTC collector reduces 'Cosine losses' and therefore
collects more energy on yearly basis compared to N-S or E-W
oriented systems. The polar mounted system collects less
solar energy in summer months compared to N-S oriented
collector and its winter peak noon output is also less
compared to the E-W oriented system. Moreover, the horizon-
tal axis PTC's are simpler to install, requiring fewer
support structures, and less piping.

4.3.2 Storage type

Generally in solar water pumping units, the thermal
energy is not stored. However during non-irrigation periods
or when the extraction rates from irrigation wells are
limited the pump water is stored in an elevated pond or tank
from where water is supplied to the fields by gravity flow.
Water can be stored for long term storage in ponds and for
short term storage in tanks.

If the water extraction rates from the well is limited
then the excess solar energy collected should be stored for
later use. If electricity is generated using turbine-alter-
nator combination, then the same may be stored in electric
batteries. If thermal emnergy is to be stored then the same
may be stored in the form of sensible heat using water or
high temperature fluids, as latent heat with a phase change
material, or as a dual meadia i.e. combination of two. A
good discussion on possible storage materials in different
temperature ranges and associated problems are discussed by
Garg etal[45]. The type and size of thermal energy storage
depends on a life-cycle cost-benefit analysis.

4,3.3 Heat engines

Heat engines are used for converting solar thermal
energy into mechanical power which powers the solar pump.
The energy conversion cycles which are generally employed
are: Rankine cycle, stirling cycle, and Brayton cycle[43].
The stirling cycle and Brayton cycle both operate with a gas
(vapor) generally at a temperature more than 400°C. While
the Rankine cycle operates both with the liquid and the
vapor phase of the working fluid. Moreover, in the tempera-
ture range generally available with the solar energy collec~-
tors flat plate and PTC i.e. 60 - 250°C, the Rankine cycle
is preferred in solar energy conversion over the other two
cycles because of its superiority interms of its overall
efficiency, component sizes, and high work ratio. 1In the
solar pumping power requirement range which is less than
50 KW, the expanders available are turbines, reciprocating
engines, 'and the totary displacement engines. In this range
turbines are preferred because of many reasons such as:
smaller size, high efficiency with large capacity turbines,
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low maintenance and reliability, large expansion to conden-
ser pressure, no intermal 1lubriation is required,
possibility of direct coupling with alternmator, perfect
balancing, etc. Both the 'drying type' £luid and 'wetting
type' fluid can be used in a Rankine cycle turbine. Expan-
sion of a fluid in the turbine going into the wet region
should be avoided since this will damage the expansion
device and therefore such 'wetting type' fluids should be
superheated before expansion. However, a 'drying type'fluid
may expend directly from the saturated vapor line but it
would pass in the superheated state and therefore in this
case a regenerator between the turbine and condenser is
required which will recover the heat from the superheated
fluid. The operation of a solar powered Ranking cycle was
explained earlier by Gargl[47] but the same is repeated again
for convenience. A typical Rankine cycle irrigation pump is
shown in fig.4.3 and its operation is shown on pressure-
enthalpy diagram of fig. 4.4. As soon as the sun rises and
the solar flux is enough, the solar concentrator start
automatically tracking the sun's movement. Simultaneously
an electric motor starts operating two small pumps: one pump
starts circulating water through solar concentrators, boi-
ler, preheater and back to solar concentrators, while the
second pump starts circulating the working fluid (say in
this case Freon-113) through various heat exchangers. As is
seen from fig.4.3, the working fluid in the liquid condition
is pumped at high pressure by the feed pump through regene-
rator and preheater where it is partially heated and then to
the boiler. 1In the boiler, the working fluid gets vaporised
by hot water coming from solar comcentrators. The high
pressure vapor gets expanded through turbine producing shaft
power which can be used for generating electricity using
alternator or for pumping water using a pump. The low
pressure and low temperature vapor passes through regenera-
tor transferring some of the heat to the high pressure
working fluid and then liquified through condenser. The
cycle points from 1 to 8 shown in fig.4.4 relate to the
cycle points shown in fig.4.3. The cycle points 1 to 2 omn
fig.4.4 show the expansion of fluid in the turbine. Points 2
to 3 shows that some heat is transferred from the low pres-
sure and low temperature vapor by the regenerator to the
liquid fluid from the low pressure and low temperature vapor
by the regenerator to the liquid fluid from points 6 to 7.
The vapor gets condensed in the condenser by cooling water
from point 3 to 5. Points 5 to 6 show that the feed pump
raises the pressure of the liquid. The preheater raises the
pressure of the liquid from points 7 to 8. The boiler
converts the hot l1iquid into gas from point8 to 1. A little
amount of water pumped is used to cool the condenser. The
pumping of water or electricity generation continues throug-
hout the day if there is enough sunshine or if the wind
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speed does not exceed the design point. During sunset hours
or when the wind speed exceeds the design speed then the
collector array will automatically turned to the stowed
position. A survey of organic Rankine engines was conducted
by Curran [46]. He collected data on 2150 Rankine engines
which use 16 different organic fluids providing power in the
range of 0.1 to 1120 KW and were operational for different
durations upto September 1979.

4.3.4 Working fluid.

The choice of a working fluid in the Rankine cycle
depends on the operating temperature in the boiler and
condenser and the type of engine. The efficiency of the
system will very much depend on the properties of the wor-
king fluid. Generally two different fluids on the primary
fluid in the solar collector loop and second the secondary
fluid in the power loop is employed. For low temperature
operations water is used as a primary fluid but for high
temperature operations high temperature stable fluids such
as Caloria HT-43 are employed. Steam is the most widely
used working fluid in heat engines due to its low cost, high
chemical stability, universal availability and better cycle
efficiency. But due to some technical and operational rea-
sons, generally organic fluids are used as working fluids
and are selected based on their physical and thermodynamic
properties. The working fluid should be cheap, thermally
and chemically stable, nonflammable, non-corrosive, non-
toxic, small number of atoms in the molecule and of high
molecular weight. A longlist of suitable working fluids in
different temperature ranges is prepared by Curran[46].
Thermodynamic properties of a few typical working fluids
suitable for solar Rankine cycle operations are given in
table 4.2.

4.4 TYPICAL SOLAR PUMP SYSTEMS.

During the last twenty years several solar irrigation
pumps ranging from 1 KW to 200 KW are built in many coun-
tries. Photovoltaic solar pumps are also made in the range
of 200 watts to 5 KW and are more successful so far as the
performance is concerned compared to thermodynamic type of
solar pumps. A few typical solar irrigation pumps which
differ in concepts, size, type of solar collector used, etc.
are briefly discussed in this section.

4.4.,1 TheCoolidge,Arizona,l150KWSolarthermal
irrigation pump.

A deep well solar irrigation plant was put to opera-
tion in November 1979 at the Dalton Cole farm, south of



183

o e e o = e n e em e o= = e = e e e e e = M e e e M M W e e e e ==

TT- 0%796/LY¢E 997 %10Cp ousthyis
OHOAAOWHUQH
LT€E SLT 76~ 192€/9%7T TLT 74219%D piT-uO0l1g
9¢ SLT e~ Tvhe/wTT L8T €g¢10%0 ¢TT-uO0914d
SSwT 007 09T~ 8L6%/96 98 CITOHD T7-uod1g
8G6 - - wIT®/TTT 17T Tgl1pn ¢7i1-uos1g
6GT 0zZT ITT- €THY /86T LET A¢100 T1-uos1g
L o8y S6- wGIw/TTE 76 8uly susniogr
0TY - - 97767 8¢ 0Ty sueing
7G6GT - - 6THTIT/EECT LT €uN eruowWY
76 - G6- GeT 8G 0%ufo 2u0390Y
(ea) (20)
Do0O% 3® A3TTTqEIS (Do) (edJd/D0)
s2anssaad Tewxayl jutod jutod Iy3tom
1ode ‘xoxddy B8utz9a9ig TBOTIATID 1eTNODTONR elnuiog PINTJ

SOLAR POWERED WATER PUMP

sptni3 Buijiom md3 jJo sat3jaadoad ojweudpowaayl 7'y 9Iqel




184 CHAPTER 4

Coolidge, Arizomna. This 150 KWe solar thetmal power (21-23)
plant is a joint effort of University of Arizona, Sandia
Laboratories, US Department of Energy, Acurex corporation,
Sundstrand corporation, and Sullivan and Masson Consulting
Engineers. This plant has already been discussed by Garg
[48] and repeated here for convenience. The coolidge solar
thermal electric plant is shown schematically in fig.4.5
which consists of an array of solar collectors, thermal
energy storage unit, and a power conversion subsystem. The
details of the plant are listed in table 4.3. The collector
field with total area of 2140.5 m2 of line-focussing parabo-
lic trough collectors, manufactured by Accurex Corporation,
California, is arranged in 8 north-south oriented loops,
each containing 48 collectors. Each collector trough is of
about 1.8 m wide and 3 m long and originally had aluminium
reflective surface which was later (spring 1981) laminated
with aluminium acrylic film (FEK-244) to improve their per-
formance. The collector receiver tubes, located at the
solar collector focus, are coated with black chrome selec-
tive coating and surrounded by a pyrex glass tube. The
concentration ratio of the collector receiver system is
about 36. A heat transfer oil, Caloria HT-43, is pumped
through the receiver tube by a pump at a controlled flow
rate such that the outlet oil temperature reaches to 288 c.

Regenerater

— —
Collector field
2140.5 mZ

FIG.4.5 FLOW DIAGRAM OF COOLIDGE 150 KWe SOLAR POWER PLANT
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Summary of the 150 KW coolidge solar thermal

power plan (From Larson[22])

1. Collector

Type

Reflector material

Number and area of

collectors

:Parabolictrough collectors

Orientation of collectors:

Receiver coating

Concentration ratio

Collector fluid
Temperatures

Design conditions

2. Storage

Type
Size

Storage medium

Storage temperature
Insulation thickness

3. Cooling system

Type
Water (makeup)
Condensing temp.

4, Power generation

Type
Working fluid
Gross efficiency

e se es e

(1.8 x 3 m)

Polished aluminium, alumini-
zed mylar (FEK-244)

384 collector in 48 groups,
2140.5 m2

N - S axis

Black chrome

36

Caloria HT-43

Inlet temperature = 200°C
OQutlet temperature = 288°C
gi = 600 W/m?

m

= 7167 Kg/hr
system efficiency = 38.6
percent

Stratified Liquid (thermoc-
line) (sufficient for 5 hrs
operation)

4.16 m diameter and 14.93 m
high tank (114 m3 usable
storage)

Caloria HT=-43

200°C to 2880¢

30 cm (Fibreglass)

Vapor Condenser
2270 litres/hr
40°¢

Organic Rankine cycle
Toluene
20 percent

Heated caloria at 288°¢C

114 m3

is

insulated storage tamnk

returned to the top of the
which is 4.16 m in diameter
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and 14.93 m high and provides sufficient energy to operate
the power conversion subsystem for more than 5 hrs. A ther-
mocline separates the heated caloria at the top of the tank
from the cooler caloria at the bottom of the tamk. The
power conversion unit comnsists of a heat exchanger transfe-
ring heat from heated caloria to the working fluid toluene,
single stage impulse turbine made by Sundstrand Corporation,
sychronous generator for generating electric power, and
evaporative cooling tower for condensing the toluene.

Thus basically there are three closed heat transfer
loops. In the first loop warmcaloria from the bottom of the
storage tank is extracted, circulated through the receiver
tubes of the collector field and the heated caloria is
returned at the top of the storage tank. In the second loop
hot caloria from the top of the tank is extracted, circu-
lated through the vaporizer heat exchanger and returned to
the bottom of the storage tank. In the third heat transfer
loop, the high pressure vaporized toluene from the heat
exchanger is sent to the turbinme to produce shaft work, the
vapor expands which is condensed in an evaporative cooling
tower and then sent to the inlet of the vaporizer heat
exchanger for further vaporization. An automatic control
subsystem monitors and controls the tracking and collection
of solar energy, flow rates of caloria and storage of heat,
flow rates of caloria in heat exchanger and flow rates of
toluene in the power conversion unit, and the generation and
supply of electric power. The control unit also protects
the solar thermal electric power plant arising due to system
related anomalies or due to natural means. A natural gas
fired auxiliary heater is also provided for testing purposes
in case of low insolation values.

This plant was operated daily except during periods of
collector testing, equipment modification activities and
other breakdowns and repairs. During the year 1980, 1981,
and 1982 the collector subsystem operated 89,93 and 98
percent of the possible operating hours respectively. The
power conversion subsystem operated about 90,97, and 97
percent of the possible operating hours during the year
1980, 1981 and 1982 respectively. Daily data on available
solar emnergy (comfiled only that direct radiation which is
more than 300 W/m%), collected thermal energy, and electri-
cal energy generated have been compiled for 1980,81 and 82.
It was found that average monthly collection efficiency
ranges from 7 percent in winter to 27 percent in spring and
fall to 35 percent in summer. Some collector efficiency
tests are conducted on clear days near winter and summer
solastice; and spring and autumnal equinox.

The total energy produced during the years 1980, 81 and
82 18 1149305 163410, and 178030 KWh respectively. This
increase in electric power production is due to some equip-
ment and collector improvements and operating experience.
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The maximum electrical power was produced inm June 1982,
which was 27350 KWh, and 17000 KWh in September and only
3000 KWh in December. On a single clear June day in 1982,
the system has produced about 1300 KWh electricity. The
average thermal to electrical energy conversion efficiency
ranges from 9 to 12 percent in winter months and 12 to 18
percent in summer months. During January 1980 tests, the
thermal to electrical conversion efficiency at 200 KW design
point was 19.7 percent. The parasitic power requirement
(for running various pumps, auxiliary equipments, cooling
tower operations, etc.) was about 24 KW thereby showing a
net cycle efficiency of 17.3 percent for power conversion
subsystem. During the peak irrigation season the plant was
used to provide power to the well pumps giving an output of
88 1/s from a depth of 115 m and surplus electricity was
sold to the local electric utility grid during the off
season.

4.4.2 Gila Bend, Phoenix, Arizomna, 37 KW Solar powered
irrigation pump.

A 37 KW solar-powered irrigation pump was designed
[48,49] and built by the Columbus Laboratories of the Batte-
lle Memorial Institute (BMI) for Northwestern Mutual Life
Insurance Company (NMI) of Milwaukee, Wisconsin for instal-
lation at their Gila Band Ranch, South-west of Phoenix,
Arizona. The pump which is capable of pumping 38 n3/min of
irrigation water at peak operation from an average depth of
3.7 m was installed during the early months of 1977 and
completed during April, 1977. The NMI/BMI solar irrigation
pump is schematically shown in fig. 4.6. As is seen the
system consists of parabolic single axis tracking solar
collector array (564 m2), a Rankine cycle power unit compr=-
ised of a turbine/gearbox, boiler, condenser, re-generator,
preheater, and a low lift high volume flow propeller pump.

The parabolic trough collectors with a total aperture
area of 564 m2 were supplied by Haxcel Corporation in Casa
Grande, Arizona and have the orientation towards north-south
with automatic tracking during the daytime in the east-west
direction. This orientation and tracking has delivered more
water on daily basis during summer months. The reflecting
surface used over the parabolic-shaped aluminium honey comb
panels is acrylic covered aluminized mylar sold under the
trade name 'Scotchal' and supplied by Minnesota Mining and
Manufacturing Company in St. Paul, Minnesota. A radial-
inflow Rankine turbine manufactured by Barber-Nechols Engi-
neering Company in Arvada, Colorado, with Freon-113 as the
working fluid was used. This turbine has a outside wheel
diameter of 11.9 cm with a speed of 30500 rpm which is
reduced using a gearbox to the output shaft to 1760 rpm.
The overall 'efficiency of the turbine/gearbox assembly was
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of about 75 percent. A low head, high volume flow propellor
irrigation pump with a static pumping head of 3.7 m was
selected. This layne and Bowler 16-P propeller pump with a
37 KW input has delivered about 0.63 m3 of water per second.
In the power cycle[50], four heat exchangers; a regenerator,
a boiler,a preheater, and a condenser are used. All the
heat exchangers except that of regenerator were commercially
available and used and were of the shell-and-tube type heat
exchangers. The heat exchanger used in regeneration was
specially made by using multiple row, tube-and-fin type heat
exchanger core. Apart from the above main components there
are several other components like: (1) three electric
motors, one used to circulate the fluid through collector,
boiler, preheater and back to collectors; the second to
circulate the freon-113 through boiler, turbine, regenera-
tor, preheater and back to boiler; and the third circulates
the water to the condenser, (2) pressure relief valves, (3)
high wind speed sensors and high temperature sensors to shut
down the collectors, (4) battery operated collector tracking
mechanism, (5) expansion tank connected in the collector
water loop, and (6) in case of emergency a manually operated
control unit.

——— Heat water system

Freon-113 system
—==—=— Coding water

Irrigetion
canal

sanai

FIG.4.6. SCHEMATIC OF NML/BMI SOLAR POWERED IRRIGATION PUMP



SOLAR POWERED WATER PUMP 189

Over a period of 18 months only the whole system was
conceieved, designed, built and put to operation which invo-
lved system analysis using computer modelling in the design
of components and in optimizing the system. The irrigation
pump was completely monitored for its performance for the
year 1977 and was observed that the system worked for about
7 hrs per day in winter and about 9 hrs per day in summer
clear days. The water delivered varied from day to day
depending on the availability of solar radiation. On an
average clear day the system pumped over 11000 n3 of water.
On one longest day (9.5 hrs) in arizona which happened to be
a clear day also, the system pumped about 21000 m3 of water.
The overall output observed was not as predicted earlier due
to mainly three reasons : (1) The output of the collectors
deteriorated with time and it was not as per expected, (2)
the cooling water temperature of the sump used in condenser
was found higher than anticipated, and (3) due to large flow
lines, bends and flow meters there was a large flow losses.

4.4.,3 Willard, New Mexico, 19 KW Solar thermal water pump.

The Sandia National Laboratories, Albuquerque, New
Mexico in collaboration with New Mexico State University
(NMSU) Las Cruces, New Mexico with assistance from specific
contractors designed and fabricated a 19 KW solar water pump
with the financial assistance from Energy Research and Deve-
lopment Administration (ERDA) of USA. This pump was instal-
led on Jan.l, 1979 at a commercially operated farm (Estancia
valley) near Willard which is about 100 km southeast of
Albuquerque, New Mexico[20,50-52]. The scientists of Sandia
Laboratories were responsible for the systems modelling and
design analysis of the solar irrigationm pump while the
scientists of New Mexico State University were responsible
for procuring the equipment for the demonstration with spe-
cific responsibility for the solar collector field, the
agriculture experiments, monitoring of the irrigation pump,
and the dissemination of information. The climatic and
Geographical details of the Estancia valley the place of
installation are given in table 4.4,

Table 4.4 Climatic and geographical details of Estancia
Valley, Willard, New Mexico,

Latitute of place 34.2 deg. N
Longitude of place 106.1 deg
Elevation of place 1835 m
Temperature range -28.9 to 43.39C
Peak wind load 177 Km/hr
Average wind load 16.5 Km/hr

Solar insolation 631 w/m?2
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FIG.4.7. SCHEMATIC DIAGRAM OF WILLARD SOLAR IRRIGATION PUMP

Table 4.5 Major components of solar pump and supplier

Component Description Supplier
Solar collectors Parabolic trough north- Acurex Corpora-
south oriented full tion, Mountain
trackingshielded view, California,
receiver tubes USA and Solar
Kinetics,USA.
Heat storage 0il tank, Thermocline Albuquerque
6000 gallon, designed Tank Company
by Sandia Laboratory Albuquerque,
New Mexico,USA
Rankine engine Turbine and gearbox Barber Nichols
working fluid freon Company, Denver,
113 Colorado, USA
Irrigation pump Deep well turbine T.P. Pump

Johnsonl2 cc, 1200rpm Company, Albuque-
rque, New
Mexico, USA.

PUS Y B
g:ijmwlyl_l.hl
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The whole solar irrigation system was built with comme-
rcially available components. The whole system is schemati-
cally shown in fig. 4.7 and consisted of four major compo-
nents, solar collector field, heat storage unit, a Rankine
engine, and an irrigation pump. The name of suppliers of
these four components are given in table 4.5. The detailed
specifications of the four components are shown[52] in table
4.6. It is seen from this table that parabolic trough
collectors with an aperture area of 1276 m? with automatic
single axis tracking (East-west) and fixed axis in the north
south direction are used. Parabolic trough collectors of
651 m2 were supplied by Solar Kinetics and 625 n were
supplied by Acurex Corporation. The thermal storage subsys-
tem utilized a thermocline and consists of two cylindrical
tanks each of 26 m3 capacity using Caloria HT 43 oil as the
storage media and also the heat transfer media from the
solar collector field. This results in about 40 litres of
storage volume for 1 m? of collector aperture area. The
organic Rankine cycle heat engine was supplied by Barber-
Nichols Engineering Co. and uses R-113 as the working fluid
and provides 36300-tpm at a fluid temperature of 163°C
pressure at 1550 KPa and fluid flow rate of 29 1/min. A
conventional water pump with 1173 rpm obtained using a gear
box is used and sprinkler irrigation unit is employed for
efficient operation. A water pond of 0.55 hectare-m (5551
m3) capacity for the irrigation water was used to store
irrigation water and also to boost the water pressure from
70-80 kpg availably at the well head to the 140-200 kpg
required for sprinkling irrigation system. Whenever irriga-
tion or mechanical power was not required the electrical
power was generated using a belt driven induction generator.
The oil circulation scheme is shown in fig. 4.8. The control
unit provides four modes of operation: Collector array reci-
rculation, collector array recirculation and hot oil-to-
storage, storage hot oil-to-heat engine, and hot oil from
collector array-to-heat engine and hot oil to or from sto-
rage. As soon as the temperature of oil (caloria HT 43)
reaches to 216°C at the outlet of the collector, the valves
1 and 2 are opened and the heated oil flows either to the
storage tank or directly to a boiler/heat exchanger. Imn the
boiler/heat exchanger, the heated oil tramsfers heat to
Freon R-113 reaching a temperature of 163°C and 1550 KPa.
This high pressure freon vapor drives the turbine at 36300
rpm which powers the water pump.

Over a period of 1.5 years of operation, the heat
engine worked for about 560 hrs. The average collector
efficiency during summer months was of about 25 percent
while that of heat engine Rankine cycle efficiency 15 per-
cents By incbuding thesother system losses the overall
system efficiency on clear summer days was about 3 percent
while on clear winter days only 1.5 percent. This low
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efficiency is attributed to the very low reflectivity of the
parabolic collector system, high receiver losses,working at
low temperature, and non modular unit resulting high losses.

inetics

array

Storage Control
roil column

Collector

pump

expansion tenk

FIG.4.8. SCHEMATIC DIAGRAM OF WILLARD SYSTEM OIL CIRCULATION
SYSTEM (From Fenton et al[52])

Table 4.6 Specifications of Willard Solar irrigation pump
(From Fenton et al[52])

1. Solar Energy Parabolic trough, north-south axis,
Collection: east-west tracking;
maximum recirculation temperature,
216°C; heat transfer fluid, Caloria
HT 43 oil.

Solar Kinetics: Collector array
area, 651 m4; module width, 239 cm;
Aperture width 2.1 m; module
length, 6.2 m; initial mirror ref-
lectance, 0.84; reflective surface,
metalized azcrylic film; mirror
shape, 90 deg. parabolic; receiver
tube, 3.8 cm carbon steel; selec-
tive surface, black chrome; recei-
ver cover, glass; pylon drive mec-
hanism, hydraulic cylinder and rod
bly activated by central
unit; tracking system, sha-

>4 e i nd controlled.
E.:JDLM)H ub




SOLAR POWERED WATER PUMP

Table 4.6 contd....

2.

3.

Thermal Energy

Power System:
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Acurex: Collector array area, 625
mZ; module width, 193 cm; aperture
width, 1.8 m; module length, 3.2
m; initial mirror reflectance,
0.70; reflective surface, polished
aluminium; mirror shape, 90 deg.
parabolic; receiver tube, 3.2 cm
carbon steel; selective surface,
black chrome; receiver cover,
annealed Pyrex glass; pylon drive
mechanism, worm gear to large spur
gear segment; tracking system
shadow band controlled, reversible
AC motor drive with desteer
circuit.

Two cylindrical tanks with Storage:
individual capacity, 26.0 n3 sto-
rage fluid medium, Caloria HT 43
0oil; insulation, adjacent to tank-
20 cm fiberglass, outside-5 cm
urathane, aluminium protective jac-
ket; air vent for oil level con-
trol, 8 mm diameter; make=-up oil
provided by fill pump and under-
ground storage.

Total output power, 19 kw (25 hp);
output speed, 1800 RPM; mechanical-
ly coupled to irrigation pump;
alternative output, induction gene-
rator driven by cog belt, one-way
clutch prevents generator driving
heat engine turbine.

Barber-Nichols Engineering Organic

Rankine Cycle Heat Engine: Working

fluid, R113; peak boiler conditions
1630C and 1550 kPa; working fluid
flow, 29 liters/min; condenser
conditions, 30°C and 55 kPaj;
condenser water flow, 270
liters/min turbine, full admission
unit with fast-acting pilot valve
for over-speed and AC power loss
protection, single-stage, radial-~-
inflow, reaction type, 99 mm diame-
ter, 36300 RPM rotational speed;
gearbox, two-stage.



194 CHAPTER 4

Table 4.6 contd....

4, Irrigation: pumping depth, 32 m; irrigation
pump, 5 stages, 1173 RPM, 83
percent efficiency, Johnson Model
12 cc; holding pond capacity, 5560
m3; sprinklers, side roll type;
nozzled for 1.3 cm irrigation water
per hour at 450 kpg; field area, 49
hectares.

4.4.4 SOFRETES SOLAR PUMP

——lee Waler circuit
-==— Hydrualic circuit
-— jone circull

FIG.4.9. SCHEMATIC DIAGRAM OF A SOFRETES SOLAR PUMP

A low temperature solar engine (LTS engine) has been
developed in France for 1lift irrigation purposes and
SOFRETES[16,17] has already installed 25 1-K W solar pumps
in Africa and Latin America. A schematic diagram of the
: In this solar pump a large
ors are used which heat water
n action in a heat exchanger.
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Here the hot water gives its heat to the low boiling liquid
like methyl chloride or butane which evaporates and produces
high pressures. These vapours at a high pressure actuate a
reciprocating engine to which a pump is connected. This
engine runs a hydraulic press which finally operates a pump
immersed in the water in the well. The vapours after doing
the mechanical work at low pressure reach the condenser
which is cooled by the pumped water and then liquid methyl
chloride is pumped back for the next cycle by a small re-
injection pump coupled to the engine. These pumps are
fabricated by the French Research Organisation SOFRETES.
This pump uses a number of heat exchangers and four pumps
and therefore the overall efficiency of these pumps is very
low-of the order of only 1 percent.

A unit which has been working quite effectively since
1968 is the one installed at Institute de Physique Meteoro-
logique de Dakar, Senegal. This pumping unit uses flat-plate
collectors of 88 m? area supplying water at a temperature of
70-80°cC. The motor runs at an effective speed of about 80-
90 rpm pumping about 6 m3/hr of water from a depth of about
25 m.

Another unit operating in Algerian Republic has the
following specifications. Collector area 350 n?, pumping
rate 21.5 m3/hr, pumping head 30 m, and working time 5 to 6
hours.

4.4.5 Bakel, Semegal, 32.4 KW solar powered irrigation
system.

A solar thermal irrigation system of 32.4 KW capacity
with a nominal pumping capacity of 6400 m3/day of water was
installed[53] in the Sahel region of Africa, Bakel, Senegal
by the SOFRETES, Montargis, France in collaboration with
Thermoelectron Corporation, Waltham, Massachusetts, USA.
The system as schematically shown in fig. 4.10 consists of a
bank of flat-plate collectors with 1872 m?2 area, a thermal
storage tank of 320 m3 capacity, an organic single stage
Rankine turbine of 32.4 KW capacity of 5500 rpm using Freon-
11 as working fluid, a 25 KW alternator for generating
electricity, an electrically operated water pump pumping
about 6400 m3/day of water through a height of 10.2 m. The
specifications of the irrigation system are shown in table
4.7,

In this system flat-plate collectors with aluminium
absorber plates coated with black chrome with absorptivity
of 0.92 and emissivity of 0.2 are used. The collector
panels which are 25 in numbers with each having an aperture
of 72 m? and overall dimensions of 6.3 m x 13.7 m are em-
plhoyedvandrarevputvonrthertoof of a building facing south
with an inclination of latitute of the place. The water at
88°C enters the collectors loop and leaves at 95°C. This
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hot water either goes to the organic Rankine cycle thermal
loop or to the 320 n3 water storage tank which is parallel
with the collector loop and used for energy storage. Two
separate water circulation pumps, one in the storage-collec-
tor loop with variable speed is used and second in the
boiler-collector loop is used. A single stage axial flow
impulse turbine which operates at 5500 rpm with inlet pres-
sure of 590 KPa, inlet temperature of 86°C and outlet pres-
sure of 155 KPa giving a power output of about 32.4 KW is
used with a Freon flow rate of 2 Kg/sec. Freon-11 is used as
the working fluid in the thermal power loop consisting of a
boiler, turbine, and a condenser. The condenser is cooled
with the irrigation water at a nominal temperature of 29°C.

Collecter field Rectifier battery
d_GJ -
Of [

Thermal
storage

River water
20°C

FIG.4.10. SCHEMATIC DIAGRAM OF A 32.4 KW SOLAR POWERED
IRRIGATION SYSTEM AT BAKEL, SENEGAL

In the earlier programme, the turbine shaft was to be
directly connected through a gear box to a mechanically
driven irrigation pump. But due to the shifting river bed
and non-availability of water in the well in sufficient
quantity, a floating, electrically driven 550 n3/hr water
pump was used. The electricity generated using a 25 KW
alternator was mostly used for pumping the water and a
little was used for operating the various electric pumps
used for circulating the fluids and also for charging the
storage batteries meant for startup in the morning. Addi-
tionally 20 KWh/day was made available for other local use
like lighting and refrigeration.
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Specifications of 32.4 KW solar powered irriga-

tion system at Bakel, Semnegal.

1. Collector

Type

Coating

Area (total)
Number of panels

2. Thermal Storage

Capacity
Storage material

3. Turbine

Type

Inlet temp. and
pressure

Output power and
efficiency
Available pump
power

Flat-plate

Black chrome

1872 m?

26 panels each of 72 n?2

320 m3
water

Single stage, organic fluid
86°C, 590 KPa

32.4 KW, 67 percent

20.7 KW

4. Pump (Electrically driven)

Average head
Pumping capacity

5. Plant efficiency

Carnot efficiency

Cycle efficiency

10.2 m
550 m3/hr

17.9 percent
5.6 percent

4.4.6 TRISAIA CNEN, Rome,

plant.

Italy, 3 KW solar water pumping

A 3 KW solar water pumping plant using flat-plate

collectors is installed at the TRISAIA CNEN Centre in the
South of Italy[54]. The climatic and geographical details
of the place given are in table 4.8. As is shown in fig.

4.11 the whole solar water pumping plant consists of two

ol LElUMN Zyl_i.lbl
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FIG.4.11. SCHEMATIC DIAGRAM OF 3 KW SOLAR WATER PUMPING
PLANT AT CNEN, ITALY

in the first loop a bank of flat-plate collectors (168 mz)
are used to heat water upto a mean temperature of 78°C and
this heat is transferred to the working fluid (tetrachloroe-
thylene, C7Cl,), in the second loop which is the power loop
a boiler, condenser, and a single stage axial turbine of 3.5
KW shaft power is employed. An alternator is used to convert
mechanical energy into electrical energy and which is used
for pumping the water at a rate of 100 m3 /day from a head
of 30 m with a working period of 5 hrs/day.

Table 4.8 Climatic and geographical details of CNEN-Trisaia

Centre

Latitude of place 40.15 deg. N
Longitude of place 16.63 deg E
Elevation of place 50 m
Mean temperature in summer 250¢
Mean wind speed in summer 18 Km/hr
Daily Insolation (mean)

June 18.7 MJ

July 18.5 MJ

16.6 MJ
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A number of flat-plate collectors with a total area of
168 m2 and having single glazing are used in the system.
The absorber plate is of stainless steel which is coated
with a selective coating of absorptance 0.9 and emittance
0.10. The organic Rankine cycle turbine is a single stage,
axial flow reaction type turbine giving a shaft power of 3.5
KW at a rpm of 15000. The efficiency of the turbine is 0.8
at a CyCly flow rate of 589 Kg/hr with inlet and outlet
temperatures of 75°C and 30°C respectively and inlet and
outlet pressure of 23.1 and 3.1 KPa. Both the boiler and
condenser heat exchangers are of the same type and shape and
are shell and tube type. The pumped water is used to cool
the condenser. The electricity generated is used to gump
the water. This plant will be able to pump about 20 m>/hr
of water from a depth of 30 m.

4.4.7 Special solar pumps

Apart from the above conventional solar water pumps
which are studied extensively there are special designs also
which need some mention here. Practically in all these
special pumps the principle of liquid vaporisation and con-
densation is employed. When a liquid vaporises its volume
increases which displaces a volume of water to a higher
elevation and when this liquid condenses its volume reduces
resulting in suction of water from a depth. The volume of
water pumped is equal to the change in volume of the liquid
in changing phase.

Pressure
accumulator

Cylinder

_Condenser

Collapsible
- rubber lung

ii l- Waler supply tank

’ I
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A simple solar thermopump as suggested by MacCracken
[25] is shown in 4.12. In this pump there is a generator, a
cylinder carrying a floater (piston), a U-tube, a condenser
with rubber diaphragm, and a pressure accumulator. In the
generator (boiler) when solar energy is applied a low boi-
ling point organic fluid vaporises, pushes the floater (pis-
ton) in the cylinder down, pushing the collapsible rubber
lung in the condenser and thereby forcing the water to go
out through the pressure accumalator at the top. When the
floater reaches to the bottom of the cylinder, the vapor
escapes through the vapor U-tube and gets condensed in
coming in contact with the liquid which has been cooled by
pumped water through rubber lumng. When all the vapor gets
condensed, a vacuum is created in the rubber lung sucking
the water from a water supply tank at a lower level and the
floater moves up blocking the entrance of the vapor tube and
thus the generator and cylinder is again filled with liquid.
This action continues intermittently. Any organic fluid
with low boiling point may be employed in this system. This
pump may be suitable for 1lifting water through a height of 1
to 2 m only.

A solar Minto-wheel[27,28] can also be employed for
pumping water. The schematic diagram of a solar Minto wheel
is shown in fig. 4.13. As is seen a large wheel is used
which consists of a series of sealed metallic containers
fastened around the wheel's rim. The diametrically opposite
containers are connected through tubes. A low boiling liquid
such as Freon or Propane is filled in one lower container of
each pair and the opposite upper container is evacuated.

Heat rejected

* |

FIG.4.13. SCHEMATIC DIAGRAM OF MINTO SOLAR WHEEL



SOLAR POWERED WATER PUMP 201

Solar heated water can be used to heat the lower container
containing liquid. The liquid vaporises in this container
and the vapor pressure forces the remaining liquid to move
to the upper container through the connecting tube. This
movement of liquid in the top containers make the top hea-
vier and the bottom lighter resulting the wheel to start
turning. This process repeats continuously since each pair
of containers shuttles its liquid mass back and forth. This
Minto wheel does not operate on the Rankine cycle and in
this process first the thermal energy is converted into
potential energy and then potential energy into the mechani-
cal energy. The thermal efficiency of the Minto wheel very
much depends on the properties of the working fluid but it
is very low and the wheel runs very slowly.

Recycle tank
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FIG.4.14. SCHEMATIC DIAGRAM OF A AIR COOLED PUMP

A simple solar pump with no moving parts has been
developed by Rao and Rao[29] and studied extensively by
Sudhakar et al[30]. This pump is based on the principle
that when a pressure is applied on the surface of the water
i omes out to the other end and
ghts. The air cooled pump as

consi s £ I ry of flat-plate collectors
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used for heating low boiling point liquid like pentane, a
flash tank used as a storage for working fluid (Pentane) and
vapour separator, a recycle tank used for sucking the conde-
nsed vapours back, a big tank located in the well and a
number of valves as shown in fig. 4.14. In this system the
liquid pentane by gravity flows into the collector from the
flash tank. The pentane gets vapourised, goes into the
flask tank and then into the tank full of water located in
the well. As the vapour pressure goes on increasing at the
water surface, the water goes on rising in the delivery pipe
and finally pumped out. At night the collectors get cooled
and the vapours condensed during the daytime in the tank
flows back in the collector and then goes on the flash tank.
At this time the tamk in the well will again by filled with
water through non-return valve. Thus in this system omne
cycle can be completed in 24 hours and thus can be named as
day-night cycle. A water cooled pump has also been deve-
loped by Rao and Rao[29] in which several cycles can be
completed during the daytime.

A low head solar pump capable of pumping small amounts
of water has been studied by Swet and Fox[26]. In this
concept as is shown in fig.4.15 a large floating metallic
container is used both as a solar collector and a pumping
unit. An extermal hose pipe is connected to its bottom. The
top surface of the container serves as a solar collector
which is painted with selective coating and a single clear
polycarbonate film is used at the top. The other sides are
covered with urethane foam insulation. The air inside the
chamber (container) gets heated by conduction, convection,
and radiation from the top surface during daytime. In the
bottom of the air heating chamber projecting downwards,there
is a transfer well in which water enters through the ball
fill valve and then the water leaves through the outer hose
pipe. A plastic float actuates the vent valve and also
supports the spray cooler. During daytime, air in the
chamber goes on heating and the increased pressure makes the
water level in the transfer oil to rise and thus closing the
vent valve and also to settle the fill valve ball against
its seat. Now the further increase in pressure forces the
water further in the hose pipe and exerts more pressure on
to the vent valve. At this stage water from the transfer
well enters the spray cooler through another valve and thus
compresses the trapped air. When the discharge line 1is
filled completely, the discharge begins and continues till
the air temperature continues to rise. When the air starts
going through the discharge line, the intermal pressure
drops and the vent valve opens by gravity releasing the
pressurized cooling water gets sprayed and cools the inside
air-almostostoranbientyaires it also allows the water again
to enter the transfer well through fill valve and 1lift the
float to begin next cycle.
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FIG.4.15. CONFIGURATION OF LOW HEAD SOLAR PUMP

4.4.8 Mead, Nebraska, 25 KW photovoltaic powered irrigation
pump.

A 25 KWe peak power photovoltaic operated plant deve-
lope[55,56] jointly by MIT/Lincoln Laboratory and the Unive-
rsity of Nabraska-Lincoln under ERDA sponsorship was made
operational in the summer of 1977 at the Mead Experimental
Station at Nabraska, USA. This photovoltaic system was
designed to operate a 7.5 KW irrigation pump for 12 hrs per
day operation to irrigate about 32 hactares of corn in
summer season and for grain drying during non-irrigation
portions of the year like fall and winter season. As is
seen from fig. 4.16, the power unit consists of an array of
photovoltaic panels, a battery storage unit, and a power
conditioning control unit. The whole photovoltaic unit
consists of 28 flat pamels, each of 2.5 m high and 7.6 m
long using about 100000 single crystal silicon cells each of
em was preassembled and wired
oltaic panels are arranged in
ing 14 panels and arranged in
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such a way that individual panel could be elevated upto 65
deg. from horizontal. One row was put at about 1.5 m lower
than the other to avoid shadow falling on cells. These
panels are wired to provide 6.3 amps at a maximum voltage of
150 volts.

Power from the photovoltaic array is going to two
shelters - one housing large number of rugged 6 volt lead~-
acid batteries which can store upto 85 KWh of energy for
off-peak power use and the other housing the power conditio-
ning/control unit. This unit is designed to combine the
power onto a DC bus, upon which are floated the batteries.
A switching unit is used to provide a DC power at 120 volts
or 3-phase 60 HZ power at 240 volts using 22.5 KVA inverter.
Lead-acid batteries 38 numbers each of 6 volts and nominal
capacity of 375 ampere hours with a total storage capacity
of 85 KWh are used. These batteries are connected in two
rows each of 14 batteries giving a nominal voltage of 115
volts. For cloudy weather periods a 3-phase battery charger
is used to supplement the array. The three inverters used
in the system are controlled by a single master circuit to
maintain a proper phase relationship. The whole system is
controlled automatically using microprocessor and is progra-
mmed to extract maximum energy from the photovoltaic array.
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FIG.4.16 BLOCK DIAGRAM OF POWER SYSTEM USED IN MEAD,
NEBRASKA 25 KW PHOTVOLTAIC PLANT.
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A data acquisition system is used to measure the all
input and output variables. The irrigation pump, 7.5 KW,
was interconnected with a gated pige irrigation system and
worked 12 hrs a day and pumped 3.8m>/min of water out of an
irrigation reservoir. The irrigations were scheduled
through UN-L's aggricultural computer Net work (AGNET).
Grain drying experiments are also conducted using two each
of 3.8 KW centrifugal fans. Two grain bins each of holding
150 tons of grains to be dried were built near the site.
These fans are powered with solar electricity and each
provided 0.001 m3 of air per minute per kg of corm.
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CHAPTER - 5
SOLAR GREENHOUSES
5.1 INTRODUCTION

Solar greenhouses are the enclosures where crops, vege-
tables, or flowers are provided proper environment under
adverse climatic conditions for plant growch and production.
Certainly all greenhouses receive mnecessary sunlight from
the sun required for photosynthesis and also supplementary
heat during cold months from sun. In tropical countries,
the solar insolation and ambient temperatures are quite high
and therefore summer greenhouses can be designed in such a
way that the inside temperature remains low and the plants
receive sufficient of sunlight required for photosynthesis.
Greenhouses are also now a days used for growing vegetables
and flowers throughout the year even if their season is not
there since the light and temperature in the greenhouses can
be controlled. Some greenhouses are also designed to conser-
ve the water resources. Naturally, each plant type requires
a little different type of environment for best production,
but basically the desirable needs are moderate temperature,
light, carbon dioxide, oxygen, mineral nutrients, air move-
ment and water. The greenhouses are generally made to
provide two energy related needs which are moderate tempera-
ture and light. Temperature is a dominant environmental
factor in plant growth and optimum temperatures must be
maintained to obtain optimum conditions during all stages of
plant growth. The temperature can be high but it should not
be so high as to cause the metabolic change. The optimum
temperature can be altered by changes in water relations,
light intemnsity, etc. and is related with environmental
factors. The light is absolutely essential for plant growth
and development and the light intensity, light spectral
distribution and its duration affects the plant growth.
Therefore one of the most essential requirement of a green-
house is the light transmission of solar radiatiomn through
the greenhouse covers (glazings). Since in cold climates
during the night times the inside temperature can go quite
low, auxiliary heating is required for maintaining the opti-
mum temperature,therefore the greenhouse structure should be
well insulated thermally to reduce the cost of auxiliary
heating. Moreover, the greenhouse structure should have
adequate strength to withstand the forces of wind, hail, and
SNOW.

In a solar greenhouse, it is not only the light which
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is maintained at a desired level but the solar heat is to be
stored for use at night and for cloudy days, and therefore
it differs from the ordinary glass house. In solar green-
houses, the solar energy is collected and stored in a varie-
ty of ways and therefore the solar greenhouses differ in
their designs. Moreover, the solar collection storage sys-
tem depends on many factors like climate, greenhouse size,
plant type, orientatiom, economics, and weather a new green
house is to be planned or existing is to be modified.Further
there can be a design difference if the collection-storage
and distribution system is by passive means or by active
means. The former greenhouses where the energy is stored
directly in heavy brick walls or rock walls and/or water
pools or water containers exposed to solar radiation and
heat is distributed inside the greenhouse by natural means
are known as passive greenhouses. In greenhouses where solar
energy is collected and stored and distributed and where
some auxiliary energy is employed either for circulation or
for distribution or for both are known as active type.
Generally a combination of both active and passive features
are employed in a solar greenhouse 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-green-
house where a greenhouse is made onto a house (house-attac-
hed) and where a free exchange of air between residence and
greenhouse takes place maintaining the house temperature at
comfortable temperature and reducing the heat losses from
the greenhouse,

One unique advantage of a solar greenhouse is the less
use of the auxiliary energy required to maintain the indoor
air temperature required for plant growth compared to that
required in the conventional greenhouse. Other advantages
of a solar greenhouse are: growing season can be extended
practically for a year at a much lower operating cost than
conventional greenhouses, relatively easy to build, uses
simple technology and low in cost because of the use of low
cost materials.

There are many materials recently developed, techniques
perfected and designs developed which make a greenhouse cost
effective in certain situations. The parameters effecting
the plant growth, material properties, techniques modifying
the greenhouse environment, types of greenhouses, economics,
few typical greenhouses and their performance prediction
models are described in this chapter.

5.2 HISTORY
Itvappearsthatogreenhouse industry was first developed

in Holland during the middle of seventeenth century. The
farmers of Netherlands grow vegetables, grapes, flowers, and
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lettuces out of season in greenhouses and the Netherlands
has the largest greenhouse industry today in the World. In
western Holland, grapes were grown along rock walls under
glass enclosures which permitted early crops of grapes. In
the western part of Netherlands, cut flower and vegetables
are grown in large scale in greenhouses. These cut flowers
and out of season vegetables were sent to many countries
like Great Britain, France, Germany, etc. from Amsterdam.
During the years 1800-1900 several environmental control
techniques were developed and in Europe and North America
greenhouses were used to grow two crops of lettuces followed
by a crop of tomatoes or cucumbers in a single year[1].
During the year 1889-91, a greenhouse at Cornell University,
USA was used to grow tomatoes as a midwinter crop and as a
spring and early summer crop. Only those crops which have a
short season, heavy yield, large demand, perish rapidly, and
can fetch more price can be economically justified to be
grown in greenhouses. Around 1850, in Bostom, Massachusetts,
USA, which used to be the Center of the horticultural indus-
try in USA, farmers used to use glass slashes for making low
height glasshouses[2]. During the years 1875-1890 in USA
considerable improvements in the glass house designs were
made and hot water and steam heating systems were introduced
for heating the greenhouses. During the years 1900 large
area green houses with timber frame construction in multi-3
meter span blocks covering each an area of 0.8 hactares with
thermosyphon heating were constructed in USA and used for
growing several vegetable and flower crops. Large span
green houses were also suggested from light transmission
point of view but because of high maintenance and capital
cost these greenhouses were not accepted. Upto 1950, only
horticultural glass or float glass was used as a glazing
material for greenhouse. With the availability of PVC plas-
tic films in 1950s, the growers started using these plastic
films in place of glass sheets due to their low initial
capital cost, easy handling, and convenient design of green-
house.

Greenhouses are becoming popular for commercial produc-
tion of vegetables and flowers in many countries like USA
[3], Holland, Australial4], Canada[5], Switzerland[6], USSR
[7], Kuwait[8], France[9], Japan[10], Greece[11], U.K.[12],
Sweden[13], Abu Dhabi[14],Saudi Arabia[15], Turkey, Lebanon,
China, South Korea, and North Africa. Looking to its impor-
tance and good economics recently several review articles[1,
16-21], monographs and books[22-30] are written on green-
houses. 1In USA, almost every year a conference on green-
houses is arranged[31-34].

Greenhouse architecture varies greatly throughout the
world. In. some poot.countries, a greenhouse consists of
thatch(straw) roof supported by bamboo or wooden poles.
This system may protects the plants from excessive solar
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radiation, rain, snow, or excessive cold. In some rich
countries and even where solar insolation is quite high
greenhouses with sophisticated structures with double glass
as coverings and mechanical heating and cooling devices are
used. Greenhouses are of several designs including the
conventional quonset shapes, A-shape frame, and vertical
towers. Transparent coverings used are of glass sheets or
plastic sheets. Glass sheet covered greenhouses are used
exclusively in north western Europe and plastic films or
fibreglass reinforced plastics (FRP) are used in temperate
areas such as the Mediterranean region. Transparent cover
properties suitable for use in greenhouses are discussed by
Bond et al[35]. Several parameters are to be considered in
designing a greenhouse. The parameters and the design analy-
sis of greenhouse are discussed by Zornig[36], Businger[37],
Nisen[38], Selcuk[39], Hare et al[1l], Nelson[28], McCullagh
[26], Aldrich et al[27], Gray[21], Walker and Duncan[40],
and Fuller et al[41,42]. The design of glass greenhouses
are quite different from the plastic greenhouses. Some of
the designs of glass greenhouses are described by Hare
et al[1], Nelson[28], McCullagh[26], Courter[18], Wiebe and
Barrett[19],Bauerle and Short[43], and Maghsood[44].

Several methods of heating the greenhouses and energy
conservations are described in the literature such as by
Nelson[28], McCullagh[26], Hare et al[l1], Short et al[&5-
48], Badger and Poole[3], Mears et al[49,50],Roberts[51],
Simpkins et al[52], Walker and Duncan[53], Aldrich and cowo-
rkers[54,56], Albright and co-workers[57-60], Johnson et al
[61], Roberts and Mears[62], Blackwell et al[63], Kanthak
[64], Click and Pile[65], Critten[66], Fohner and White[67],
Silverstein[68], Tilford969], McCormic[70], Baird and Mears
[71], Liu and Carlson[72] and Lawand et al[5]. Except on
some higher latitude stations, cooling of green houses in
summer is required otherwise high temperatures will result
in low production, loss of stem length and flower size and
delay in flowering, etc. Various mechanical and passive
cooling techniques are proposed such as by Walker and Cotter
[73], Nelson[28], Malik[8], Walker and Duncan[74], Bartok
[75], Fuller and Meyer[76], Abdelmohsen[77], Hodges[78], and
Peck et al[79]s.

For reducing the energy need in a greenhouse to main-
tain its temperature, a energy storage device is required.
Many techniques of solar energy collection and storage for
greenhouses have been proposed and tested. Some of the
energy storage techniques suitable for greenhouses are pro-
posed by Morrison[80], McCullagh{[26], Jaffrin et al[81,84],
Schneider et al({82], Blackwell and Garzoli[83], Kimball[85],
Nash and Williamson[86], Akridge[87], and Dale et al[88].
Ia.a-winter.greenhouse, the -heat losses from the inside to
the outside are to be minimized and the heat gains from the
outside are to be maximized. Heat loss from the greenhouse
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can be calculated by any of the methods described in the
literature[89-91]. There are several variables outside and
inside the greenhouse which influence the thermal environ-
ment of the greenhouse and finally the crop yield. Several
attempts are made in the past to develop mathematical model
representing functional relations among the variables and
the greenhouse environment in the hope to help the designer
for a better greenhouse.

An analytical procedure is outlined by Walker[92] for
the prediction of temperatures within both heated and venti-
lated greenhouses as environmental conditions or airflow
rate is changed and the results are velidated with the
observations made on full size greenhouse. A computer prog-
ram was developed by Rotz et al[93] to simulate the perfor-
mance of conventional and alternate systems for greenhouse
heating. It shows that by using thermal insulation and
solar heating, the fossil fuel requirement for heating the
greenhouse was reduced as much as 90 percent of the conven-
tional heating requirement. Roberts[94] reported simplified
heat balance equations useful for the practical design of
heating and ventilating systems. Computer simulation studies
on a commercial greenhouse are carried out by McCormick[95]
to analyse the performance characteristics of solar heating
systems for economic optimization. A rigorous computer simu-
lation model expressing the outside climatic parameter as
Fourier series and including the plant transpiration, soil
moisture evaporation, and condensation on the cover material
was developed by Takukura et al[96] and used for predicting
the temperature variations in various greenhouse consti-
tuents. Thermal radiation terms were linearised and itera-
tive techniques are used for obtaining the solution.Seiginer
and Ievav[97] have described various analytical and simula-
tion greenhouse models developed. A quasi-one dimensional
model was also developed by them where the greenhouse has
been considered as horizontally homogeneous and the time
variation of inside air temperature is expressed as Fourier
series.

A mathematical model is developed by Froehlich et al
[98] to predict steady-periodic thermal behaviour of glas-
shouses. This analytical model which gives the solution in
closed form is able to predict intermal air-water vapor
mixture, plant canopy and floor surface temperatures with
reasonable accuracy. A transient analysis to predict heating
and cooling loads and moisture addition or removal required
to maintain predetermined conditions within a green house 1is
developed by Chandra et al[99]. The model appears to be
quite general and flexible and greenhouse geometry, mate-
rials, environment conditions, future modifications etc. can
be included without much difficulties. Selcuk[100] using
unsteady state heat balance equations and numerical techni-
ques of solution developed a greenhouse model which assumed
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infinite thermal conductivity of greenhouse cover material,
uniform plant properties and saturated soil. The effect
included were soil moisture evaporation, condensation on the
cover, and plant transpiration. Iterative techniques are
used to solve for air, plant and floor temperatures and
radiation terms were linearized for simplicity. 1Initially a
steady state thermal analysis was used to develop design
criteria for solar residence/greenhouse combination by
Zornig et al[101]. Later a dynamic thermal analysis was
carried out by Zornig et al[102] to check various design
parameters under varying outside and inside conditions.
Recently Tiwari[103] has analysed the performance of a comn-
trolled environment greenhouse system and the effect of
various parameters like ventilation/infiltration, relative
humidity, movable insulation, etc. on the performance of
greenhouse have been studied.

A dynamic mathematical model for the performance predi-
ction of greenhouse and crop yield has been developed by
Cooper and Fuller[104]. The model consists of five separate
models for five main components of a greenhouse, namely the
cover, air space, crop, growing medium, and floor. When
combined interactively, the transient operation of the gree-
nhouse can be simulated. This model can be used for deter-
mining the amount of photosynthate produced by a crop since
the model responds to photosynthetically active radiation,
leaf temperature, and carbon dioxide level.

Thus the traditional greenhouses used in cold climates
are different in designs from the ones suitable under hot
arid climates. The greenhouses for colder regions are desi-
gned to maximize the heat loss while the greenhouses for hot
arid regions are designed to reduce the solar heat gains but
sufficient light is admitted required for plant growth and
designed to minimize the rate of water vapour loss from the
plant and the soil in the greenhouse.

5.3 BASICS OF PLANT GROWTH

As discussed earlier there are many parameters effec-
ting the plant growth and the important ones are light
intensity its spectral quality and photoperiod, temperature
of surroundings, humidity of surroundings, air temperature,
COy, nutrients, etc. Greenhouse can provide such an enviro-
nment for plants such that these can take maximum advantage
of each of the parameters e.g. controlled and optimum dose
of COy can increase the yield considerably compared to the
open outside environment. Therefore it is essential to know
the basic requirements of a plant so that proper environment
in the greenhouse can be created.
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5.3.1 Light Intensity

Visible light energy, CO; and water is used by plants
to convert them into carbohydrate and Oxygen, the process 1is
known as photosynthesis and occurs in the green chloroplasts
within cells.

Light energy+water+COjy—>carbohydrate + Oxygen.

Now this carbohydrate alongwith water and other nut-
rients from fertilizing materials is used in the growth of
the plant which can be seen by dry matter. In the respira-
tion process which is reverse of photosynthesis the energy
in the plant is released which is used by the plant for
various functions of growth such as nutrient uptake, pro-
tiens formation, division of cells, etc.

Carbohydrate + Oxygen =——> COj + energy + Water.

When all the parameters like CO); level, temperature,
and water are optimized for the photosynthesis process in a
plant, then it is the light intensity which affects the
plant growth. The light intensity varies from place to place
but it generally varies from 0 at the begining of the day to
about 100000 to 150000 lux (lumen/m2) at the time of noon.
Light intensity on clear and cloudy days goes quite low and
some of the plants can not grow properly. At low or high
light intensity than the optimum level, the process of
photosynthesis (growth) slows down limiting the plant growth
and yield because the chloroplasts are injured. Different
plants need different light intensities for efficient photo-
synthesis. Plants can grow quite well even at a light
intensity of 25000 lux which is about one fourth of the
maximum light available in a day as is seen[105] in fig.5.1
Some plants like cucumber etc. need high light intensity
while other plants like spanish, lettuce, tomato, etc. can
be grown even at low light intensity. Since greenhouse
structure cuts considerable light intemnsity, the light avai-
lable in a greenhouse on a clear day rarely exceedcs 50000
lux. Therefore not more than two clear glazings in a green-
house is recommended otherwise the necessary visible and
near infrared light required for plant growth will not be
enough. Additiomal light beyond a certain limit will also
not help in the additional plant growth as can be seen from
fig5.2 where three crops corn, tomato, and collard are
shown. 1In areas where light intensity is low, the amount of
light can be increased by painting the interior supports,
walls and roof white and by using large area glazings using
less.sash bars.. . The light dintensity can also be increased
by using good quality glass or plastic sheet, orienting them
properly and by | keeping them clean. Supplemental lighting
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may be necessary in some darken areas to increase either the
light intensity or to increase the duration of light. The
supplemental lighting is more effective when the plants are
just germinating than these are old. Electric lamps of all
kinds are used in greenhouses. Basically three types of
lamps: incandescent, flourescent, and high intensity discha-
rge (HID) are used. Incandescent lamps are not recommended
for use in greenhouses. flourescent lamps with some kind of
reflectors can be used in greenhouses. The high intensity
discharge (HID) lamps such as high pressure mercury dischar-
ge type HID lamps, High pressure metal halide type HIE
lamps, and high pressure sodium type HID 1lamps are recomme-
nded for supplemental lighting in greenhouses since these
convert large percentage of electrical energy into visible
light. The solar radiation on the earth surface lies in the
wavelength range of 0.2 to 3 micrometer while for photosyn-
thesis plants need light in the visible and in the near
infrared region only. The photosynthetic activity is obser-
ved to be higher at some peaks in the red and blue bands of
light. 1If more infrared light is available to plants, the
internodes become long resulting in tall plants. Ultraviolet
radiation in sunlight or from lamps canm kill plants. More
blue light on plants may make the growth short and may make
them dark in colour.

The day length and night length i.e. photoperiod also
affects the plant growth. The relative day-night lengths
may affect the rooting of cuttings, initiation of flowers
and fruits, bulbing and tuber formation, advent and cessa-
tion of dormancy etc. There are plants which require short
day lengths, longday lengths and some are day-neutral
plants. Spinach and radishes flower only when the daylengths
are longer while chrysanthemums and pomsettias flower only
when the daylength is shorter. There are plants like rose
who do not respond to day-night lengths. 1In a greenhouse,
the photoperiod can be increased or decreased by the use of
artificial light or by using curtains.

5.3.2 Temperature

For every crop there is an optimum temperature at
which the enzymes which is heat sensitive and responsible
for biochemical reactions in the plant are optimally active.
Photosynthesis and respiration are the two processes by
which the plants grow. If the photosynthesis exceeds the
respiration the plants grow, if it equals the growth stop
and if it reduces the plants finally die. Temperature of
plant surrounds and soil temperature required for plant
growth is very much dependent on light intensity,C0O; intake,
huniditymofpsurroundsypandgaisn velocity., Thus the tempera-
ture may affect the movement of minerals, water and food in
roots, stems and leaves, and can effect the photosynthesis
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process. For different stages of plant development, like
germination, growth, flowering, fruit sétting, different
ideal temperatures are required as shown[105] in fig.5.3.
However, the optimum temperature required can be altered
slightly by changing the light intemnsity, water level, etc.
The ideal temperature range,
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FIG.5.3. OPTIMUM NIGHT TEMPERATURE FOR GROWTH AND
REPRODUCTION (From ASHRAE[105])

for winter crops is from 5 to 15°C but a variation of 2 or
30C on either side will not affect the growth. However, if
very low or very high temperatures continue for long durat-
jons then the growth will not be proper. Similarily for
warm season crops, the optimum temperature range is 20°C to
30°C and 5°C temperature drop will not effect the plant
growth. However, prolonged low temperature will result in
loss of flowers and fruits and result in slow-down in growth
while prolonged high temperature will result in loss of
flowers, fruits, and burning of leaves and lowering in plant
growth.

Soil temperature also affects the plant growth because
it affects the absorption of water from the soil by the
plant. The optimum soil temperature for most of the plants
is of 20 to 259C. The plants which grown in warm soil will
not grow well in cool soil and vice versa. When the plants
are germinating or are still young high soil temperatures
above the optimum are desirable. Soil temperature will
depend on many parameters including shading produced by
plant leaves, solar intensity, etc. If the temperature
dinffrerenceninpthepsoisbpandpthe air during the daytime and
night time do not change much, the plants behave as it is
grown at the mean temperature. Since in a solar heated
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greenhouse there is a temperature variation from floor to
the roof, the warm crops can be placed near the roof and the
cool crops can be located near the floor. Thus plant tempe-
ratures can be changed either by growing them on ground
level beds or on benches or on shelves or in hanging pots.

5.3.3 Humidity

The relative humidity of air between 30 and 70 percent
is ideal for plant growth. Vary high relative humidities
(more than 90 percent) will provide better environment for
pathogenic organisms making the plant sucesptible to
diseases. High relative humidity alongwith high temperature
are even more harmful, since for keeping the plant cool from
overheating, the plant must lose moisture by transpiration
which will not happen because of high relative humidity.
The sapplings and germinating seeds need very high humidity
(~ 100 percent) but as these grow and become younger the
relative humidity should be gradually reduced. As the tem~
perature increases, the requirement of high humidity
increases. Low relative humidity is also harmful for plants
since it increases the evapotranspiration rate which
increases the water requirement. The low relative humidity
alongwith high temperature will result in burning of tips
and reduction in plant growth. In environmentally controlled
chambers generally relative humidities between 55 to 65
percent and temperatures between 20 to 259C is maintained.
The relative humidity in a greenhouse can be lowered by
ventilating it which suits most in spring and the fall but
in summers the ventilation may make the greenhouse dry. 1In
winters, ventilation should be avoided since it only removes
the heat from inside and brings cool dry air but the dry air
produces cooling in the greenhouse because of moisture
evaporation. Therefore in winter water should be sprayed on
to the plants and soil which on absorbing sunheat keep the
inside a little warm.

5.3.4 Air movement

Although air movement does not directly affect the
plant growth but due to its affect on transpiration, evapo-
ration of water from soil, COp availability, tearing of
leaves, cooling effect, etc. the plant growth gets effected.
The air velocity affects the boundary layer thickness of the
leaves of the plant through which the plant transpired and
water vapour diffuses into the outside air and through which
atmospheric CO; enters into the plant required for photosyn-
thesis. The affect of wind speed on the plant growth is
shown[105] in_ fig.5.4. From this figure it is seen that at
very low windspeeds (<0.05 m/s and at high wind speeds
(>0.75 m/s) the |growth of plant decreases. The optimum
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growth takes place between the wind speed of 0.10 to 0.35
m/s. Studies have shown that at a wind speed of about 2 m/s
the growth of plant gets considerably affected and at a
speed of 4 m/s the plant may die in few days. Since air
movement in the greenhouse affects the soil temperature and
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FIG.5.4. EFFECT OF AIR VELOCITY ON LEAF GROWTH (From
ASHRAE[105])

evaporation of water from soil; leaf temperature and tran-
spiration and relative humidity and air temperature; the air
velocity is an important design factor for the greenhouse.
The relative position of pots and plants and their height
etc., all changes the air velocity in the greenhouse. The
affect of wind direction on the plant growth is found negli-
gible.

5.3.5 Carbon dioxide

The amount of COj present in the plant environment
considerably effect the plant growth. The CO; present in
the normal outside atmosphere is 0.03 to 0.04 percent and
which is essential for photosynthesis. The amount of COj
required for optimum plant growth depends on the plant type,
state of development, temperature, light intensity, leave
areas, air velocity, humidity, water stress, etc. and the
concentration 0f COg in-agreenhouse depends on the diffu-
sion of air into and out of greenhouse structure, soil
respiration, rates of photosynthetic uptake, and respiratory
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production. In case of an airtight greenhouse, the plant
growth will be limited due to shortage of COy and the growth
can be enhanced by supplying CO; either by supplying outside
air using somekind of counterflow heat exchanger or by some
supplementary methods such as by using organic manure in
green house or by combustion of sulphur free fossil fuels
such as liquid petroleum, natural gas, propane, kerosene
oil, etc. or by supplying COy directly from COy cylinders.
The requirement of COy for optimal growth is different for
different plants. Some plants even can take COj; when it is
0.01 percent while others at 0.02 percent.

There are some small pores on the leaves known as
stomata which absorb COy from the atmosphere. The stomata
are closed during night time when COjy is not used or when
the CO7 concentration is high even when there is light. Thus
for optimal plant growth there is an optimal CO; concentra-
tion depending on the plant type. 1In an airtight greenhouse
with full of plants, the COyp will be depleted in no time and
hence attached greenhouse will have an advantage since the
COg left by inhabitants can be infiltrated from the house to
the greenhouse. The effect of COy concentration from 0.03
percent to 0.13 percent depending on the light intensity and
temperature may effect the photosynthetic rate significantly
as can be seen[105] from fig. 5.5. The stomata opening and
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FIG.5.5. PHOTOSYNTHESIS OF CUCUMBER LEAF WITH COj7 CONCENTRA-
TION UNDER INCANDESCENT LIGHT(From Ashrae[105])
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closing also depends on the water stress depending on water
supply and water intake and transpiration. Many researchers
have shown that by enriching the greenhouse atmosphere by
CO7, the crop yield increases, the quality of product
improves, and the crop gets matured early. It is observed
in case of lettuces and other crops that if the CO; concen-
tration is 2000 ppm, light intensity 25000 lux, and tempera-
ture of 30°C for about 16 hours per day, the crop gets
matured in half the time. Moreover these plants were
heavier and of better appearance due to sturdier stem and
leaves and increased branching. The plant will utilize the
CO9 more effectively, if the same is supplied during the
time of more sunlight hours i.e. during 9.0 a.m. to 4.0 p.m.
In winter season, when the light intensity is low the enric-
hment of CO; will produce the larger leaves helping recei-
ving large amount of light. Generally CO; in the greenhouse
is supplied by venting the greenhouse air. For providing
sufficient COy in a greenhouse a complete air change after
approximately every ten minute is recommended. During
spring and falls when the inside temperatures are not low,
venting can be a good source of CO3. But in winter direct
venting is not recommended.

5.3.6 Nutrients

Plants need nutrients for growth. In a typical plant
about 90 percent is water and the rest 10 percent which is
known as drymatter comnsists of 17 essential nutrient
elements.The three essential elements which are not provided
by fertilizer are Carbon(C), Hydrogen(H), and Oxygen(0) and
these three elements alone constitute about 90 percent of
the dry matter. The remaining fourteen elements constitute
the 10 percent of the dry weight and are available naturally
in the soil and can be provided through fertilization prog-
ramme. Carbon and a little Oxygen are derived by the plant
from COy9 while hydrogen and some Oxygen are derived from
water (Hp0). In a greenhouse if COy supply is not adequate
there can be a shortage of carbon. Since the requirement of
hydrogen and oxygen by plants are very small, their shor-
tages are never felt even if the water is in short supply.
Water stress may harm the plants in other ways only. THe
nutrients which are available in the soil through fertiliza-
tion programme are divided into two categories, the macronu-
trients which are available in plants in large quantities,
and micronutrients which are available in small quantities.
The macronutrients are: Nitrogen(N) 4.0 percent, Phosphorus
(P) 0.5 percent, Potasium (K) 4.0 percent, Calcium(Ca) 1.0
percent, Magnesium (Mg)0.5 percent and Sulfur (S)0.5 percent
of the dry matter. Thesmicronutrients are :Iron(Fe) 0.02
percent, Manganese(Mn) 0.02 percent, Zinc(Zn) 0.003 percent,
Copper(Cu) 0.001 percent, Boron(B) 0.006 percent, Molybdenunm
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(Mo), 0.0002 percent, Sodium(Na)0.03 percent, and Chlo-
ride(Cl) 0.1 percent of the drymatter.

Nitrogen which is an essential nutrient for plant
growth comes from the atmosphere and is being fixed in the
soil by some legumes or is available to the soil due to
decaying of organic matter like manure, hay, blood meal etc.
The nutritional needs in a greenhouse can be seen through
testing of soil. It is recommended that the greenhouse soil
should be tested atleast once in three months. For most
greenhouses a pH of the soil between 6.2 and 6.8 is recomme-
nded. The soil is neutral at pH 7.0, acid if below, and
alkaline if above. If the pH of the soil is low then the
supply of nutrients like phosphorous, Calcium, magnesium,
and molybdenum are low and the supply of nutrients like
Iron, Manganese, Zinc and Copper are more. Some of the
common fertilizers which can be used to maintain the soil pH
are : manure, dried blood, cotton seeds meal and tankage
which are the organic fertilizers; Ammonium Sulphate, Ammo-
nium phospate, Ammonium nitrate, Urea, Potasium nitrate,
Potasium sulphate, Potasium chloride, Sodium nitrate, Cal-
cium nitrate, Superphosphate, and Diammonium phosphate which
are the inorganic fertilizers.

5.3.7 Watering

Watering of plants is considered to be the easiest
operation generally donme by an unexperienced person but if
it is not properly applied like application at wrong time
or in less or more quantity may affect not only the quality
of the crop but also it may be spoiled. If water is not
applied in sufficient quantity, the photosynthesis process
will retard resulting in small size plants, small number of
leaves, shorter stem internodes, hardened look of plant, and
slow growth. If the water stress prolong, the leaves may
drop off and the plant may die. 1If water is applied more
frequently and in large quantities then the plant may become
unnecessary taller, resistance to diseases reduced, and the
lack of oxygen in the root system may damage the roots.

The water requirement and its frequency of application
depends on the plant type, its density, time of year, plants
moisture needs, etc. It is difficult to know when to irri-
gate and amount of water to be used but experience helps a
lot. ©Now a days irrigation meters which are based on prin-
ciple of conductivity are commercially available which can
be used as a guidline for irrigation. Inall cases the soil
should be watered thoroughly otherwise with the evaporat-ing
water the salts from the unused fertilizer will migrate to
the soil surface, get accumulated and may injure plant
roots.
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5.4 GREENHOUSE DESIGN

Many parameters are to be considered in the design of a
greenhouse. A few parameters are discussed below:

5.4.1 Orientation and tilt

The design of a solar greenhouse mainly depends on the
type of plants to be grown in the greenhouse, the light and
heat requirements of the plants, size of the business,
season in which greenhouse is to be used, degree of automa-
tion desired, topography, local climate, and materials for
construction. In a winter greenhouse, where the average
outside air temperature is much lower than the optimum
temperature required for the plant growth, the shape of the
greenhouse 1s so optimised, that it receives adequate sun-
light required by plant and minimize the heat losses. Since
in northern hemisphere at high latitude stations, sun never
shines on the north side, hence most of the glazings in the
greenhouse should be provided on the south side. For winter
operations only, the long axis of the greenhouse should face
east-west direction, admitting more sunlight in winter sea-
son. A north-south oriented greenhouse will provide more
sunlight over the complete year compared to east-west orien-
ted greenhouse. If due to local conditions, it is not
possible to orient the greenhouse in the east-west direction
i.e. facing south then upto 20 deg. on either side of south
direction will not significantly affect the receipt of sun-
light. If the slope of the greenhouse roof is between 35
to 60 deg. even 45 deg. off south orientation will change
the sunlight availability by 18 to 20 percent only.If the
percentage of diffuse radiation is more, then effect of off-
south orientation will be much less. 1In some areas where
nights are very cold and after noons are generally cloudy,
the greenhouse is oriented towards east to receive more
solar radiation in morming. Therefore the local weather
pattern is very important in deciding the orientation of a
solar greenhouse. Since very little solar radiation enters
through the north wall in a east-west oriented greenhouse,
the north wall and north roof is generally opaque and made
of solid material and insulated.

From the solar radiation receipt point of view, the
angle of the roof of greenhouse is important. The slope of
the greenhouse roof should be so selected that the angle of
incidence of sun rays remains within 30 deg. If the angle of
incidence becomes more, the reflection and absorption losses
increases. Since more solar radiation comes through south
facing surface and the solar radiation intensity is more
duringmmwiddaysmthewsibopemissmoptinized for south surface
only. For winter use, the optimum angle of tilt of south
roof from horizontal can be taken as latitude of the place
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plus fifteen degrees[106]. For best year round performance
the slope of the south roof can be 0.9 times the latitude.
Since most heating is required only in winter therefore the
slope is generally decided on winter basis. The rear insu-~-
lated wall if given proper slope and with reflector lining
will reflect sunlight onto the plants in the greenhouse.
This slope can be equal to the solar altitude at noon on
June 21. Whatever may be the shape and slope of the north
wall/roof it should be provided with reflective lining to
enhance the solar radiation input. A very steep slope of
the roof will unnecessary increase the area resulting in
higher heat loss and the cost of the material.

5.4.2 Modes of heat transfer

The greenhouse should be designed to maximise the input
of solar radiation which will require large glazing area.
Increasing the glazing area would mean increasing heat loss
from greenhouse to outside. Therefore the glazing area
should be such that the solar radiation is enough to provide
adequate sunlight and heat required by the greenhouse.
Since the solar radiation is intermittent and is available
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FIG.5.6. ENERGY FLOW IN A GREENHOUSE

only during the daytime a provision of storage should be
made to store the solar heat required during night time or
whenever the heat is required. There are several ways of
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heat loss from a greenhouse as is shown in Fig.5.6. The
heat inside the greenhouse is received by solar radiation,
by heat loss from electrical appliances, from auxiliary heat
sources like furnace, by infiltration from outside air to
inside air which may happen during daytime, by conduction
process from the ground, and by thermal radiation from the
walls in case wall is at a higher temperature. Heat is lost
from the plants in the greenhouse by convection, transpira-
tion, and radiation processes. Heat is also lost from the
greenhouse through the ground which is generally through the
edges. The temperature in the ground at about 3.5 meters
depth is practically constant. After a sufficient of time
there will be no heat loss from the greenhouse into the
ground and the temperature in ground gets stablized which is
equal to the average temperature of the greenhouse. If the
edges of the building of the greenhouse are properly insu-
lated, then there will be practically no heat loss from the
greenhouse to the ground. Therefore the prefabricated gree-
nhouse models and the greenhouses made on concrete slabs are
not preferred since the edge losses in these case become
quite high.

The convection and infiltration heat losses from the
greenhouse which depends on the design of a greenhouse,
cracks, and out side wind speed are also quite significant.
If there are more cracks or leakages in the greenhouse, then
the water vapour from the greenhouse can be carried away by
the wind resulting in high heat losses. Therefore it 1is
advisable that in a greenhouse there should not be any
leakages. A large amount of heat is lost from the green-
house by the process of conduction through walls and roof.
In summer months when outside temperature is higher than the
greenhouse temperature heat will flow into the greenhouse by
conduction through walls and by infiltration through lea-
kages. The inside plants and other materials in the green-
house will reradiate the heat in the long wavelength region
which can be transmitted by some of the plastic glazing
materials. The use of such plastic glazing materials which
are transparent in the short wavelength region (solar range)
and long wavelength region (thermal radiation) also should
not be used as a glazing material in a greenhouse. Glass
and fibreglass materials which are transparent for short
wave radiation and opaque to long wave radiation are desired
glazing materials for greenhouse. But glass is a good
conductor of heat and therefore single glazing is not prefe-
rred.

Since the thickness of the glazing material is very
small the resistance to heat loss becomes very small and
therefore multiple glazing with some air space in between is
used torreduce theheat lossy Since little resistance is
offered by the glazing for the heat loss through it, the
glazing area should be kept minimum or provision should be
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made to reduce convection, conduction, and radiation heat
loss through it such as by using multiple layers of glazing,
using movable insulation during night time or even during
day time when the solar radiation is quite low. The multiple
layers of glazing not only reduces the héat loss by the
process of conduction and convection but also by radiation
because the glazing temperature goes on decreasing. The
trapped air spaces reduce both the conductive and convective
heat losses. Generally two glazings are preferred in colder
regions either of the same material or with the outer layer
made of glass and inner layer of plastic.

During night time considerable amount of heat is lost
through glazing which can be reduced by using movable insu-
lation. The movable insulation which can be of a curtain
type generally consists of rolls of canvas covered with
insulation and which can be unrolled down on the greenhouse
at night time and rolled up again in the morning is used.
The arrangement of a movable insulation should be made in
such a way that it should remain in positiom and should not
be effected by wind and snow. Use of Beadwall system during
night time developed by Zomeworks im Albuquerque, New Mexico
in which the dead air space between the glazing is filled
with the help of a compressor with very small tiny plastic
beads during night time and the same are removed through a
vacuum pump (reversing the compressor operation) during
daytime is also quite effective. This system appears to be
very effective but is not feasible and practical at all
places and therefore removable interior insulation consis-
ting of styrofoam or other insulation with a backing of
rigid sheets such as plywood and masonite is recommended.
This system will also help in controlling the sun in hot
summer months. Venitian blinds can also be used for contro-
lling the sun in an efficient manner but can be effective in
combination with some insulating material.

The use of metal frames such as aluminium frames is not
desirable since this will conduct more heat and therefore
wooden frames are preferred. The heat loss through the
opaque surfaces and walls can be reduced by using insulating
materials or by using cavity walls. Several insulating
materials such as fibreglass, thermocol, extruded polys-
tryene, polyurethane foam, polystyrene microfoam, etc. are
suggested for use in greenhouses.

Generally the heat loss through the material is repre-
sented in terms of heat transfer coefficient, 'U' which is
defined as the heat transfer per unit area per unit of
temperature difference from inside to outside. For conve-
nience 'R'values which is the reciprocal of 'U'and is the
resistance to heat flow are given in books and are more
convenient to-uses koW 'R'values mean low resistance to
heat flow and high "R" values of materials mean high
resistance to heat flow. The values of "R" for various
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materials used in the construction of greenhouses

given[3]

in table 5.1.
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are

Table 5.1 Heat resistance values for some greenhouse con-

struction materials (From Badger and P

oole [3])

B e e i I R e e i i T Y

Material R values¥**
(m2 %¢/w)

1. Glass, single layer 0.155%
2. Glass, double layer 6 mm space 0.271%
3. Glass, triple layer, 6 mm space 0.375%
4, Clear polyethylene film, single 0.153%

layer, (2,4 or 6 mil)
5. Clear polyethylene film, double layer, 0.252%

separated (2, 4 or 6 mil)
6. Polyethylene film, double layer, 0.352%

separated over glass
7. Fibreglass 0.176*
8. Double acrylic (acrylite SDP) 0.313%
9. Double polycarbonate (Tuffak-Twinwal) 0.283%
10. Face brick, 10 cm thick 0.077
11. Concrete Block, 20 cm 0.345
12. Concrete Block, 20 cm plus 2.5 cm

foamed urethane 1.354
13. Concrete Block, 20 cm plus 2.5 cm

foamed polystyrene 0.977
14. Concrete, poured 15 cm 0.234
15. Cement asbestos board, 6 mm 0.160
16. Cement asbestos board, 6 mm plus

2.5 cm foamed urethene 1.257
17. Cement asbestos board, 6 mm plus

2.5 cm foamed polystyrene 0.838
18. Microfoam 6 mm thick 0.190
19. Polystyrene(beadhoard or loose fill),

thick 12 nmn 0.369
20, Polystyrene (beadboard or loose fill)

18 mm thick 0.537
21. Polystyrene (beadboard or loose fill),

2.5 cm thick 0.704
22, Extruded polystyrene (styrofoam)

2.5 cm thick 0.951
23. Polyurethane foam (applied at site),

2.5 ecm thick 1.285
24, Plywood, 1.2 cm 0.109
25. Plywood, 2.5 cm 0.220
26. 2.5 cm nominal softwood 0.315
27w Expandedyvermicwlite (60-100 Kg m3,

2.5 cm thick) 0.352
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Curtain Materials

28. Al/Temp. Aluminium down 0.252

Aluminium up 0.208
29. Duracote 2425 (Foylon) 0.463
30. Black Sateen 0.271
31. Black Polyethylene, 6 mil 0.185
32. Reemy, spunbound polyester, 2016 0.146
33. Vinyl(aluminized polyester laminated

vinyl), 4.5 mil. 0.378
34. Al/Blac 0.241

*%* The R value represents the resistance to heat flow
at the thickness listed. The higher the R value
the better the insulating property.

* Includes effects of surface coefficients.

5.4.3 Glass or plastic Greenhouses

As discussed earlier both the glass and plastic green-
houses are made but plastic greenhouses are now a days
preferred because of their low initial capital cost. Before
the year 1950 only glass greenhouses were existed. The life
of glass greenhouses can be even more than hundred years but
the cost involved is so high compared to plastic greenhouses
.that their cost per year comes out to be much higher . The
glass greenhouse styles depend on a number of parameters
including size of glass sheet available, climatic conditions
of the place, light and heat requirements of the greenhouse,
type of automation required in the greenhouse, crop to be
grown in the greenhouse, season in which the greenhouse is
to be used, the type and material of frame to be used, etc.
Some basic styles of greenhouse[28] are given in fig.5.7.
In the lean-to design as shown in fig. 5.7a, the greenhouse
is put against the wall of a building and thus makes use of
maximum sun light and minimum roof support structure. For
single small greenhouse on a levelled ground an even-span
greenhouse as shown in fig.5.7b is preferred. In this
design the roof is of tent like structure with equal slope
and width., If the land is not levelled and can not be
levelled easily such as in case of near the side of a hill,
uneven-span greenhouse as shown in fig.5.7c is used where
the two roofs are of unequal width. This design although
has its advantages but is not adaptable to automation.
These individual greenhouses as shown in fig.5.7 (a, b, c.)
are in use. In a large area greenhouse, ridge-and-furrow
typevacrangementowheresseveral greenhouses generally of
even-span type are connected are used as shown in fig.5.7d.
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Fig.5.6. Energy flow in a greenhouse.

cl

(a) Lean to style (b) Even - span style
(c) Uneven-span style (d) Ridge -and furrow style

FIG.5.7. BASIC GREENHOUSE STYLES

In the ridge-and-furrow type greenhouse the heat loss gets
reduced because there are no intermediate side walls,
automation is possible which can be done at a low cost, and
the cost gets reduced. In this design snow can be a problem
and can not slide off the roofs as can happen automatically
in case of individual free standing greenhouses, therefore
heating pipes are generally used in the gutter to melt the
ice.

Greenhouse frames are also made of different materials
like that of wood, iron and aluminium. Details of some of
the commercially available glass greenhouse frames in U.K.
are shown schematically[1l] in fig.5.8. Depending on the
width of the structure, a particular type of frame and its
material selected. If the width of the structure is less
than 6 m, then wood frame is preferred. If the width of the
greenhouse structure is between 6m and 15m then iron frame
is recommended. In a iron frame structure the truss is made
using steel pipes or angle irom of flat steel welded
together and the angle iron perlins running the length of
greenhouses are bolted to each of the truss. Now-a-days
iron frame structures in greenhouse are widely used because
they can be prefabricated by automatic machines and are
economical in the long run. The glass sheets are attached
to the iron or wooden frames with the help of sash bars
which are generally made of durable wood. These wooden sash
bars require maintenance. Now a days even aluminium sash
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bars are also used in fixing the glass with the metal
frames. The advantage of aluminium sash bars are

maintenance is low, available in prefab condition, and are
stronger thanm wood sash bars and therefore large size glass
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FIG.5.8. TYPICAL GLASS GREENHOUSE FRAMES USED IN UK (From
Ref.1.) (Reproduced with permission from Robinsons
of Winchester Ltd Hampshire, UK)

sheets can be used reducing shadows in the greenhouse due to
frames. Generally glass sheets of 1m x 0.5m are used in
case of aluminium sash bars. Plastic film covered

S e O days i e in many countries. Because
e in variety of thicknesses
low weight, a large variety
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of freme designs are available for use with the plastic
materials as covering. Some of the plastic greenhouseframes
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FIG.5.9. TYPICAL PLASTIC GREENHOUSE FRAMES USED IN UK.(From
Ref.1) (Reproduced with permission from Robimsons of
Winchester Ltd Hamshire, UK.)

are shown[1] in fig.5.9. 1If the plants are to be grown only
for a very short duration such as for growing of seedlings,
the plastic greenhouse will prove to be more ecomnomical
compared to glass greenhouse the cost of which can not be

i e generally used in a greenhouse
, etc. Polyethylene film is

in greenhouses and such
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greenhouses are in use in U.K. and U.S.A. The only
disadvantage with the plastic film is of its short life may
be 1-2 years depending on its thickness and weather. The
plastic film greenhouse frames cam also be made
inexpensively by using soft wood such as pine or using iron.
To reduce heat loss from the greenhouse two layers of
plastic with an air gap in between of about 3 to 5 cm are
used. Virtually almost all the plastic greenhouses now-a-
days use air inflated system in which a plastic film is
applied directly on top of the other from the outer side and
the space between them is maintained by supplying air at a
low positive pressure. The pressure between the sheets
should be small to keep the 2 sheets apar<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>