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PREFACE

The lack of technical and socio-economic information on alternative or
improved food processing technologies available to people living iu rural
areas of developing countries means that much food gets wasted. Excess
production in the villages is rarely preserved for times when fresh food is
not available, Emphasis is more often placed on large-scale food processing
complexes which frequently require only a few skilled operators, use imported
equipyment and packaging, and produce foods which are expensive and have a low

nutritional content.

Sun drying of foods is a technique that has been in use for centuries,
with little change in the methods employed. This frequently results in poorly
dried, infested products. The use of improved sun drying techniques and the
introduction of solar drying, by which means foods can be dried even in humid,
cloudy climates, can greatly improve both the quality and quantity of goods

produced and be of great benefit to people living in rural areas.

This manual, which is an outcome of an ILO-executed project in four-least
developed arab countries ( Sudan, Somalia, Democratic Yemen and the Yemen Arab
Republic) to promote the choice, development and application of appropriate
food processing technologies, aims to explain in easily understood terms how
food drying techniques can be introduced or improved. 1In this way, surplus
food can be preserved which can be used later to make nutritious meals. All
the equipment or materials necessary can be obtained locally. The project was
financed by the United Nations Financing System for Science and Technology for
Development (UNFSSTD).

During the project it became apparent that there was a need to give
extension workers basic technical information which could be readily
assimilated and which could be directly applicable, In the case of solar
drying most of the work is, at present, carried out at an academic level in
research institutes, and little attention is paid to the application of the

information in rural areas.
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It is hoped that this ménual will eupp]y'agronomists, engineers and food
technologists working in this field with the basic theory and practice of sun
and solar drying. With an understanding of national needs and priorities
they should then be able to advise extension workers of appropriate
applications of these techniques. Some general guidance is also provided on
the type of information extemsion workers might need and the methods they
could use to obtain this., I% remains up to the English-speaking reader to

translate these into a locally comprehensible form fo¥.local use,

The manual includes a step-by-step guide to building different types of
dryers using locally-obtainable raw materials, Fish drying, vegetable and
fruit drying and grain drying are all covered, and appropriate processing
methods discussed, The necessity of good packaging is stressed. It is very
important to ensure an adequate "shelf-life" of the producf and to preveat its

untimely deterioration.

Some references are given as sources of more detailed, supplementary
information. Access to technical literature can be difficult but the reader
is reminded that solar drying is of world-wide interest and there may be a
national or regional institute working in this field, from which information

can be obtained,

Each chapter can be interpreted at two levels. Most of the technical
information supplied will be of interest to the technologist. A summary of

the pertinent points which should be passed on, in a suitable form, to the

extension worker is given at the end of each chapter.

Chapter 1 provides am introduction to the type of information which is
required and the approach which should be adopted to establish the feasibility

of a solar drying exercise.

Chapter 2 describes the basic drying theory and explains how the sun's
energy can be harnessed to dry foods. Some basic solar dryers are described

with some guidance on their methods of comstruction.

Chapter 3 discusses how the technologist can work with the extension
worker to encourage the adoption of improved technologies by the rural people

in developing countries.
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Chapter 4 provides infowmation on simple methods suitable for drying
fish. Vegetable drying is discussed in Chapter 5. The preservacion of fruit

by drying is covered in Chapter 6 and grain drying is discussed in Chapter 7.

This manual was prepared by Dr. C.I. Speirs of the Tropical Development
and Research Institute, London, in collaboration with Ms. H.C. Coote, staff

member of the Technology and Employment Branch of the ILO.

A.S. Bhalla,
Chief,
Technology and Employment Branch
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CHAPTER I

ELEMENTS IN THE CHOICE OF SOLAR URYING OF FOOD PRODUCTS

I. Evaluation of solar drying potential

The preservation of foodstuffs by drying is believed to be one of the
first food processing techniques used by man, developing in conjunctiom with
the cultivation of food grains, in the Middle East. The traditional method
of crop drying practised over the centuries throughout the world is sun
drying, where the foodstuff is spread on a flat surface in the open air and
exposed to the drying action of the sun. Variations on this technique
include hanging the foodstuff from the eaves of buildings or from trees or
gathering the harvest in bundles in the fields. Today, sun drying still

remains the most widespread method of food preservation,

The success of the technique can be attributed to its simplicity and low
cost, Under favourable climatic conditions good quality products can be
obtained. However in an unreliable climate, losses due to spoilage can be
excessive, In wet or humid weather moisture loss from the food can be
intermittent and irregular and the rate of drying slows down. This increases
the risk of spoilage and reduces the quality of the product. It is likely
that some of the foodstuff will be overdried, while a portion may b2
unacceptably moist, depending on its location within the batch. Contamination
by dust and infestation by insects is unavoidable. Birds and animals will
consume some of the crop and also constitute another source of
contamination. This creates an extra task: to remain vigilant in order to
cover the crop in the event of rain or dust storms, and also to scare away

potential predators in an attempt to control sun drying losses.

In the industrialised countries, the food processing sector is typified
by high labour costs and increasingly stringent quality standards. One
response to the problems associated with sun drying has been the development
and use of high capacity, artificial drying plants capable of giving a high

quality product irrespective of weather conditions. These plants are usually
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energy-, capital- and technology-intensive, and have a low labour requirement
using mainly skilled process and maintenance personnel, The dehydration
units sre relatively inflexible and are typically geared towards a large -
throughput of a single product, Such processes are not generally suitable for
the needs of the small-scale farmer in developing countries who produces small

=

quantities of foodstuffs to be dried for short periods throughout the year.

Artificial or fueled mechanical dryers are used in humid tropical
regions, largely in the equatorial rain forest belt where daily downpours are
predictable and the skies are usually overcast. In these conditions, the
potential for sun drying is limited. Such dryers are typically associated
with the so-called plantation crops such as cocoa, coffee and copra, where the
cost of the drying operation can be justified by the foreign exchange
generated by the product. A source of energy is required and the usual fuels
available are wood or charcoal, This requirement restricts the use of such
dryers to forested areas where such fuel is abundant and the ecological damage
caused by cutting the wood is minimal. In some cases it may be possible to
supplement or replace the fuel with by-products from the process such as

bagasse in the case of sugar or coconut shells in the case of copra.

In arid or semi-arid regions where wood stocks are low and may already be
insufficient to meet the cooking needs of the rural sector, the most suitable
solution to processing problems may be to improve existing sun drying methods

or to introduce solar drying techniques.

Solar drying, where the principal source of energy is derived from the
enhancement of the sun's radiation, can be an improved alternative to sun
drying. Compared with sun drying, solar drying provides higher air
temperatures and consequential lower relative humidities which are conducive
to improved drying rates and a lower final moisture content of the dried
crop. As a result, the risk of spoilage during the actual drying process and
in subsequent storage is reduced. The higher temperatures attained inhibit
insect and microbial growth, Drying in an enclosed structure has the
additional benefit of providing protection against rain, dust, insects,
animals, and birds. All these factors contribute to improved and more

consistent product quality.

On first impression, solar drying may appear to be the ideal solution to

many food drying problems. The devices are of simple design and can be
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constructed using a high local material content. The energy source is freely
available and poses no waste disposal problems. However, it should be
emphasised that the process is not always technically feasible, economically
attractive, or socially desirable, Strenuous efforts must be made, in
co-operation with extension agencies and other interested organisations, to
determine as accurately as possible the nature and quantity of commodities
that could be dried. The reasons for drying the selected foods and.the
required quality for the market outlets should be clear. An extension worker
may be enthusiastic about introducing, say, solar pepper drying in his or her
region, but without clear-cut reasons for doing so the project may be doomed

to failure.

The extension worker should be aware that some building and maintenance
costs will be involved, and it is obviously advantageous that the solar dryer
be used for as long a period during the year as practically possible, It may
be more cost-effective and socially desirable in some locations to use the

dryer on a communal basis.

In the planning stage, therefore, the technologist should establish some
of the facts listed below, Not all of the questions will be relevant to any
one project, and time and manpower constraints may render a detailed

investigation impractical. However, any information will be useful.

II.1 Estimation of commodity production

It is appreciated that it may be difficult to obtain detailed information
on the quantity of the commodity that is harvested, particularly where the
food is consumed by the producer or the producer's family and where there is
no formal or centralised form of purchase or market. However, where

possible, information should be collected on:

(a) the quantity of fresh material produced in the growing season by:

each farmer/fisherman

the crganisation (e.g. cooperative) in which the farmer/

fisherman participates

each district

the country;
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(b) the duration of the harvest season: .
- for a farm/fishery
- within a district;

(c) the amount of the commodity harvested in a day;

(d) the likely increase or decrease in the production of the commodity

in the near future,

II.2 Present drying practices

It should be established whether the food stuffs are currently dried, and
if so, by what means. Traditional techniques such as sun drying or even

artificial drying may already be used,

If alternative drying practices are being carried out then the following

facts shouid be established:

- the amount of an individual farmer's crop which is dried;

~ the nature of any processing carried out after harvest and prior to
drying;

- the moisture content of the commodity before and after drying;
or alternatively, the wet to dry ratio, i.,e. the weight of the
commodity prepared for drying compared to its weight when dried;

- the size, shape and other important features of the commodity prior to
drying;

- the actual techniques used to dry the commodity. Every effort should be
made to obtain this information as precisely as possible, I1f possible,
the cost of this operation should be established;

-~ .the problems experienced with these techniques, e.g. high capital or
operating costs, high labour requirement, poor product quality etc.;

-~ post-drying processing operations carried out prior to sale or storage;

~ the means of storage of the dried commodity before further processing,

sale or consumption.

IT.3 Product quality considerations

The quality of the dried product is of considerable importance. For

dried fruit and vegetables sold to the local consumer, the main quality factor
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is the general apperarance of the dried material whereas for commodities such
as spices or pyrethrum, the content of extractable constituent is the main
aspect of quality. For dried grain the moisture content is of particular

importance, The importance of quality can be gauged from the following:

the features of the dried product that determine its selling price, e.g.

appearance, colour, size, shape, moisture content, purity, extractable

constituent, degree of contamination, microbiological quality;

- the methods by which the quality factors are evaluated, e.g. by visual
examination or laboratory analysis;

- variation of standards of quality for different markets;

- the relationship between product quality and selling price.

I1.4 Markets for the dried commodity

As with any development of a new or improved product, knowledge must be
gained at an early stage of the present market for the traditional product or
the potential market for an improved product. Though such information may
well be difficult to obtain in certain areas, particularly from rural
communities, it is important that an attempt be made in order to determine the
level of technology and the economic boundaries for the subsequent technical

development of a solar dryer.

Information must be sought coucerning the following:

- the (envisaged) outlets or markets for the dried commodity:

(i) self-consumption;
(ii) local sale;
(iii) sale to large towns at some distance from the producer,
either by the producer or via a third party;
(iv) export;

(v) further processing.

-~ consumer acceptability of the product, This is of particular importance
when no dried product is currently available or is known to the potential

market;

- marketing mechanisms or organisations for bringing producer and

buyer/consumer together;
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- the price currently obtainable for the fresh (or unprocessed)
commodity. This may vary widely from season to season or from district

to district}
-~ the price that can be obtained for the dried product.

There may be a possible alternative use for the fresh commodity.
Surpluses of the commodity may be sold to a local entrepreneur for sale
elsewhere, or another preservation operation carried out, e.g. pickling of
vegetables, jam-making from fruits and so on, If this is the case, as much
information as possible should be obtained on drying processes particularly

with regard to their economic viability.

I1.5 Project viability

By collecting the above information the technologist will be able to
reach some preliminary conclusions about the potential viability of
introducing solar drying. It may also be possible to draw conclisious about

the attractiveness of solar drying relative to other processing operations.

The extension wcrker may be able to assist in the collection of more
basic information, i,e. whether there is a glut of fresh produce or
insufficient drying capacity at a particular location, and so on, This

identification of a local need may in most cases justify developing a project.

At this stage it should be determined whether any applied research has
been carried out, either nationally or in other countries, on the method for
drying the commodity. Solar drying methods which have been tried and tested
elsewhere may be directly applicable. It may be possible to modify
techniques described for other commodities, or to adapt recommended artificial
techniques to solar means, An existing sun-drying method could also be
improved. A continuous interface between the technical organisation and the

extension services should ensure against any unnecessary duplication of effort.



CHAPTER 2

DRYING THEORY AND PRACTICE

I. The mechanisms of drying

With the possible exception of grains, a complete understanding of the
mechanism of drying of foods has not yet been developed. What information is
available has often been obtained under isolated laboratory conditions using a
single layer of the commodity as a test sample. Such sample drying behaviour
will differ from bulk drying because the drying pattern in one portion of the
batch will be affected by that in another portion of the batch. At its
simplest this might ‘mean that moisture removed from one grain will be absorbed
by a second grain from which it will then be released to be absorbed by a

third grain and so on before eventually being expelled into the air,
However it 1is generally accepted that there are two basic phenomena
involved in the drying process: the evaporation of moisture from the surface,

and the migration of moisture from the interior of a particle to the surface.

1.1 Surface evaporation

Moisture evaporates from a free surface on food in the same way as it
evaporates from any free water surface, such as a lake. So long as the
surface remains completely wet the rate of evaporation is constant. The
principal factors affecting the rate of evaporation from a free water surface
are the degree of movement of air over the surface and the temperature and

humidity of the air,

Humidity is a measure of the moisture content of the air. Very dry air
(i.e. low humidity) will have a greater capacity to evaporate water from a
free surface than moist humid air. This concept of air having different
capacities to evaporate moisture can be difficult to put across to a layman.
One method of illustrating this point is to draw attention to the relative
personal comfort of an arid inland area compared with a coastal strip at the
same temperature, This is largely due to the dry inland air removing

moisture produced by perspiration freely from the skin.
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An increase in the air temperature will reduce the humidity, thereby
increasing the driving force of the air to evaporate free moisture. While
this brief description should suffice to outline the fundament=l principle
behind air drying the interested reader is referred to any star asrd text on

psychrometry for a more detailed and exacting treatise.

The degree of movement of air over the particle surface 1lso of great
importance. As moisture leaves the surface it passes to e air immediately
adjacent to it. This increases the humidity of the s ounding air, thus
reducing its capacity to evaporate more moisture. Therefore, unless the air
surrounding the particle is replaced by fresh, comparatively dry air, an
equilibrium will be reached between the particle and the air and no further
evaporation will occur, In practice, this is rarely the case since even with
very low natural convection currents there ie sufficient movement of air.
Increasing the air velocity (e.g. by the use of a fan) will markedly increase
the rate of evaporation as the surface of the commodity will be in contact

with relatively dry air at all times.

Most of the heat necessary for the evaporation of moisture from a food
surface is supplied from the air by convection. However the transfer of heat
to the food by conduction and radiation can also be important. Foods placed
in solar dryers may be exposed to the radiation of the sun and if the food is
placed on metal trays they will receive heat via conduction through the tray

bottom.,

1.2 Moisture migration

It is generally accepted that there are two principal mechanisms
governing the migration of moisture from the internal structure of the food to
the surface., These are diffusion and capillary flow. The wmost important
factors affecting the rate of moisture migration are the temperature of the
food particle, its moisture content, and the size of the piece, The higher
the temperature of the food, the greater will be the rate of moisture
migration. As the moisture content of the foodstuff decreases, the rate of
migration will also decrease (since there is less moisture to migrate). The

rate of migration will increase with decrease in particle size,



I.3 Drying rates

The drying rates of a foodstuff alter during the drying cycle reflecting
the changes which are occurring in the corposition of the food. This is to
be expected when one considers the complex nature of foods. Water is an
integral component of all organic materials. It 1is chemically and
biochemically associated with the other foodstuff components, i.e. it is not
present in a simply passive role., Moisture removal will also modify the cell
structure thereby affecting the residual moisture content. By comparison, a
mixture of an inert material, such as sand, and water can be dried in a

predictable manner,

In the initial stage of drying of a food, the rate of moisture migration
from the interior of the particle to the surface is sufficiently high to cover
the surface in moisture. Under these circumstances the rate of drying of the
particle is controlled by the rate of evaporation from the surface. As
outlined above, this is controlled by the condition of the air adjacent to
the surface. At this stage the food will dry as rapidly as the air can remove

the moisture., This period of drying is known as the constant rate period. A

critical moisture content will be reached when the moisture can no longer be
drawn to the surface fast enough to maintain a completely wet surface. This
can be attributed to physical and chemical changes occurring within the
food, Once this critical moisture content has been reached, the rate of
drying decreases, This second phase of the drying cycle is termed the

falling rate period, Eventually the moisture content of the food will drop

to a level where there is no driving force between the air and the surface,

and drying will cease, The food is said to have reached 1its equilibrium

moisture content,

It will be appreciated that, again, some broad generalisations have been
made to give a general insight into drying mechanisms. In practical terms,
two important points should be made which would benefit any drying extemsion

works

(i) for the initial drying of a commodity, the combination of high air
velocity and moderate temperature will optimise the use of energy for

drying;
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(ii) in the latter stages of drying, low air flow combined with high air
temperature will provide more rapid drying than a high air flow with a

low temperature,

I1. Solar radiation - the available energy

For practical purposes the sun's radiation to earth may be regarded as a
beam of uniform intemsity; just outside the earth's atmosphere that intensity
is 1.3-1.4 kW/m2 depending on the distance between the sun and the earth.
This amount of radiation is in fact reduced to values of less than 1 kW/m2
at the earth's surface by the presence of clouds, dust particles, and gases,
The magnitude of the available radiation also depends on the location, time of
year and time of day. The effect of absorption, mainly by ozone, water and
carbon dioxide molecules, and scattering by dust particles, air molecules and
water vapour is to both lessen the total amount of radiation per unit area and
also to alter the proportion of the different wavelengths present in the
radiation, The result of this is to deciease greatly the amount of
ultra-violet radiation due to absorption by ozone, and also to decrease the
amount of infra-red radiation reaching the earth's surface. The annual mean

global irradiance is shown in figure 1.

Radiation scattered in the atmosphere is not entirely lost to the earth;
about hali of it reaches the earth's surface in a diffuse scattered form.
Solar radiation can therefore be seen to consist of two components: diffuse

and beam radiation. Each component has different characteristics which

affect solar drying.

Diffuse radiation cannot be concentrated by means of focusing devices.

On a cloudless day, with a clear atmosphere, about a fifth of the solar
radiation available to a horizontal surface consists of scattered radiation
coming from the whole sky. On an overcast day the proportion may reach
100 per cent. Humid coastal strips will experience high levels of diffuse
radiation due to the moisture held in the air. Arid areas may also have
higher levels of diffuse insolation than expected, due to dust in the

atmosphere.

For the purpose of solar drying it might be thought that the positioning
of the collector should be horizontal to optimise absorption of diffuse

insolation, However to maximise the effect of beam or directiomal radiationm,

the collector surface should be tilted at right angles to the incident beam.
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An inclined surface, moreover, may receive a significant proportion of its

irradiance through reflection from the ground adjacent to it.

Beam radiation comes in a beam directly from the sun. Its presence can
be easily recognised by its ability to cast shadows. The sharp': the shadow,

the greater the amount of direct radiation that is present.

While the extemnsion worker need not concern him/herself with the theory
of insolation mechanisms, he/she should be aware of the two main
characteristics described. In practice, diffuse radiation will always be
present and is useful for drying. However, the solar dryer should be

orientated to make maximum use of the beam radiation component.

II.1l Direction of beam radiation

The relative movement of the sun and earth must also be taken into

account in designing solar dryers and collectors.

The position of the sun in the sky is, for a given location, dependent
upon the time of day and year. The daily movement of the sun - rising in the
East in the morning to its highest point at mid-~gay and then setting in the

West - is due to the rotation of the earth about its own axis.

The change in climate with the scasons is a result of the tilt of the
earth's axis and its orbit about the sun. The period taken to complete one
orbit is a year, The angle of tilt of the axis to the plane of the orbit is
approximately 23.5°. The hemisphere (north or south) which is angled towards
the sun at a particular time during the orbit around the sun will be receiving
sunlight more directly and for a greater time each day than the other

hemisphere.

The changes in the sun's position with time of year can be described from
the point of view of an observer on the earth's surface. On June 22 the sun
is at its most northerly point and appears directly overhead at mid-day on the
Tropic ol Cancer (23.5°N). As a result, the northern hemisphere receives a
relatively large amount of sunlight at this time of year. As the year
progresses the sun appears to move south giving longer periods of daylight iu
the southern hemisphere, but less in the northern hemisphere. On September

22 the sun is directly overhead at the equator and both hemispheres receive
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similar amounts of insolaticn. The sun continues to move south until
December 22, when it 1is directly overhead at the Tropic of Capricorn
(23.5°S).  On this date, the northern hemisphere has its shortest pericd of
daylight and the southern hemisphere its longest. Having reached its most
southerly point, the sun then moves northwards, crossing the equator again on
March 21, and is again overhead at the Tropic of Cancer on June 22 to complete

its yearly cycle.

An example of a practical application of this information can be found in
Kenya, a country located on the equator, where solar assisted coffee dryers
are being put into operation. The dryers are built and operated at two
different locations with different harvesting seasons. At one location the
major crop is picked in November and December. From our knowledge of the
movement of the sun, it is clear that at this time of year the sun is directly
overhead near the Tropic of Capricorn. Thus, to maximise the 1level of
insolation on the collector, the collector must face south. At the other
location the main crop is picked in April and May when the sun is in the
northern hemisphere. For this dryer the solar collector faces north, again

to maximise the level of insolation upon it.
The important point to note here is that the solar collector is designed
such that it is perpendicular to the sun at solar noon on the day selected as

representing the peak of the harvest,

II.2 Solar collectors

Solar collectors are employed to gain useful heat energy from the sun's
radiation., They are almost invariably used to heat either air or water. For
the purpose of food drying, simple flat plate air-heating collectors can
provide the desired ‘temperature increase. These consist of an absorbing
surface which heats up and warms the ambient air nearest to the surface.
Clear covers may be placed above the absorber to reduce heat loss, and the
collector unit may be insulated. Where a relatively high air flow 1is
required a fan can be used to blow air through the collector. However,
natural convection systems are widely used and may be more appropriate to the

needs of the small-scale farmer.

There are therefore two stages in which the energy of the sun's radiation

is transformed to thermal energy in the drying air. Firstly the radiation
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must be absorbed on the absorber surface, thus heating the absorber plate.

This heat is then transferred to the air by contact between air and the

absorber plate.

I1.3 Absorber performance

1.

Factors affecting the amount of energy absorbed by the absorber plate are:

The level of imsolation. Clearly, the higher the insolation, the greater

the energy absorbed. It should always be borne in mind that insolatiom
levels vary considerably from place to place and at different times of

the year;

The angle between incident insolation and the absorber plate surface.

As previously discussed, the slope of the collector should be determined
by considering the position of the sun -the declination angle - at the
peak harvest time. The movement of the sun over the year is illustrated
graphically in figure 2. To determine the correct slope for the
collector the angle of declination at peak harvest time should be added
or subtracted - depending on the harvest season - from the latitude of
the dryer. In all cases, the collector should be positioned parallel to
the equator. An example of this calculation is shown in table 1. To
discover the latitude for a given location, one should consult an atlas.
In most cases, the absolute angle used is not critical and if necessary a
near estimate will usually suffice. It should be noted that the angle

subtended by the transparent cover is not important;

The absorptivity of the absorber surface. The greater the absorptivity

of the absorber surface, the higher the proportion of incident radiationm
that will be absorbed; in collectors where the absorbing medium is of a

porous nature, it is also desirable that the absorber give little

resistance to the passage of air. One of the more commonly used
absorbers is Dblack-painted metal sheets; frequently these are
corrugated galvanised ironm. This has the advantage in most places of
being readily available, relatively cheap, and easy to use. Other

suitable absorbers are black plastic sheets, painted rocks, ash and
charcoal. These materials are suitable because they exhibit the

following properties:
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Variation of declination angle, with time of year
Time of peak
Location Latitude harvest Declination Slope Facing
Khartoum + 15 Mid April + 10 + 5 South
Mid October - 10 + 25  South
Lusaka - 15 Mid April + 10 - 25 North
Mid October - 10 - 5 North
Table 1
Examples of the determinaticn of slope angle
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(i) high absorptivity of incident radiationm;
(i1) low emissivity;
(iii) good thermal conductivity in cases where the air flow is
below the absorber;
(iv) stability at the temperatures encountered during operation
and under stagnation conditioms; |
(v) durability;
(vi) 1low cost;

(vii) 1low weight per unit area.

These properties should be explained in suitable terms to an extension

worker.

4.

The transmissivity of the cover material, The ideal cover will permit

the passage of sunlight, but not the longer infra-red (heat) radiations
which are emitted by the absorber surface. For most food drying
operations, where temperature rises of up to 35°C are sufficient,

single cover collectors are adequate.

Glass is traditionally used as glazing. It has good transmissivity for
vigible radiation and is virtually opaque to infra-red radiationm, Glass
is also stable at the temperatures encountered and durable. The
disadvantages of glass are its low shatter resistance, high cost, and a

large weight which increases the cost of the supporting structure.

The use of plastic sheets has in the past been limited by the poor
weatherability and stability of plastics in the conditions found in solar
collectors. However, plastics have recently been developed which
overcome these problems. Examples of these are polyvinylfluoride films
(PVi: such as Tedlar; fibre-reinforced polyester (Kalwall, Sun Lite
Premium); and acrylic and polycarbonate sheets which are either
intrinsically stable to UV radiation or have been made stable by use of
additives. Plastic covers weigh as little as 10 per cent of the weight
of glass covers, (for example, a 1 m x 1 m PVF sheet 1 mm thick weighs 3
kg compared to over 30 kg for a 5 mm glass sheet of the same area).
Other materials such as acrylic and polycarbonate sheet of the same
thickness as glass sheet weigh about half as much as glass for the same
area. Plastics also have the advantage of easier handling and

installation. On many locations, the choice of which plastic to use will
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be limited to what is locally available. Heavy-duty polyethylene film may be
manufactured locally by a packaging materials factory. Polyethylene has
comparatively poor cover properties, since it transmits 77 per cent of the
infra-red radiation generated and can become opaque with exposure to
sunlight. It is also more likely to tear than some other plastics. However,
it has the advantages of cheapness and relative ease of availability. One
interesting source of transparent, heavy duty plastic is the material used to
protect car seat covers. Such material can be found in many developing

countries.

When considering cover materials the important points to consider are:

(i) high transmissivity on the visible range of the spectrum;
(11) 1low tranmsmissivity of infra-red radiationm;

(iii) stability at the operating temperature. All materials used must be
able to withstand the temperatures attained under stagnation
conditions, i.e. on a hot sunny day when no air is flowing through
the collector;

(iv) durability or weatherability;
(v) strength and resistance to breakage;
(vi) low cost;

(vii) low weight per unit area.

In most cases, plastic covers will be most suitable. The reason for

using these should be explained in appropriate terms to the extension worker.

I1I. Classification of solar dryers

Solar dryers can be classified using the following characteristics:
1. Whether or not the drying commodity is exposed directly to insolation;
2. The means of air flow through the dryer;

3. The temperature of the air circulated to the drying chamber.

I11.1 Exposure to imsolation

Based upon this criterion, solar dryers can be termed either direct or
indirect. Direct dryers are those in which the crop is exposed to the sun,

and indirect dryers, those in which the crop is placed in an enclosed drying
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chamber and thereby shielded from insolation. In direct dryers, heat is
transferred to the drying crop by convection and radiation, and therefore the
rate of drying can be greater than for indirect dryers. For some
commodities, (e.g. certain varieties of grapes and dates), exposure to
sunlight is considered essential for the required colour development in the
dried product. For arabica coffee in Kenya a period of exposure to sunlight
is thought necessary for the development of full flavour in the roasted
bean. On the other hand, with some fruits the ascorbic acid (vitamin ()
content of the dried product is considerably reduced by exposure to sunlight.
Colour retention in some highly pigmented commodities, such as green legumes,

can also be adversely affected if they are exposed directly to sunlight.

III.2 Means of air flow

There are two possible types of air flow, natural convection and forced
convection. The former is reliant upon thermally-induced density gradients
for the flow of air through the dryer, whereas for forced convection dryers,
the air flow is dependeat upon pressure differentials generated by a fan. A
fan is obviously capable of providing a much greater air flow and is therefore
suitable, if noc essential, for dryers with large throughputs. Another
advantage of forced convection dryers is that the air flow is independent of
ambient climatic conditions and is easily and accurately controllable for most
applications. Forced convection is essential for the drying of deep beds of
grain wherein the relatively high pressure-drops through the depth of grain

would preclude the use of natural convection.

However, one fundamental disadvantage of forced convection dryers lies in
thei: requirement of a source of motive power for the operation of the fan.
The capital cost of equipment necessary to provide forced convection is high
compared with the minimal costs of natural comnvection dryers, It may prove
necessary to import the fans and the generator required to drive them, In
addition the running costs of forced convection drying (power, mechanical
maintenance, and repair) are high., These are disadvantages which indicate
that forced convection solar dryers are probably not appropriate for use in

rural areas by small-scale farmers.,

II1.3 Circulated air temperature

The air entering the drying chamber of a solav dryer can either be at the

ambient temperature or at some higher temperature; the elevation in
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temperature of the air being achieved by its passage through a solar collector
prior to the drying chamber, Dryers that employ a separate solar collector
and drying chamber are usually more efficient, as both urits can be designed
for optimum efficiency of their respective functions, whereas dryers in which
the collector and the drying chamber are combined are invariably 1less
efficient, However, a dryer with a separate collector and drying chamber can
be a relatively elaborate structure while the combined collector and drying
chamber is much simpler and more compact. In practical terms, the advantage
of simplicity may over-ride other design considerations, and the combined unit
would certainly be the easiest type of solar dryer to introduce in an area

unfamiliar with complex construction techuniques.

Based on the above classification, three major groups of solar dryer

development have been identified.

1. Group one: Direct dryers employing natural convection with a combined

solar collector and drying chamber.

2. Group two: Direct dryers employing natural convection with separate

collector and drying chamber.

3. Group three: Indirect dryers employing forced convection with separate

collector and drying chamber.

IV. Group one dryers

IV.1l Type one - cabinet dryers

Within this subclassification several variations have been developed.
Essentially,bthe basic design (figure 3) consists of a rectangular container,
preferably insulated, and covered with a roof of glass or clear plastic.
There are holes in the base and the upper parts of the cabinet and rear
panels, The interior of the cabinet is blackened to act as a solar
absorber. Perforated drying trays are positioned within the cabinet. Access
to the trays is through doors which form the bottom part of the rear of the

cabinet.

The operating principle of the cabinet dryers is that insolation passes

through the clear cover and is absorbed on the blackened interior surfaces
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which are thereby heated and which subsequently warm the air within the
cabinet. The warmed air rises by natural convection and passes up through
the drying trays and out of the cabinet via the upper holes, whilst fresh air

enters through the holes in the base.
The construction of a cabinet dryer is demonstrated in plates 2.1 - 2.4.

It is recommended that the length of the cabinet be three times its width
to minimise the shading effect of the sides, In any situation the roof
should be angled sufficiently to allow water to run off in rainy periods. For
portable models the cabinet may be constructed of wood, board or metal for the
more sophisticated units, and material such as wicker or basket work for more
rudimentary models. For permanent (and larger) structures mud, brick, stone,
or even concrete could be used. The insulation for the base and sides car be
wood shavings, sawdust, bagasse, coconut fibre or dried grass or leaves, It
is recommended that the insulating layer be at least 50 mm thick for maximum
efficiency and effectively sealed in place to prevent the ingress of moisture
and insects and the like. Where insect infestation is troublesome, all air
holes in in the cabinet can be covered with gauze or mosquito netting if these
are cheaply available. The drying trays can be constructed of plastic mesh
or netting, or even of wicker and basket work, but preferably not of metal
since this may adversely react with the juices from fruit or vegetable
slices., The temperature within the cabinet is regulated by the inlet or

outlet holes and by t:e degree of opening of the access doors.

A considerable amount of investigatory work has been carried out in
Jamaica on the development of cabinet dryers for a large number of tropical
crops. In this case dryers were constructed from clay bricks, wattle and
daub or locally produ:ed compressed blocks made of earth and cement. Flastic
sheet was used as a cover material, A length of bamboc placed at the bottom
of the cabinet with regularly spaced holes was used as the air inlet pipe.
Air outlet ports were made by leaving gaps in the top layer of bricks.
Charcoal fines mixed with clay were used as an alternative to paint for

blackening the interior of the cabinet.

One method of extending the drying time of a solar cabinet in periods of
inclement weather or at the end of the day is the inclusion of a heat store.
This can be brought about by placing a layer of dark coloured or black painted

stones in the bottom of the dryer. However it should be appreciated that




-22 -

Construction of a cabinet dryer

Plate 2.1

The outer box, in this example, is made from seasoned timber

Plate 2.2

A lining of sawdust provides insulation between the two layers
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Plate 2.3
Applying the inner floor. Note that the batten positions should

be marked to allow air holes to be dril’ecd through both thicknesses

Plate 2.4

The completed dryer with trays and lid awaiting

painting and the plastic cover
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this practice will increase the thermal inertia of the system, which means
that the dryer will take longer to heat up in the beginmning. In some cases
this controlling action may be desirable if it prevents the cabinet from

overheating and cooking the product.

It is worth mentioning the conversion of a cabinet to indirect use within
this subgroup. A black cover can be placed under the clear cover to reduce
loss of colour and nutrients as a result of direct exposure to sunlight. This

modification would be suitable for drying green leafy vegetables.
Cabinet dryers have the most widespread use and as such have been tested
with a range of commodities including fish, fruit, vegetables, root crops, and

oilseeds,

IV.2 Type two - tent dryer

The second popular type within this group of dryers was originally
developed for use with fish. The dryer (figure 4) consists of a ridge tent
framework, covered with clear plastic sheet on the ends and on the side facing
the sun, and black plastic sheet on the side in the shade and on the ground
within the tent. A drying rack is positioned centrally alcng the full length
of the tent. The plastic sheet at one end is arranged so as to allow access
to the rack as required, but otherwise is fastened shut. The bottom edge of
the side of clear plastic is rolled around a bamboo pole which, when raised or
lowered, forms a method of controlling the air flow through and the
temperature within the tent, Holes in the apex of both ends of the tent

permit the venting of the exhaust air,

The advantages of the tent dryer are its simplicity of construction and
operation, and its low cost. However it has the disadvantages of a high
plastic content in relation to the otner construction materials. It 1is

lightweight and susceptible to damage in windy conditions.

V. Group two dryers

Development of this type of dryer has been largely carried out at the
Asian Institute of Technology in Thailand. The dryer (figure 5) consists of
two separate units, the collector and the drying chamber, The solar

collector uses a layer of burnt rice husks or black plastic sheet for the
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Solar tent (Doe, 1979)
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Figure 5
Solar paddy dryer

(Exell and Kornsackoo, 1978)
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absorber surface. This is covered by clear plastic sheet on an inclined
bamboo framework, The collector warms the ambient air which is then passed
to the base of the drying chamber. The drying chamber can be a simple
shallow wooden box with the base made of either perforated metal, plastic
mesh, or bamboo matting. The dryer is loaded through removable panels at the
back of the drying chamber, The foodstuff to be dried is placed on top of
the perforated base, Since this type of dryer was designed to dry rice, the
use of a metal base is quite acceptable. The heated air passes through the
drying chamber and is exhausted through the top of the unit. At this point a
chimney can be placed on top of the drying chamber to provide a column of warm
air to increase the draught and hence the flow of air through the dryer. At
its simplest, the chimney can be a bamboo frame covered with black plastic
sheet acting as an absorber. The air inside the chimney will heat up, rise

and thereby pull air from the collector through the dryer.

The drying chamber can also be constructed (figure 6) using a wooden
frame covered in plastic. Black plastic, similar to wood painted black, will
increase heat absorption in the drying chamber. Where the sides of the
drying chamber are made from clear plastic, overall imsolation will be
increased. However, where rice 1s being dried using this arrangement, it is
recoumended that the roof be made from black plastic to avoid overheating the
uppermost layers of paddy in order to reduce the cracking. The construction

of a modified paddy dryer is shown in plates 2.5 - 2.8.

The reader will appreciate that the chimney type dryer is a more
sophisticated device than the cabinet dryers previously described. As such
its construction will be more demanding on the artisanal skills available, and

the principles of its operation more difficult to comprehend by the end user.

Other potential shortcomings of this type of dryer are its relatively
high profile, which can pose stability problems in windy cenditions, and the
fact that extensive areas of the dryer surface are composed of plastic sheet,

the replacement of which can be a relatively expensive undertaking.

Vi. Group three dryers

This group of dryers can be considered as devices consisting of a solar
collector (usually of a flat plate type) and a drying chamber with a fan

moving air from the collector to the drying chamber. Dryers within this
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Group two dryer
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Constructicn of 2 modified solar paddy dryer

Plate 2.5

The basic framewcrk

Plate 2.6

Instead of black plastic, thin painted plywood was used

for additional strength
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glate 2.7

Careful application of the polyethylene cover

plate 2.8
The completed dryer
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group have been used primarily for the drying of grain, particularly in the
cool, but dry autumns of the grain-growing areas in North America, but also in
the warm, but humid climate of Asia. Compared with the more basic natural
convection systems, this type of dryer is more capital-intensive due to costs
attributable to the fan, and tends to be more suitable for larger outputs.
Because of the high construction, maintenance, and running costs, such systems
are usually carefully engineered to give the most efficient operating
conditions, The construction materials required are of a higher
specification than found in many rural locations, and the construction and
operating tolerances are controlled to ensure optimum output from the dryer.
The applicabiiity of this type of dryer in the rural sector of developing

countries is inevitably very limited.

VII. Hybrid dryers

This term is used to denote those dryers in which another form of heating
the drying air is used in conjunction with solar heating. Such a system can
be used in two ways. Firstly, solar heating can be the principal source of
energy during sunny daylight hours with additional heat, supplied by
electricity, solid fuel, etc, being used during inclement weather or, in some
cases, at night to maintain continuous drying. Secondly, conventional energy
sources are used as the main weans of heating the drying air, and solar energy
is used as a supplement to reduce fuel costs, The latter system has been
extensively researched, particularly in the grain-growing areas of the United
States. In some instances, storage silos have been modified by the

incorporation of solar collectors into the walls and/or roof.




CHAPTER 3

DEVELOPMENT AND EXTENSION OF SOLAR CROP DRYING TECHNOLOGIES

I. Dryer selection and design

Having established that solar drying of a particular commodity wmay be
potentially viable and having gained an appreciation of the different types of
solar dryers and their respective advantages and disadvantages, the next step

is the selection and design of the most suitable type of dryer.

In order to be able to choose the appropriate size of solar dryer it is
important to be fully aware of the quantity of crop to be dried over the
season, the pattern of harvesting, the relationship between batch size and
drying time, and the effect of varying drying time on product quality, It is
on these that the dryer size, the number of dryers required, the batch size,
and expected drying time can be determined. It should be noted that a
reduction in drying time in itself may not necessarily benefit the user
financially. For example, a farmer who picks a crop once a week has little
to gain by reducing the drying time for the crop from four days to three days,

unless there is a recognisable improvement in quality from more rapid drying.

It may not always be necessary or desirable that a dryer be designed to
handle all of a farmer's or cooperative's production. This is particularly
s0 in the case of simple natural comvection dryers for use at the rural
level. The dryer design should be based on what the true drying load is

estimated to be and not on the total crop harvested,

The dryer should be easily constructed from materials readily and cheaply

available to the end-user using locally available skills,

When considering the size of the dryer it should be borne in mind that
larger dryers may require stronger and, hence, more expensive construction
materials than smaller dryers. The dimensions and the strength of the plastic
sheet available should be taken into consideration. For a large unit, the
cover may be made up from individual, ‘smaller plastic sheets. Joining one

sheet to another can be difficult and may give rise to problems such as tears
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and air leaks. For these reasous it may be more appropriate, in the case of
simple natural convection dryers, to build and operate a number of small
units. Multiplicity allows diversity, for more than one crop can be dried at
a time, A further advantage is that if one dryer is out of €function due to

damage, drying can still continue, at reduced capacity, using the other dryers.

On the other hand, more sophisticated dryers, such as forced convection
solar dryers, benefit from economies of scale due to the investment tied up in
the fan and source of motive power. Generally speaking, one large dryer will
be more cost-effective than two smaller units. However it should be taken
into consideration that an oversized unit will be operating at less than full
capacity negating any cost advantage. The drying area required will depend on
local conditions and the commodity, but as a rule of thumb, one square metre

will accomodate approximately 10 kg of fresh produce.

I.1 Construction methods and materials

Construction methods and available materials may vary considerably from
location to location. It is not within the scope of this manual to discuss
individual, local circumstances. Some general guidelines regarding factors

which must be considered can, however, be given:

(i) dimensions of standard materials, Where possible, designs should
take account of the sizes of material locally available, For
example, it would be poor design to specify the width of a
corrugated iron collector as 1,1 m 1if the standard width of
corrugated iron sheet is 1 m, Before finalising a design, the

commercial availability of materials must be ascertained,

(ii) wuse of rural materials, The cost of building a solar dryer can be
minimised if the producer is able to use wood cut straight from the
forest rather than prepared timber. Careful design in the
development stage of a dryer can often facilitate the use of cheaper
materials, Difficulties caused by these materials are in joining
pieces of the structure, in sealing the structures against air
leaks, and in attaching the plastic sheet to the (wooden) frame,
There is obvious scope for designs which use prepared timber at
strategic points and unprepared at others. Where the use of wood

is necessary, remember to take environmental factors into



