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ABSTRACT
Five small scale and two nmedi um scal e crop
dryers with and w thout rockbed heat store
well as a hybrid crop dryer, suitable for crop
drying in different |locations in savanna
of Norther N geria were designed, constructed

and lab-tested in | AR ABU, Zaria

The full capacity of the small scale
dryers are 50kg of maize grain, 20kg of fresh
tomat oes and 15kg of fresh okro The full
capacity of the medi um scal e dryer
fresh tomat oes and 30kg of fresh okro. The
hybri d dryer is of capacity 600kg of unthreshed
mai ze. The medi umscal e wood t ype, | arge scal e
netal type solar crop dryers were constructed
the field, at Jere in Kaduna State, New Wise and
Kwada in N ger State, The full capacity of the
medi umwood type dryer is 250kg of unthreshed
fresh nai ze and 400kg of unt hreshed fresh nai ze
for each of the nmetal and nud type sol ar dryers.
These dryers were built with the locally

avail able and affordable nmateri al s.

Laboratory and field tests were conducted

on these dryers fromMay 1990 to June 1991.

During the test 50 to 99% of savings in
drying tinme were achi eved wi t h the nat ural
convection solar dryers and the hybrid crop dryer

when conpared with the traditional open sun



Viii
drying nethod. Upto 60%crop drying parcentage
cash flow gain over the traditional drying method
was realised. Dryers cost analysis and their
payback period showed that the designed dryers
are wthin the farners reach and that it is nore
economcally profitable than the usual traditiona

open sun drying nethod.

The nutrient value of vegetables and fruits
dried with the direct node sol ar dryers having
rockbed heat storage proved to the best when
conpared to the traditional drying nmethod and the

indirect node solar crop dryer nmethod.

Data on the rate of crop drying are fully

presented in Chapter five.
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CHAPTER ONE

1. ; INTRODUCTION

1.1 Statement of Problem

The importance of effective drying and preservation
of crops as a means of improving the standard of living
in the third world countries cannot be ever emphasized.
The need to feed the teeming population in developing
countries has forced farmers to increase thelr food
production. Besides, the extending of high yielding
varieties and granting of loens at subsidized rate to the
farmers has resulted in boosting agricultural production,
Consequently, Nigeria which {s also a developing nation
recorded in 1987, about 1% million tomnes of grains
production as reported by Nasko (1967).

The positive result ¢f emphasis on food productiocn
has sel in another important problem of post harvest
handling of crops. This is because the common crops, such
as yam, cassava, maize, millet, sorghum, cowpeas, soya
beans, groundnuts, rice, pepper, okra, tomatoes and
cnions, grown in the tropic¢s and in Nigeria in particular
generally mature for harvest during the rainy season when
the weather conditions are not favourable for field or open
sun drying of crops. The need for crop drying is more
serious in the middle-belt and scuthern parts of Nigeria
where ambient relative humidity is relatively high

during the harvesting seascn Arinze et al. (1990).



Crops harvested in rains under high moisture content
still experience some internal physiological activities
due to enzymatic reactions. In order to eliminate or
reduce the destruction of crops by micro-organisms
which thrive under high moisture content of crops, the
crops have to be dried artificially or stored in a cold
environment (refrigerated storage). Drying of

| agricultural products is more convenient to handle,

and less energy demanding than preservation by cold
storage. Crops that are normally harvested during the
heavy rains, mostly from June to September, nced some
means of heating the relatively humid air artificially
to enhance drying of such crops. In sub=-sgharan northern
parts of Nigeria, where there is high intensity of
sunshine and low relative humidity in most part of the
year, grain crops are normally left to dry naturally

in the field before final harvest. Some early maturing
crops in sub-saharan region need supplemental heating
of the drying air for effective drying of the crops

to safe storage conditions.

There are many epproaches to crop drying, which
include natural field-drying and open sun~drying, free
and forced convection solar crop drying, and conventional
artificidal heated-alr crop drying. The natural field
- ¢rop dryiny is the system where by the agricultural
products are left in the field to dry down to safe

storege wolsture content. This approach may lead to

PR



considerable field losses, and it is limited to
sub=-gsaharan region of Nigeria with relatively favourable
outdoor weather, Thus, cnly grains that mature for
harvesting during the dry season can effectively dry in
the field.

Open sun drying of aggricultural products is the
traditional system of crop drying generally in Nigeria.
Over 90% of agricultural products are sun dried in
Nizeria and in most other developing African countries

Arinze et al. (1990). Traditionally the farmer spread
their crops in the sun on mats, top of rocks, roofs, or
road sides, and by hanging on trees to dry’ Al though
sun drying requires little capital and man power, it is
associated with many problems and short comings. A
considerable percentage of food items deteriorate rapidly
due to the slow rate?hrying in this process. In addition,
large quantity of the crops spread for drying in open
sun aze consumed or damaged by insects, rodents, birds and
other animal yests + They are further spoilt by
micro~organisms, especially moulds, and possibl, rewetting
by rains or dew. The undamaged ones are commonly
contaminated by dirts, sands, plant and animal remains,

In the equatorial regions of the third world countries,
there is rainfall almost all the months of the year and
so the crops after harvest may dry very slowly if left

outside. The farmers in these regions normally apply the



traditional artificial heated air crop drying system, In
this case the crops are dried by hanging the €ar moss¢ OF
bunches of unthreshed grains, pepper, vegetablesg, slices
of yam and cassava above the fire points in the kitchen.
This method of drying is also associated with its own
peculiar problems. Heat supply is only available during
cookiﬁg hours. This prolongs the drying period of the
crops, such that most of them spoil before they are dried
to the required storage moisture content. Besides,
kitchen crop drying can accommodate only a very small
quantity of grains and other crops in a batch drying
process,

The length of time an agricultural product cen be
preserved is g direct function of the moisture content of
the crop in question. Normslly, crops are preserved for
o long time if the moisture content is low (below 12%, wet
basis for most grains) due to proper drying. Renewable
energy can be harnessed from the sun and biomaterials for
artificial drying of crops. Generally the earth's heat
energy c&mes directly or indirectly from the sun.,
Indirectly in the sense that the fossil fuels, which
farmers mostly depend on for generating their needed heat
energy, 1s the stored solar energy in plants through

photosynthegis., Fossll fuels in the form of gas, liquid
or golid fuels can be burnt to generate heat energy for

drying cropss ©On the other hand solar energy can be tapped
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directly from the sun by photothérmal conversion.
Photothermal conversion is the process by which solar
energy is directly converted into thermal energy by
intercepting the solar radiation and turning it into heat
by the spectral selected Surface Oixon and Leslie, (1978).
The heat energy:so generated can be used in drying "
agricultural products.
The Agricultural Engineers among others, have
developed various systems utilizing solar energy in
drying agricultural producits. The two basic systems are
the forced and free convecition heated-air solar dryers.
These mechanized solar crop dryers are easier and cheaper
to construct and maintain, thoan the conventional fossil fuel
jpeated-air systems. They can also be located at any place
)the farmer finds convenient, especially the free convection
type, which does not require a blower. On the other hand
the use of the forced convection solar dryer normally
operated by fan coupled to an electric motor or fuel
- engine is restricted only to places where there is
electricity or provision fcr operating fuel engines,
Artificimlly heated~air crop drying system is another
. area of interest where research work is advancing. In
this system alr is artificially preheated by 5 fossil fuel
burner or e¢leatric heater, and then forced to the crop

drying sectlon by a blower.



Most of the artificially heated-air crop drycrs
used in developed countries are too large, highly capital
intensive and incompatible with the requirements of small
scale farmers who constitute about 80% of all farm
holdings Ijere (1986) in Nigeria. The forced convection
solar dryers and the artificially heated-air dryers are
restricted cnly to places where there is electricity and
to the negligible number of large scale farmers who can
afford the cost of fossil fuel engines. The performance
of relatively chegper free convection solar dryers is
only limited by weather conditions. 1In the case of free
convective solar dryers little or no attempt has heen
made in designing them to suit drying of perishable
vegetables and fruits in Nigeria. Consequently these
essential food items are only avallable in abundance
during the harvest seasons. It can be rightly said that
the effective drying of agricultural products at any
~ season 0of the year has remained a problem yet unsolved
in Nigeria, 'é _  ‘

In this prbject the drying problems of farmers in
Nigeria are critically studied. The project is limited
to the construction and experimental evaluation of
natural convection solar crop dryers and hybrid crop

dryers for forced convection systems.
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Objectives of Lhe Study

The main objectives of Luis study ire:

(a)

(b)

(c)

To construct and cxperiments1lly cvaluantc tre

performance of simple inexpensive frec
convection solar crop dryers suitnbls for

on=-farm use by the farmers,

To conduct field t :sls on theue dry 1'c in

selectzd locations in nocvthern Nd goria,

To conziruct and experimentally evaluocc
the performance of hybrid d:ryer usin . boiu

solar cnergy and gus-fired heaters,



CHAPTER TWO

2e LITERATURE REVIEW

2.1 Tntroduction

The construction of crop dryers hos persisted
with the history of mankind. Food crop drying operation
is not entirely » new system. As far back ns 1715 B.C.
there was a great exhibition of drying and storage
technology by the Biblical Joseph Jacob, who designed
and constructed crop dryers, storqt» bing snd silos,
that successfully dried and stered cnoui: grains that
fed the Egyptains and their neizhbourin, countries for
a period of fourleen years, since thoir the awareness of
drying and storage as a means of preserving food items
has been created. Hence research work has continued on
the improvement of existing dryvers and development of
new crop drying technology. Availabls literature on

solar crop drying is discussed in this section,

2e2 Salar Drvers

Controlled solar gain drying tesis were initiated
in 1957 by Davis ot al. (1959) who compored solar
supplemented drying with natural air crying, However,
Dixon and Lesile (1979) repo~ted that the flat plate

solar fluid heater was invenzed by H.U, Saussure during the
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second half of thea 17th century. Theywent on to say tht
that K.W. Miller introduced onc of the early over lapped

glass plate air heated in 1943,

Arinze (197%) in Nigeria desirned, constructre and

tested a solar energy model dryers, which utilized wind
cups and chimney cffect to obtnin air [low through the
dryer. The test revealed that the specific energy consum-
ption rate (watts per kilogramme) - water evaporated, Ip
for a 30 to 59am thick layer ol corn receiving solar
radiation directly through a transparent plastic film
was comparable to the figure obtained for a conventional
high temperature heated air deep bed dryer, O0Obi (1084)
reported that fibre glass as a cover material has the
highest collector useful energy oain, and that the higher
useful energy gain for the sirgle fiber glass cover is
mainly due to the higher heat removal factor or collector
efficiency factor obtained by using this cover material,
According to Mahendra et al, (1937) solur kilm for drying
lumber under controlled conditions of temperature and
relative humidity is one of the carliest example of solar
drying.

The simplest type of solar &yer introduced for drying
grains and fruits is the one in which the heating of the
inlet ambient air and removal of moisture from the product
takes place in the same unit Alver (1975). In Colombia
a natural convection solar dryer was used for drying

coffee as reported in Alver(1975).
A simple solar dryer designed with locally available
materials such as bamboo, sticks, mud and ropes were developed

by the Development Technology Centre, Bunding, Indoneasia
as was reported by Mahandra et al. {(1987).
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Light weight pprtable collapsible collector was built
and tested for drying sorghum and whest Converse et al.
(1978).

Initial experiments using solar heated air with no
storage and solar heated air with water heat storage were
used to dry small model bins (145kg capacity) of peanuts

Troeger and Butter (1977), various geomntries, collector
efficiency and pressure drop variations for different flow
conditions were investigated by Kuzay et al. (1970).

NRCC (1978) reported that some work has been done on
design and construction of rock bed golar dryer in which
the flow distribution study indicated that a minimum
pressure drop across the bed of approximately LjOPa was
required to achieve a uniform flow distribution through the
bed of a particular plenum 200 and 175 mm hign. Wwork
done on solar energy intensilier-thermal energy stroage
(SEI-TES) system, for drying corn and other agricultural
products was presented by Mylo ¢t al. (1240)., In their
work a rock bed was used as the heat storage system.

Kranzle et al., (1980) showed that low-temperature
drying appears well suited to solar thermal supplementation
for drying most agricultural crops, which do not need high
temperature in order to retain their viablility after drying.
They recommended that if polythene cover is used on the

heat collector, it should be -eplaced after each drying

season, due to UV deterioration.
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Mahendra et al. {(1987) stated that in general, a
cabinet type dryer reduces the drying period by one half
in comparison to open. sun-drying, and that the shorter
drying period improves the guality of agricultural
products., Duffie and Beckman (1974) stated that
development of efficlent solar drying processes would
permit increased production of dried food while reducing
industrial dependance on fossil fuels. They went on to
explain that technology is now available for designing
flat-plate solar collectors and thermal storage systems
that could be used to heat air for conventional continuous
food drying process.

William {1978) reported that a cuntinuous drying
process might require storsge of up to 7% percent of the
daily solar energy as thermal energy to provide continuous
supply of air at SOOC to 70°C for over night use. Badewes
et al, (1979) in Nigeria designed a simple and cheap
drying system for onions., Also in Nigeria Adeniyi (1976)
investigated the principles of indirect solar heating.

In his work fresh pepper was successfully dried to 7 percent
moisture content, wet basis and okro ¢4 8 percent moisture
content,

A Mathematical model to describe the solar air heater
operating by natural convection was developed by
Grainger et al. {1981). They presented this in a form of

three energy-balance equations for the cover, air and



absorber plate. Akani (1990) designed ani constructed direct
and indirect mode mud-type free convection solar crop dryers.
He found that wooden and soil black surfaces were as good as

metal heat absorption,

23 General Configuration of Solar Uryers

A close investigation on different models of solar crop
dryers has revealed that there are two major sections of the
dryer, namely solar collector and drying sections.

A solar collector is normally made of a rectangular box
with wooden, metal or mud framework, a blackened insulated
bottom, a black-painted absorter nlate or floor, a transparent
glass or plastic cover fixed in such a way that air plenum is
created between the transparent cover and the blankened absorber.
Solar radiation at the earth's surface has wave lengths from
0.3 to 3.0 micrometre lhekoronye and Noroddy (1985). The solar
radiation wave lengths are short-waves. sShort-wave radiation
is able to pass through clear transparent substances, but it
is absorbed by matt black objects. After the short wave
length has been absorbed, the black material emits heat
radiation with wave lengths of more than 3.0 micrometre, that
is long-waves. Long-wave radiation cannot readily pass through
sowne clear materials such as glass. If matt black material lying
on an insulated base covered with such a clear material (glass

or plastic) is placed under the sun it can act as a
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collector for golar'radiation in the form of heat., 1n
free convection solar dryer, air flow in the collector
is as a result of air density variation, caused by the
temperature difterence. Thus, the hotter air rises
thereby creating natural convection. The insulation
minimizes heat losses to the surroundin~s, The above

description is the simple principle of n solar collector.

A significant advantage of the use of n plate
collector to produce energy is thet it 1s responsive to
both direct and diffuse solar energy components, thus
it will provide useful heat energy even under cloudy
sky conditions Jhekoronye and Ngoddy (1985). Duffie
and Beckman {1974) reportec that glass as a transparent
cover on Lthe collector is the best material, as compared
to plastic materials. Basu and Cnakraborty (1978)
carried out an experiment to simulate natural convective
heat transfer in inclined layers. They found that
conduction and convection h2at losses decreased as the
air gap increased, up to a certain 1limit, beyond which
further increase in air gap caused increase in heat
losses. Kordylas (1990) pointed out that the dryers
which include solar collectors with controlled ventilation
are quite good for an effective solar crop crying. For
high efficiency and sanitary reasons, the frame should
be air tight, except for the vents which help to direct

air through the dryer,
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Dixon and Leslie (1978) stated that plastic materials
such as polyethylene and fiber glass sheets, have been
used in solar heaters, but they deteriorate with time and
at high temperatures. Moreover ultraviolet radiation
discolours them, although they are easier to handle than
glass cover., They went on to state that generally, the
area absorbing solar radiation should be the same as the
area intercepting the solar radlation, and that the
recommended gap between the black-plate and the glass cover
iz 0 to BOmm, because of tThe shading effect which affects
ihe efficiency of the collector. _

In the work done by Daniel (196l), he reported that
solar collector should be tilted toward the equat;r,
because they collect a greater fraction of the solar heat
in that orientation., In the northern hemisphere, they are
faced south and tilted at an angle with the horizontal
equal to the latitude angle of the location. In the winter
the flat plate collector should be tilted at the angle of
latitude plus 15° and in the summar at the angle of latitude
Aminua 15°,  From Barbour et al. (1982) Nigeria lies within
latitude 4C and 14° N,

A cross section of baslc flat-plate solar collector

is shown in figure 2.1.
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2elt Theoretical Analysis of a Fiat-Plate Solar

Collector.

2.1 Introdugtion

A typicaliflat plate collector as shown in Figure 2.1
comprises of a black energy absorbing surface, a transparent
cover to reduce convection and radiation losses to the
surroundings, an air space for flow of the alr in contact
with the heat absorbing surface, and back and edge
:vinsulations to reduce conduction loss to the surroundings.
The performance of a solar collector is deseribed by an
energy balance that indicates the distribution of incident

solar energy into useful energy and various losses.

2elpe? The Basic Flat-Plate Enerzgy Balance Equation

and Collector Efficiency.

Duffie and Beckman (1974) gave the Basic Flat-platé
Energy Balance as:
Ao Tt (o) = Qu + Q. + Q vevraiiiiiian. 241
where ' '
A, = collector area, m2
I; = total solar irradiation incident on the

- collector cover plate with transmittance egual

o Z;( " W/mz

’Z&tm transmittance - Absorptance product of the

collector, dimensionless factor.
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Qu = rate of useful heat transfer to a working
fluid in the solar heat exchanger, W

QL ¥ rate of energy losses from the collector to the
surroundings by the radiation, convection and
by conduction through supports for the

absorber plate,W

Qs = rate of energy storage in the collector, W

The useful energy under steady state conditions is obtained
from the three energy balance equations given‘éyr Puffie
and Beckman (197&‘ _ _

q, = F "m)eI-UL (Te = T.0) eevennnnns 2.2
considering the fact that there may be some heat loss from

the collector, equation 2.2 becomes

qu * FF (( h)el - U].- (Tfi - TaJ) O S I 2‘3

By definition, instantaneous solar collector efficiency is:

7 = qu/I D R R O N T T T A 20’.‘.

Hill and Streed (1976) gave an expression for the
instantaneous efficiency in terms of both the useful energy

and the air flow rate:

7 = qu/I .u M Cp(TfG' - T.fi') CE I TR RIS 2.5

where
q, = useful heat flow per unit area, W
I = solar irradiation, w/m2
F = collector efficiency factor

" .
{ A;)ea effective absorptance-transmittance product
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U, = Total heat loss coefficient of collector,
w/m’ °c
T = mean temperature of air in collector %

T = collector air inlet temperature, °¢

Te., = collector air outlet temperature, ¢
M = mass flow rate of air per unit collector area, kg/s
c

= specific heat of air at constant pressure, J/kg °c

P
FR = collector heat removal factor, w/m2 k T
Ta = ambient temperature, °¢

ja = instantaneous solar collector efficiency %

2.4.3 } Collector Efficiency

Collector efficiency is given by Mahendra et al.

(1987) as:
Z: F1 (z’q )e"'UL (TI "Ta) - .....QUQQ Zlb
I-—.—
where

= instantaneous solar collector efficiency %
F = collector efficiency factor :
Z:k « effective transmittance - absorptance product
for the solar collector '
U, = total heat loss coefficient of the solar collector,

w!mz k
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Tf = temperature of air leaving the collector, °c
T = ambient temperature, °¢
I = intensity of svlar radiation per unit area of

the absorbing surface, w/mz

The above Equation (2.6) is based on the performance of

flat~-plate collector operating under steady~-state conditions

and under the following assumptlons:

1o

Zs

9.

10.

The ends of the collector cover represents a small

area and can be neglected.

Fnd passages privide uniform flow of fluid over the

collector plate surface.
There ic one dimensional heat flow through the cover

There is a negligible temperature drop through the

cover,

There is one dimensional heat flow through back and

edge~insulation,
Glass cover material is thin with the thickness.

ranging from 3mm to Smm.

The sky can be considerea as a black body for long-wave-

length radiation at an equivalent sky temperature,

Properties of the fluid and absorbing surface are

independent of ftemperafure.

The effect of dust and dirt on the collector are
negligibie,
Shading of the collector absorbing plate is negligible.
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2.4 : Solar Energy Availability

Irradiance is the amount of solar radiant energy
falling on a unit surface area per unit time. The energy
received from the sun on a unit area exposed normally to
the sun's rays at the average sun-earth distance outside
the parth®'s atmosphere is called solar constant Dixon and
Leslie (1978). Thekaekara, and Drummond (1971) gave the
value of solar constant as 1353 W/mg. As the solar '
constant (radiation) passes through the atmosphere, it is
partly scattered, reXlected and absorbed by the atmospheric
particles, so that only a portion reaches the earth surface,
The portion that reaches the earth depends on the atmospheric
condition of the particular location. The solar radiation
reaching the earth consists of two components : direct or
beam radiation and diffuse rediation. Deam radiations is
the solar radiation received by a surface with gegligible
or no direction change and scattering in the atmosphere,
while diffuse radiation is that solar radiation received
from the sun after its direction has been changed by
reflection and scattering by the atmosphere. Total
radiation is the sum of beam and diffuse radiation. Most
solar radiation measuring instruments_(HAENI SOLAR 118
DELTA) measure the total radiation.

The available solar radiation changes with season,
therefore the average smount of solar energy received by a

flat surface véry from month to month depending on the

-
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latitude of the location, surface orientation znd tilt
angle to the horizontal. The distance and condition of
atmosphere the radiation has to pass through greatly
affects the amount of selar cnergy reaching the earth,
The more atmosphere or air mass that solar radiation must
pass through, the less its energy content, due to the
increased absorption and scattering of radiation.

The earth's tilt is responsible for the seaconal
variation in weather or solar energy availabiliﬁy.. |
Areas like Nigeria within the tropics are not as seriously
affected by seasonal variations in weather due to eartht's
tilt, because Nigeria lies very close t;fﬁguator. The

in, Nhperda
seasonal changes in solar energy availabilityzare mainly
due to seasonal changes in atmospheric conditions. The
clear sky conditions preveil more during the dry season
than during rainy season. Generally solar energy is
available all the year round in most tropical areas.

It is clearly seen that the availability of solar
radiation on a flat surface on earth is dependent on the
latitude of the location, surface orientaticn tilt ansle
to the horizontal and seascn of the year. Availsbility
of solar radiation data is a necessary basis for the

design of solar energy devices., Arinze et al. (1990)

reported that Nigeria generally has abundant sunshine

".'1(..
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with the intensity of daily or monthly available solar

energy increasing from the humid south to sub-ssharan

north.

T

2.4.5 Free Convection Heat Transfer in Solar Collectors

Free convection in A solar collector is a limiting
factor to the collector's efficiency. The mechanism of
free (natural) convection is well spelt out by Hollands
(1678) as follows: o

Heat transfer in a stationary fluid is by conduEtIOn,
Just as in solid, and, under steady conditions. In this
case the temperature field satisfies Lapace's equation.
For a parallel layer of stationary fluid of thickness t
and having temperature Th on one face and TC 41Th on the

other, the heat flux, 9 acorss the layer is given by

qs = K(Thﬂ'TcJ L R R N I I BN B AR R A ) 2'7
t

where X is the thermal conductivity of the fluid. The
heat transfer coefficient, h, across the layer is defined

as the heat flux per unit temperature difference:

hs = q;‘l_ = % .'.I....I.lct...l.l.'..2..6
c

The subscript s is used to dencte the stationary condition.
A temperature variation is initially established by
conduection, when a temperature difference is applied

across a fluid. Since the density of most fluid depends
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on temperature, conseguently, a density variation of the

f1uid is established by temperature difference across the
luyere This non-uniform deasity in turn causes a lecal
inmbalance (called the buoyancy forecs) b~tween Lhe gravity
force and the hydrostatic pressure ferce on a fluid

vlement., The buoyancy force can drive n flow in the [luid
and this flow is called free (or natural) convection,
Hlence free convection is established by only applying
external temperature gradient, After Lhe flow of fluid
his been initiated by temperature difference, the natural
convection is then accelerated by free convective
thermal energy mechanism through bulk movement of fluid.
In which case the motion of the fluid flow initiated
as a result of density variation is resisted by the
viscosity (internal friction) of the fluid. The heat
transfer by natural convection is influeaced by:

i) Gravitational furce due to thermal

expansion
ii) Viscous drag
iii) Thermal diffusion

The natural convection heat transfer, thus, depends
on the gravitional acceleration g, the coefficient of
thermal e:(pansionf‘ o the Kinematic Viscosity V = -’%,
nd the thepual diffusivity o = k/(?(,;,.- « The
variables can be expressed in terms of dimensionless

number called Nusselt number given by ASHRAE Fundamental
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(1977) for horizontal or vertical plancs, pipes,

rectangul ar
N; =
for laminar

wlhiere

Ny

h

1=t =

k =
Gr -

Fr, =

blocks, and spheres as

.hrl. = 0.56 (GI‘.PI‘.) 0,25 esessssceaa 209

range 10“ (GR.Fr) 10"

= Nusselt number
= conveCtive heat transfer coefficient,

w2 k=1

characteristic dimension o7 the geometry
of “low (thickness of air layer)m

thermal conductivity of "luid, w/mk
Grashof number

PFrandle number

The Orashof numb r isdven as shown bhelow by Holman

1981
Gr

where

Al =

The Prandtl

2
= gf ATL e e s reee Dol
_UX

acceleration due o grvity, ms™°
volunetric coefficient of expansion of air,
1/,

temperature difference between the hot and
cold surface, k

plate spacing, n

kinematic viscosity, Pa.s

nunber is =1so given by Holman 1981 as

Pr = P
k

LA R R . 2.11
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where !

Cp = gpecific heat of the fluid (J/kg k)

The fluid pPOpeFtieS,p? y &k, C

! and density

of the fluid e (kg/mB) are all subjoct to variations
with temperature and hence are not constant across the

fluid in an enclosure.

It has been found that if Nu = Q% = 41 and Rayleigh

number (Ra) slightly greater than 1708, the air will be

" in motion by natural convection {Dixon and Leslie, 1974).
are
The expressed Rayleigh and Nusselt number,as follows:

Nu = 1+__1.m; (1-.1%;§)+£ (_E;%%d)*-j e 2412
and

Ra = 2737 (1 +2O{)2 othAT (1001,)3 p° veee 213
where

Nu = Nusselt number

Ra = Rayleigh number

= 100
"
Tm
‘I‘m = meagn temperature of fluid in collector, °k
T = T + T
a

m DU S : |
2 .

T = temperature of hot surface {ahbsorber plate), Ox
Ta = temperature of ambient air, “k
P = pressure in atmospher, KP«

L = width of solar cecllector {absorber surface
of the glass cover), m
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The air flow rate recquired to dry some qQuantity of
crops when the optimum temperature difference and the
. amount of heat to be removed are known is given by

ASHRAE (1977) as

¥ _
! v "? TI;%TT rerrnnnereneneraeraarnenraees 2,14
where :
VvV = air flow rate, m3/min
= heat removal rate, W
Cp = sgpecific heat of air at constant presgure,
J/kg k
? = density of standard air kg/m3
AT = Iindoor-outdoor temperature difference, k
b 1y | Flow Due To Wind

In considering the contribution of natural wind
forces in producing ventilation, account must be taken of
average wind velocity, prevalent wind direction, seasonal
and daily variation in velocity and direction, and local
wind interference by nearby buildings, hills, trees and
other obstructions.

ASHRAE Fundamentals (1971) gave an expression for
evaluating the quantity of air passing through ventilation
openings due tc the wind as:

== .t.......0.....l-.-.........'.!.’ 2.1
v BAV . 5



- where

v, = v&lume air flow rate, m3/s

A = free area of inlet opening m2

v = wind velocity, m/s

E = effectiveness of openings

= (0.50 to 0.60 for perpendicular winds and
0.25 to 0.35 for diagonal winds)
2.5 Rockhbed Thermal Storage

It is recommended that the size of the rock to be
used for thermal storage will be between 10 to 50mm with
not more than 10% smaller. In order to evaluate the
thermal performance of rockbed thermal storage, the
following properties of rock have to he known:
density, void fraction and specific heat and eguivalent
spherical dismeter.

Duffie and Beckman (1374) sited the correlastion on
temperature gradient, rock particle size package and the
velumetric heat transfer coefficlent in the rock bed by

the following equation.

h

- C.7
v 65}0%(}_) L L N I N I I 2-16

where .
h, = volumetric heat transfer coefficient,

w/m> °c
G = superficial mass velocity, kg/s "
D = equivalent spherical diameter of the

particles, m
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: % |
& Vv .
D= g('}’) (NE)J] Seererrens ceaeeces 2,17
D

V. = Net volume of particles, m3

Np = number of particles

According to Duffie and Beckman (1974}, a well-

designed bed would have particle size small enough to
minimise temperature gradicnts in the particles. To
achieve this the Biot Criterion fov sphere of radius R
and thermal conductivity kX is applied. Hemco  he

Biot number hR is less than 0.1, thermal resistance withir
the particlez (and thus internal temperature gradients)
can be considered negligicle, Particle sizes should be
uniform enough as to obtain large void ractions and

thus, minimise pressure drop. h in the given Biot

number is the usual heat iransfer coefficient per unit

£0
area. h is related,h, of Equation (2.9) by

= A Jh
% (%) [ T YRR 2‘18
where ' .
= surface area of the bed material, m2

= vealume of bed materigl, o

volumetric heat transfer coefficient, W/m3 k

e

SO
#

= heat transfer coefficient, h’/m2 k
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2. 6 C(as=lired Heat Exchanpger for llybrid Cfop Dryer

2. 6.1 Introductior
The hybrid'crop dryer consists of solar dryer and

a Gas-fired heat exchanger. lHeat cxchangers are

characterized by the way fluids at high or low temperaturc
flow through them. For the purpose of this project work,
parallel and counter flow neat exchangers are considered,
fan (blower) performance for driving the fluid passing
through the heat exchanger is also reviewed, The thermal
calculation of heat exchanger and the estimation of the

cffectiveness are presented.

2. 6.2 Thermal Calculation
Okhotin et al. (1987) give the heat transfer

equation for = heat exchanger as:

Q = Q] -QQ, LR N LR P019

and '
Q1 = Q2 + Q & v a & 3w P F R @B PR A 4 2.20
but Q = TKA

~where -
K = average overall heat transfer coefficient

Tor the entire surface of the heat exchanger,
W/m k |

Q = heat power of the heat exchanger, W

T = average temperature difference between fluids

in the heat exchanger, k
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A = area of heating surface, e
heat power absorbed by the cold fluid, W
Q1 = heat power given off by the hot fluid, ¥

@ = heat loss, W

The overall heat transfer coefficient K is given by:

K N 1 LI L U L B 2.21
EREERYS
Al A2 %y

X and 5(2 = average heat transfer coefficient for

the hot and cold surface of the
separating wall, respectively, W/m K
AX = wall thickness m

Kt = thermal conductivity of the material.

The heat loss can be minimized by applying thermal
insulation, so that @ is much lower than Q,. Neglecting
Q Equation (2.20) becomes

Q = @, = Q L T L I T T s
and
1 " W L
Q =0, (h1 - h1) = G, (h2 - ha) seaneeverYe Seled
where
Gy end G, are the mass flow rates, respectively, of

the hot fluid (1) and cold fluid (2), and n;, hY and

?
20 B are the enthalpy of hot and cold fluid, respectively,
at the heat exchanger inlet and outlet.
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2. 6.3 The Log Mean Temperature Difference

The log mean temperature difference is an important
parameter required to calculate the surface zrea for heat
transfer, overall hecat-~transfer coefficieat as well as the
heat transfer through the plane walls of the heat
exchanger., The log mean temperature difference ig found

from the following relationship according to Holman (1981):

qQ = UA AT Petrvieetasiseneccnunsonvns Csl3
where
q = quantity of heat transfer through the plane
walls of area A for the heat exchanger, W
Amm: log mean temperature difference, K(OC)
U = overall heat transfer coefficient for the

heat-exchanger, w/mz'K

But q = Th - Tc .
1 N Ax+ 1 TR R R T T Y 'h’
RA KR R4

Tc and 'I"h u. the hot and cold fluid temperatures on
gach side of the plane wall, respectively
h, and h2 = the convection heat transfer coefficients
an each side of the wall respectively.
K = +tihermal conductivity of the heat exchanger
wall W/m k
2

A = gurface area of heat transfer wall, "

AXw thickness of the wall, m
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The overall heat transfer coefficient, U, is piven as

U =

L B N T A B I S L N 2.25

+ +

=1
gt
e

1 2
" The parameters are as defined in equation 2.2l.

The log mean temperature defference is also given by:

Tm

]

(Th, - Te,) - (Thy - Te,)

In~ {Th, - Tcz);'(‘l'h1 - Tc

LI BN B N N 2‘.26
1)

This log mean temperature difference { ATr) iz also

denoted by the symbol (LMTL).

2. 0.4 Effectiveness of Heat Exchangers

Heat exchanger effectiveness is derived as the ratio
of the actual heat transfer to the maximum possible heat
tranafer, That is

2N
Uy

2

B8 & 08 s 4 ¥ & bwtosavacrn 4_.27

Zf = effectiveness of heat exchanger
qy = actual heat transfer W
4y = BeXizum possible heat transfer, W
The actual heat transfer may be computed by calculating
either the energy lost by the hot fluid or the energy
gained by the cold fluid,
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For parallel flow exchanger

q, = Mh C’;’ (Th1 - Thz_) - MC CF? (Tcz - Tc,l) vee 2428

[

For counter flow exchanger

qq = My Cp (Thy - Thy) = M, CE (Te, = Tey)  oes 2.29
where ' '
q; = actual heat transfer

Th1= hot fluid flowing out of the heat exchanger

Mh = mass flow of hot fluid

Th2= hot fluid flowing in the heat cexchanger

C& = specific heat of hot fluid |

Tc1= temperature of cold fluid flowing in the heat
exchanger

M, = mass flow of cold fluid

Te,= Temperature of the cold fluid flowing out of the
heat exchanger

C. = specific heat of cold fluid

For maximum possible heat transfer it is given that
the fluid which might underge this maximum tewperature
difference is the one having the minimum value of NC, sihce
the energy balance requires that the energy received by
one fluild be equal to that given up by the other fluid,

thus:

qmax = (HC):mi‘n (Thinlet - Tclnlet) -to..t.lltndl 2030
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The minimum fluid may be either the hot or cold fluid,
depending on the mass-flow rates and specific heats.

For the parallel flow exchanger

Zh = M C, (Thy - Tny) = Thy - Th,

h ,
y -~ L - axa vy ey 2-31

n Ci (Th1 - Tv1) fﬁ;‘ Tc1 |

e = Mc q% (T02 - Tc1) = Te, - 'I'c1 . ' 2.3
Mc q% (I’h1 - Tc1) lh1 - Er1 -

where

Zh = effectiveness when the hot fluid is the

minimum

AR
o
0

effectiveness when the cold fluid is the

minlrnim,

Other parameters are as defined in Equations {(2.28) and

(2.29).

For the counter flow exchanger

; h = M C. (Thy - Th,) = Th, - TIh
iy A 2 2 1 2 2.133
My qﬁ (Thy - To,) Th1 - fce o

Zc = M, Cp (Tc1 - Te,) = Te, - Te,
—W_——T(_)- 'r""‘“‘T—" LK 2-3!{.

The symbols are similarly defined as in Bquations 2.28)
. = 1 . |

and (2.29).
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2.7 Basic Principles of Crop Nryin<

JeT<1 Introcuction

One of the pasic considerations in drying
agriceltural crops is the role of moisture in the
crop Heldman and Singh, (1980). The chemical, physical
and thermodynamic properties of bouna wi:ter indicate
that three types of bound water may exist in crops,
nomelys

i) Water molecules which =wre pound to ionic

groups uch as carboxyl and =zmino groups.

ii) Water molecules which are hydrogen bonded to

hydroxyl and amide groups,

iii) Unbound free water found in Interstatial
pores in which ca»illary foices snd soluble

constitents cause lowering of vapour pressure.
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The moisture is removed with a certzin degree of
difficulty during the drying process, depending on the
clagsification within which it falls. The above type of
bound moisture are listed in order of decreasing difficulty
of moisture removal. In addition, they are listed in
reverse order in which moisture would be removed as the
moisture content of the crop is decreased. This means
that the free water would be evaporated and removed first,
followed by the water molecules that are hydrogen hounded
and finally, the moisture which is bounded te ionic
groups., Each of the three groups of water in crops

- require different amount of energy for removal. The
nature of moisture content of crops is the major focus

in design and operation of crop dryers.

2.7.2 . Crop Drying Theory

2.7.2.% Introduction

Drying is a process of simultaneous heat and mass
transfer. The heat is required to evaporate the moisgture
which is removed from the drying product surface by the
external drying medium, usually air. Crop drying is a
function of two basic features, namely:; The properties
of the drying air, often known as external characteristics
and the properties of the product known as the internal

characteristics.
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2elelele Properties of Drying Air

1+ Helative Humidity

By definition, the Relative Humidity of moist air
is the ratio of water vapour pressure in moist air at
any temperature to the partial pressure of water vapour

at saturation. This is given by the eguation

RH = Py -
m R R R R R R T E Y 2-3.{)

where

RH = relative humidity, %

J

water vapour pressure in moist air
Pvs = partial pressure of water varpour at

saturation.

The partial pressure of water vepour at saturation is
calculated from the following equations according to

Brooker et al.,(1974). Considering the fact that the
temperature of moist air employed for drying agricultural
prodgucts is far from the critical point of water vapour,

-

the equation below holds.

dPv e hfg i '
diai;s abs v . A B & &R EE RSN AE N 2‘36

where
htg = Jlatent heat of vaporization «J
Tabs

absolute dry-bulb temperature, K
Vv

(]

volume occupled by water wvapour, m3
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The latent heat of vaporization (hfg) has to be calculated

at the saturation condition and is given by Brocoker et al.

(1974) as
‘hfg = 1075.90 - 0.57 (Tabs = 459.69) ..... 237

2. Saturation Pressure

The saturation pressure of water vapour in a moist

air sample is given by Brooker et al. (197Lk) as

Pvs = exp (B4.63 - lg%g%gég - 5.17 In Tabs) .. 2.38
For 200°F > T > 32°F
and

Pvs = exp (23.39 - 12888 _ 06 n Tabs) ... 239

For O°F £ T 2 32°F
The pressure of vapour in eguilibrium with a pure liguid

at a given temperature is referred to as the vapour

pressure of the liguid. Brooker et al. (1974) gives the

mathematical relationship as 4
Pv = WvRvTabs '
vv LB L R LI N LR B R B B B B B Y 2.40
where
Pv = water vapour pressure, N/mz (Pa)
Wv = welight of water vapour, N

Rv = gas congtant for water vapour
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Tabs = absolute dry-bulb temperature, X

Vv = volume occupied by water pressure, m

5 Humidity Ratio

Humidity ratio of moist air is defined as the
weight of water vapour per unit weight of dry air.

From ASHRAE Fundamental (1977) the humidity ratio is

given by
0.622 RH Pvs
HR = LU U 2.“
(F = Hnrvs)
where
HR = humidity ratio (kg water/kg of drv air)
RH = relative humidity

Pvs = praessure of walar vapour at saturation
h/mz
P = Darometric pressurz = total pressure of
moistair, N/m®
The total enorgy cmntent of a moist air sample

per unit mass of dry airis known as lhe specific enthalpy.

4. Dry-Bulb and Wet-Bulb Temperaturcs

The dry-bulb temperature (Tdb) is the temperature
of moist air indicated by an ordinary thermometer in free
atmosphere, while the wet-bulb temperature (Twb) is the
temperature of mois{ffndicated by tne thermometer when
the bulb is covered with a wet wick. The wet bulb can
also be cooled by evaporation when numid air mass flows

through the bulb,
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5 Dew=point Temperature

Dew point temperature is the Lo peroture at which

the condensation of water vapour he irs if a misture of

air and water vapour is coolel.

6 . Fathal
With the aid of a psychrometric chiart, the

external characteristics of dryin: sir szo far explained
can be directly identified from the chart, when any

twvo of the properties given above nre knowne

2.7.2.3 PFropertiee of the Praiuct (internal

Chinractaristics).

1. Eouilibrivm Moisture Conte-t

When the rate at which the pro.ucl losses moisture
to the surrounding environment is i catienlly equal
to the rote at which it absorbamistvre. from the
surrcundins air, the moisture contewt of the product
under this conditior is referred to = the
equibilibrium Moisture Content, Hen..rion and Perry
(1976) expressed the equili‘brium =mnis..re content
relationship mithematically as:

-CTMR
1 - HH - e = R R 2.4-2

where
RH = equilibrium relative huaiidity, decimal
Mg = equilibrium moisture content, dry basis, %
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T = temperature,k

¢, n= constants depending on Lhe product,

Equilibrium moisture data can, therefore, be reported
in terms of the cunstants c and n. Tne values of these
constants for some materials are given in Table A-1 in
Appendix A.

The equilibrium moisture properties of mieterials
are important in storage and drying. If the relative
humidity of the air in contact with a material 1s higher
than the equilibrium relative numidity of the material at
its current moisture content, the material will increase
irn moisture content, the moisture content at the air
relative humidityfgeing the value approacned. An air
relative humidity lower than the equilibrium will cause

the moisture contact to decrease (orying the product).

2. Latent Heat of Vagporization

Latent heat of water is needed to evaluate tne energy
tnut will be supplied for evaporation of the amount of
waler Irom the wet crop to a desired moisture content. It

is siven as:

hfg = M_C AT

_HTL i & § EERRAN § ian S
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where

hfg = latent heat of vaporisation of water, J/kg

Ma = mass of dry alr flow rate through the
crop, kg/hr

Cp = gpecific heat of air at constant pressure,
J/kg k

AT = temperature difference between drying air
in phenum above and below the crop, °c

M = mass of the water evaporated, kg

3. Resistance of Grain to Air Flow

when air flows through a layer of grains, there is a
pressure drop due to resistance tc the air flow. The
pressure drop is accompanied by energy lost through
friction and torbulence. The pressure drop depends on the
air flow rate through the grain mass. Therefore, the
static pressure developed in the drying pgrain is a |
function of the air flow rate, depth of the material, type,
shape, size, orientation, packing and configuration of
the voids, ' |

 Brooker et al. (1974}, gave the following

expression for air flow range of 0.0102 m3/sec. n® to

2

0.204 m3/sec.m (2.0 to 40.0) c¢/m per sq.ft., the

pressure drop 4P is
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AP = a Qaz )
5 (7 v o) ceerrriavese eve 204ty
where
i AP = pressure drop,(psi)
, = air mass flow, ( 1hisa.in)
aand b = material constants (for shelled corn

a = 0.00065 and b = 0.156)

L. BResistance of Perforated Grain Bed to Air Flow

When air is introduced intc a srain mass through a
perforated metal floor, a pressure drop develops across
the metal floors This is expresswol by the eguation

(Brooker et al., 197i1).

F = 10 Q
"g- ( {1 )2 L L RS R ) 2.&5
ero
where
P = pressure drop (inches of water per foot
deep)

Q= air mass flow rate fbﬁiﬁgh
4 = vold space in grain (percent or decimal)

f = percentage opening in floor {(decimal)

-
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5. Internal Moisture Migration

Internal moisture migration is controlled by
diffusion, capillarity and pressure gradient duc to
Shrinkage. The general equation for diffusion of liquid

through a porous solid Brenndorfer et al. {1987).

2 | ‘
m = Dd2M I I L N I B B I I I B B L) 2.!'*‘6
dt dx
where
M = moisture content, dry basis
t = time
D = diffusion coefficient
X = distance {rom the particle surface

6. Drying Rate

The capacity of a thermal dryer depends on the rate
of heat transfer and moisture {mass) transfer. Since water
vapour must be removed during a drying process, heat of
vaporization is supplied to achieve this. The material to
be dried determines the quantity of heat to be supplied.

«~ For biological materials, at the initial stage of
drying, the rate of moisture migration tc the surface of
the drying product is high encugh to %eep the surface
completely wetted. In this condition, the rate of drying
is controlled by the rate of evaporation from the surface.

This is known as Gonstant Rate Drying Period.



45

The constant drying rate is arrived at by the

following equation (H.nderson and Perry, 1976).

where

H O Oy

< T Gi&

M)

4]

®

H
£

H

o a2

hyh (P, = P,)
hCA (Ta - Tw) LI
T

drying rate kg of water/sec

L B B

*F B A & F oA MR

LI I I B B

ceee 2H7

248

water vapour transfer coefficient kg/sec n°

2
water surface area m
water vapour pressure at Tw

water vapour pressure at ‘I‘a

; kg/m®
; ke/m°

thermal conductance of air £film W/m2 k

latent heat of vaporization J/kg

temperature of hot air %

temperature of wet surface

S¢c

As the constant rate drying period progresses, an

Intermediate period could be attained.

This is the period

at which part of the surface is dried while part is still

wet.

part decreases.

The dry part continues to increase, while the wet

At this stage the rate of drying is

goveraned partly by the rate of moisture evaporation from

the wet parts and partly by the rate of internal moigture

migration within the particle,.

The proportion of the dry

surface increases until the surface becomes.completely dry
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and internal moisture migration becomes the rate
controlling factor. This brings in the second stage of

the drying rate called Falling-lnate Drying Period.

7. Falling-Rate Drying Period

As drying proceeds, a point is reached at which the
rate of transfer of moisture within the material t¢ the
surface is less than the rate cf evaporstion from the
surface and the surface begins to dry out. At this point
the falling rate drying period starts, and the moisture
content of the crop is known as the critical moisture
content.

A number of methods have been used to characterize
drying at the falling rate. This include the cmpirical
methods. Falling rate drying period of corn is given éﬁ

Henderson and Perry (1976), L5

t

L

ALD MR + B Lo (MR)Z  eevvrvvevonnens 2449

But MR = M - Me
-—-—-:-—-—— L I I I I T R I R T T BRI TR * 8 v b N 2.50
MO Me

Also A
B = 427.364 Exp (-0.03301T)

1.862 + 0.00L84T

whenre

o+
it

time to dry to critical moisture content
MR = moisture ratio
M = moisture content

M_ = 1initial moisture content
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equilibrivm moisture content at relative

M =
e
humidity of the drying air, %
T = drying air temperature
LA and B = constants,

8. Rate of Water Removal From the Drying

Crop and the Enerpy Supply to Heat the Air

Drying with heated air is an adiabatic process, the
energy for moisture evaporation being supplied by a
reduction in temperature of the air. The wet-~bulb
(adiabatic humidification) lines ol the psychrometric
chart shown in Figure A.7 in Appendix 4, can be used to
calculate the water removal rate and the energy that must

be supplied to heat the air Henderson and Perry ¢ 1976).

-~

g, Rate of Water Removal

Air initially at dry-bulb temperature 1:AI and
humidity ratio w1 is heated to a dry-bulb temperature tp
and bumidity ratio W, = ¥W,, the heated air is then passed.
through a material to be dried. The state point moves up
the wet-bulb line and the air exhsusts at dry-bulb
temperature t3 and humidity ratio WB' The water remdval

rate Wm iss:

Wm = _Y;.'
. Vh (Wj - WEJ 4 8 8 n e N 20‘51
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where
wm = water removal rate, kgf/sec. °
sectional area of air flow
V = air flow rate m/sec. a°
v = humid volume of air at point of rate

measurement, m3/kg-dry air

Total water removed {rom a product is given by

We = (Miﬁzoﬂﬁi‘) DM Cheeeneeaae.n .. 2.52
where

wt = total water removed lg

Mid = initial moisture content (before drying)
dry basis

Mf‘_= final moisture content (after drying) dry
basis.

D, = dry matter (bone dry) kg

9. Heat knergy to be Supplied

The energy that must be supplied to heat the air.
can be found with the help of the psychrometric chart
shown in Figure A.71 in Appendix A. Represented

mathematically a3 .

@ = VA .
-T‘;A(hz"'h,‘) I E Y E R EE R R R R R é053
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Q = quantity of heat encrgy renuired per time

kJ/s = kW

A = cross-sectional area of air flow m2

hs,h, = specific enthalpy at atate 2, respectively,

1’
kJ/kp=dry air

10. Thin Layer Drying
In thin layer drying, the drying product is said

to be drying uniformly at given boundary conditions.
There is no gradients assumed durins the drying rate,
Vegetables and {ruits which have hish moisture content
are normally dried in thin layver:s., Henderson and Perry
{1976) expressed thin layer drying by lhe equation:

M~ M

M-M
0 &

okt
A €L R~ 1/ 2

m

)

where

M = moisture content, dry nasis, % after a
period of time %

equilibrium moisture content, %

=
=
H #

moisture content, dry basis, % at the
beginning of the dryin: period, at time zero.

K = Drying constants
t = time, hr ' RN
A = materials {(particles) shape constant.

11. Deept Bed Drying

A deep bed dryers may be defined as one in which
there is a finite moisture gradient through the drying

layer at any time, exceptdtiwe zero. Material depths of
0.15¢m and above may be considered to constitute deep
beds, However, depths of as dsmall as 0.025m can

provide an evidence of the existence of moisture gradient
and thus may be deep beds,



2¢7.3 Fan Performance

In most dryers, the fan is the primary mover of air,
It then becomes necessary to consider fan performance in
relation to the dryer performance. According to
Henderson and Perry (1976), the power output of a fan is
expressed in terms of air power, which represents work

done by the fan and it is given as:

np, e YH Ceinrearenanas ceriveses 255
where

hPA = air power, W

Q = volume of air delivered per unit time, mB/s

Y = specific weight of fluid {air), kg/m3

H = total head, m

The total head against which the fan works is given by
Church (1972) as: |

14v2
H = K'QV _
g LA N R N N 2.56
K1 = overall pressure coefficlient
+
ve - velocity of the air, /s

accelerature due to gravity, m/s2

1
"

Church (1972) gave the value of K! as:

1

K 1

2§2 . R RN RN T

j
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where
§ = overall head coefficient at the point of
maximum efficiency, which takes the value

from 0.9 to 1.20.

A wallis (1961) expressed the shaft power as follows:

hp, = 2 T Tn ceersssrassanssssase 2458
where

hps = fan Shaft power, W

T = torque, N-m

n = speed, rps

Henderson and Perry (1976) state that the total
fan
mechanical, effciency is

Zt © P 2.59
Hﬁ; certeceecsennena ceee .J.
where
Zt = total mechanical efficiency of fan
hp, = air horse power (hp)
hp, = fan shaft horse power (hp) <

Henderson and Perry (1976) also explained that since
static efficlency is based upcn static power which is
always less than total power, the static efficiency is
not a true index of maximum performance, therefore itX

use is not recommended,
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-

The maximum recommended stress for wmost materials
from which fan components are made is of the order of %
to 1/5 of the ultimate breaking stress, as stated by
Osborne (1966) and the maximum shear stress is taken as
about § of the maximum permissible direct stress.
Bearing this in mind a simplified approach to the

mechanical design of fan is out lined as follows:

A. Impeller
The back plate and shrould of a centrifugal fan may

be stressed by application of the following equationa as

recommended by Osborne (1966).

05 ) o ’
Sr (max) ‘Crfg (V) (fp - 8D wennnns 2260

o nlmax) = -—-E-z— (V+ 3) §+ (1 -3) 5"12 eer 261

where

direct radial stress N/m2 (pa)

B

dr
5n

F = density kg/m3
N

1’2

direct tengential stress N/mzipa)

%

poission ratio
= internal and external radius of the

impeller, m



B. Blade
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The blades may be considered as beams with rigid

support at hack plate and shrould. The maximum

bending moment is given as:

b

NN NG S ey

W
L L1 1
5 )
;—‘23 FEiaETa s e S EE BN RET RECAE s g

maximun bending moment, N-m
total distributed load on the blade, N

blade width, m

The total distributed load on the blade comprises the

centrifugal forces and the pressure differences across

the blade.

In most practi?al cases the force F is of greater

significance, df

Figure 2.2: Force on Fan Blades
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Considering an element of the blade of width, b thickness
t and length L as shown in Figure 2.2, the force normal to
the element is given by Osboine, (1956).

af' = ar cosf =t L€ vPr cosf ceress 253
8
where
L = Dblade length, m
b = blade width, m
G’ = density of blade material kr:/m3
w = angular speed Rev/sec.

ja blade rotation radius reference to fixed

position, m

LR
"

blade angle (degrees)

t = thickness of blade, m

g acceleration due to gravity, m/52

The maximum bending moment is given by

1 2, P 2
M __ = dFb=bt U w ) L cos - -
wex * Spbebg T 4
All the symbols are as defined in equation 2.47.

The section modulus Z is

Z = 281 = t21L
T T S rta vt e st etenasssne 2-65
Thus, the maximum bending stress is
2@( 2
M = b w ZCO_gﬂ R R N 2-66
max ﬁg

The symbols are similarly defined,
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If the blades are welded o the shrould and back,

. and the stress in the weld is

A

whera

[
¢
1

. 62 Y 2 L Lw Cos IiS e 2.67

g

%

stress in the weld

= density of blade meterial, kg/mB

!

angular speed Rev/sec.

blade rotation radive reference to {ixed

position, M

= Dblade length, m

= weld length, m

= acceleration due to gravity, m/s

L
Lw
g
.C‘ Fan Shaft

>

. The fan shaft may be treated as a beam carrying the

impeller as point loads if the shaft is long. The stress

situation in the shaft must be considered in three

different ways {Hall, et al., 1980). .

1)

ii)

Maximum bending stress

& (max) =

32Mb do L 2N BN BN BN N BE N N 2%
7f' (doh - d.,th)

Maximum shear stress

=k

16
‘H‘aju-k’*)J (ke F 3 (146%))%(K o1,)% .o 2.69
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iii) Critical speed, which should be at least

14 times the running speed.
For Equations {2.}47) and (2.43).

2
zj(max) = Maximum shear stress N/m

é/(max) = maximum bending stress, N/m2
Mb = bending moment, N-m
d . = shaft outside diameter, m
d1 = ghaft inside diameter, m
k = ratio of shaft inside diameter to shaft

outside diameter di/do

combined shock and fatigue factor applied

"

to bending moment.

combined shock and fatigue factor applied

Ky =
to torsional monent.
o = column action factor = unity
Fa = axial load, N
Mt = torsional moment, N-nm

D. Pressure Head

+

Kazantsev (1977) gave a relationship by which total
pressure head developed by a centrifugal fan, at standard
atmospheric pregsure of 700mm Hg, 50% relative humidity
and temperature of 20°C, can be calculated.

H* = n V*

l'lzsp

L I B BRI EE O B B I A 2'70
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carried out in Nigeria, her climnte and its effect to the
farming system is studied,

Nigeria has a very wide range of climates, broadly
divided into Equatorial and Savanna regions Leong and
Adeleke (1978). Under the Equatorial region lies forest
vegetation, which is further subdivided into mongrove,
in the riverine area, water forest, huge and dense forest
as well as forest regrowth zones., GEguatorial repgion covers
Oyo State down to riverine area of the southern part of
Nigeria, The Mguatorial region is characterized by the
mean monthly temperature of around 2700, with very little
variagtion Leong and Adeleke (1978). Cloudiness and
heavy rains help to moderate the daily temperature.
Precipitation is heavy between 12S4ymm and 2699mn and:éfe
well distributed throughout the year Webster, and
Wilson {1966). There is no month without rains and the
relative humidity is constantly high-over 80% most of the
time. It is reported that because of the high relative
humidity and constant rain fall, plant growth of all sizes
as well as macro and micro-crganisms are continuous
throughout the year.

The Savanna region is said to cover the remaining
part of Nigeria, extending from Kwara and Benue States
to the rest of the northern states ULeong and Adeleke

(1978). This vast area is also divided into Desived or
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Guinea Savanna, Sudan Savanna and lastly Sahel Savanna.
From the investigation it is found that Guinea Savanna
extends to some parts of Anambra State. Kanc State is
cited as a good example of Sudan Savanna, while parts of
Sokoto State fall under Sahel Savanna zone., The
climatic feature of savanna region is one of hot rainy
season and cool.dry season Williamson and Payne (1982).
In Sudan Savanna the hot rainy season normally begins
in May and lasts until September. Gencrally the snnual
rain fall in the savanna region is 710mm to 121Lmm,
The wind is always very strong and moves with high
speed, mostly dust-laden during the dry seasen. In the
dry season, the relative humidity seldom exéeeds A%,
The monthly temperature hovers between 21°C and 32°C.
Day time is hot during the hot season with temperature
ranging up to 38°C and above. At night the clear sky
which promotes intense hegting during the day also causes
rapid radiation in the night such that the temperature
can fall down to 10°C. Hence there is wide range of
temperature gap in the savanna region Leong and
Adeleke (1978).

Crop planting does not start at the same time in
Nigeria because of the c¢climatic variations. As a result
¢rops in the south mostly mature during the rainy scason

between July and September, the wettest months. Likewise
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some early maturing crops in the north are harvested
during the rains. Hence a means of heating the
relatively humid air artificially te¢ permit drying of
crops is therefore, needed. It has been found that
Nigeria genmerally has abundant sunshine all the year
round. This indicates that solar crop dryer is also
needed (even in the north} as to alleviate the drying
~ problems.

| Considering the climatic differences of Nigeria.
{tropics} and its effect on crop drying, the project that
can provide dryers suitable for cffective crop drying .
in these different locations must be Jjustifiable. |
Suffice 1t to say that this project aims at providing these
dryers, that is, solar crop dryers and artificiaﬂfheated
alr system or hybrid crop dryers for use in different
parts of the savanna region,

Different types und sizes of dryers have heen
constructed, ranging from small to large scale natural
convection solar dryers to forced convection artificially
heated-air systems. These dryers are associsted with
some short comings., PFor instance, in advanced countries
thege dryers are normally constructed with the large
scale well to do farmers in mind, Therefore, the high

financial investment has limited the importation of these
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dryers for very few large scale Agro-allied industries
here in Nigeria. As a result, to an average Nigerian
farmer small scale solar or firing system crop dryers are
more appropriate., On the other hand, wmost of the dryer
project constructions done in this country have been
revolving around solur grain dryers, mainly located in

the areas of abundant sunshine of northern parts of
Nijeria. Besides climatic differences, for any project on
dgyers to be useful to all farmers in this country, the’
size of farmers has to be well known. To this end Ijere

(1946) defined the size of farmers as follows:

1. Small Scale Farmers: This group of farmers are

those who normally cultivate from 0.10 to

6 hectares in one year. They constitute about
84 percent of all farm holdings, Their income
per capital is always very low and they are

mainly located in the rural areas.

ii, Medium Scale Farmers: This set of farmers are

those who can farm on area of 6 to 10 hectares
per year, and are made up of about 14 percent.
They operate with higher capital than the small

scale farmers,
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iii. Large Scale Farmers: There are those that

farm from 10 hectares and above. They
constitute about 5 percent of all farm holding.
They operate with large capital and can afford
to purchase and maintain complex mechanized

farm equipment,

The effort of the government to improve rural life
by making it possible for installation of motorized
agricultural equipment, such as forced convection system
dryer, is hereby noted. Nwaforagg al, (1982) reported that
developments in the electricity/industry have included
thé'rapid expansion of programme for the electrification
of the rural areas.

The sbove points therefore, Justify any project
which can embark on construction of crop dryers suitable
for all categories of farmers, ranging from small to large
scale farmers located in diiferent ecological zones in
this country. Hence the project in gquesticn also gives
special consideration on the size of farm holdings in the
developing countries., Thus the crop dryers to be
constructed under this project are such that all scales
of farmers can easily obtain znd maintaiﬁi?%nd the dryers

' £§¥L function  all the year round.
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CHAPTER THREE

5. DESIGN CONSIDERATIONS

361 Design Calculations of Solar Crop Dryer

3.1:1 Determination of Dryer Capacity

The result of the Rapid Fural Appraisal (RRA)
method of interview conducted amongz the farmers in the
identified areas of iliger and Kaduna States sho hnt
the crop that imposes hishest drying problem ic ine
early maturing maize. The farmers in expressing Lhair
great need for a mechanized dryzr pointed out that it
was unfortunate that the maize which matures early
during the rains was the best varicty, bolh in quality
and yield., The interview also showed that the ménor
maize producers are ou 150 kg (1.5 bags) production
level, while major maize producers indicated 1000 kg
to 6000 kg (10 to 60 bags) of threshed maize production

level. Among all the
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farmers interviewed from the various villages, only

two medium scale farmers were identified whoe said that
each one of them produced an average of 10,000kg (100
bags) of shelled maize per year. The small and medium
scale farmers further said that they dry about 100 to
200kg of unthreshed fresh maize at a time, and that it
toeK  them eight to ten sumny davs for a complete batch
drying.

The capacity of the dryer of this project is
directly related to the quantity of unthreshed fresh maize
the farmers can dry at a time. Based on the above
findings, the optimum required dryer capacity is chosen to

be [j00Okg of unthreshed fresh maize.

3.1 2 Calculation of the Collector Area

The collector area must have direct relationship |
with the determined dryer capacity of lOOkg of unthreshed
fresh maize. Therefore the following calculations are
made as to arrive at the collector area.

Mature and fresh maize grain is assumed to have
moisture content as high as 25%, wet basis, when harvested
in the rains. If it is to be dried with the cobs, the

overall moisture content is estimated at 27%, wet basise.
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Having established that the optimum dryer capacity
is 400kg of unthresheu maize at the estimated 27
moisture content the water removed by drying Che mzize
from 27% moisture content to the e storage 1720
moisture content is c:lculated an ‘ollows:

L MC

D = W - iw
m m LI N L BT B O A 3.1
100
where
D, = dry matter of the malze, ki
Wm = welight of wel maize, kg
MCiw = initisl moisturz content of maize, wet
basis, &
11 Wy = 3400kg ond
Mciw = 27%
Then bk -
400 x 2
D, = 400 - 77 T o 400 - 108 = 292 kg
100
The quantity of water removed is [ iven as
W, =« i~ ®pq
t Dm At b abaeshy ser Vol
100
where

wt = Qquantily of water removed, kg

Dm = dry matter weipgnt, kgz

Mcid = initial moisture content of product, dry
basis, %

MCey = final moisture content of product,

dry basis, %
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The inita)] dry basig moisture content is
MC., =

id 27 X 100

m = 364490 dl“y basis
and the final dry basis moisture content is glso
M = 172 10

Ci{ X

100 = 19 = 13.6Ii%, dry basig,

The quantity or water to be romoved in drying from the

initial to final moisture content ig therefore,

L

H

(36.9915013'§§) X 292

If

68.182kg or water

Thus, 68.182ke of water is to he removed in order o
dry hOOkg or unthreshed maize I'rom 27% moisture content,
wet basis, to 12%.

The heat Energy required top evapor

ate the
68.182kg of water jig

Calculated
the collector useful] energy prain.
It can be caleculated by applyirg the Sensible heat addeg
to the material and the heat of “vaporation, given by
Severns (1937) as shown in the rollowi

ng equations 3.3
E - E,] + EZ = wm Cpm l. T2 -— T1 ) + LV‘.Jt LI I 3. Ba
ie E

—
i

Wy Opp (T, - 7,)

P
[
=
=

i
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where
= collector ygeryul energy gain, kJ
EH = sengible heat fdded to the materigl
(maizn), kJ
W = welight of materja) (wet Maize), kg
Cp, = Specific heat or materigl (maize),
y kJ/kg °c
T2 = tlemperature of sir inside dryer, °¢
T1 = collector inlet temperature, °c
E2 = heat or evaporation, KJ
.I...llr = heat or vaporization, (kd/kg)} at the
temperature T2
Ht = Wwelght of water to be removed, kg:

From the meteorological data for 4 pPeriod of tan
Years (10 ¥rs.}, 1980 to 1989, the average maximug daily
temperatyre daring the months (June to September) of
heavy rains in Zaria, is foungd to be 29.45%C (see Table
B-1 in the Appendix). Based op this average temperature,
the collector inlet temperatyre T1 is assumed to pe BOOC.

ASHKAE (1977) gave the ggre drying temperatures,
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From Equation (3.4) and ‘or Cp_ ef 2.2401 kd / ks ("J,

o

E1 = 4J0Okg x 2.2401 (h5 - 30) (>
= 13440.6 kJ

Table 3.1: safe Drying Temperitures jn Batch and

continuousg Flow 'veres ©on Various Friing
for Various wee | e, 19783)
Grain Heen ALr % EOratLre Ve
s — S S—— _—'—_ﬂ
Corn (maize) Sood 3.3
Sorghum Nilling 71.1
Wheat Foed 82.2
foybeans Milling 15.6 to 37.8
¥ .Fl_‘ed 15.6 tO 37-8
Groundnut Milling 35 (batch drying)
(Peanuts) Feed etc,
Rice Millin 35 (Batch drying)
Feed etc. 35 to g continuous flow
Barley Seed 40.6
Filling L0.6
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From Table A.3 in Appendix A the value of heat of
vaporization at the temperature T, is L = 2394.1512 kd/kg,

and from Equation (3.5}

~
-
-
23}
i

239,.1518 kJ x 68,182 kg

163238.06 kJ
Also from Equation (3.3a)

. + E 13K0.6 kd + 163238.6 kJ

it

It

176678.66 kJ

Thus 170678.606 ki heat energy is required to dry
400 kg of maize from 275 moisture content, wet basisto
12%+ The farmers said that it tokes 8 to 10 sunny da95:
to dry 100 to 200 kg of unshellzd fresh aaize.
Congidering the length of time *he farmers normally take
to dry their crops any dryer that will take about 5O
of the time (4 days) to dry LOOkg of fresh maize scems
Jjustifiable. Therefore heat energy required per day is

E

.z E = 170678,66
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Q, = LL169.66.5 kJ/day
Assuning 8 hours daily sunshine, the energy requirement

per hour bhecomes

Qu = Li169,005 kJ x 8 hours

= 5521,2081 kd/hr
= 1.53, k¥

= 1534 W

The average monthly total hori: ~1 solar radiation lH
during the crop harvest periocd at July to September is
approximately Q0 mez for Zaria location Arinze and
Obi (1984). Assuming that the ambient air and collector
inlet are temperature are the same, the golar collector
area required to supply the useful energy (1534 W),

fo. drying the crop can be determined approximately for

~ a horizontal collector as Duffie and Beckman (1974).
|

Qu = AC}:R -Z‘LKLIE_I R E R L N I A N ] 3.b
where
FR = heat removal factor (appraoximately 0.7 for

an air-cooled collector)
ktqt= effective transmittance-absorptance product
{approximately 0.7 ior the single glass cover

and black painted surface)

L )
L
L. ke
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The required collector area A, is therefore given by

AC = Qu

] SIS
‘EH L g_I i

1530
90 x 0.7 x Oat

6. 4ym°

i

i

For maximum solar energy «ollection all through
the year, the collector should be inclined to the
horizontal at the latitude angle of a given lacation

Arinze and Obi (1984). The solor collectors in this
study were inclined at an angle of 14° and the project
sites selected for this study lie between 9% and 14N
latitude. For this amall angle of inclination the
difference between the solar radiation on the tilted
collector surface and that on a horizontal surface would
be little. To take into account the reduction in solar
energy collection due to the tiliing of the collector,
the calculated collector area was divided by the average
tilt factor (0.9), Hb’ for the 1&0 inclined collectors
and for the drying period by July to September. This

gives a collector area of approximately 7.1m2.
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3.2 Design Calculations for Solar Crop
Dryer 11
3.244 . Oryer Capacity and Awmount of Moisture

To be Removed from the Product.

Solar crop dryer 1I is mainly for drying vegetables

L

and fruits. It is for on-farm use by the farmers. The
interview conducted around Zaria locul Government Area in
Kaduna State revealed that in vegetable and fruii handling
the local farmers have the greatest problems in drying
tomatoes. This is because tomaloes have high molisture
content and need to be dried at - short time asg to avoid
spoilage, The diificulties in dvrying tomatoes forced tne
farmers to dry only about 15 to 20xg of tomntoes at a time,
and this takes about 10 to 15 days for drying a batch.
Based on these facts the capacity of Solar Crop Dryer 1I
is chosen to be hOkg of fresh tomatoes, | |

| Lutz, Hardenburg (1967) snid that tomatoes that afe
firm riped have & moisture content of about Sh.1%, wet
basis, while the mature green tomstoes have the moisture

content of about 93%, and that the average safe storage

. moisture content of dried tomatoes is abouf 7%, wet basis,

The initial molisture content of tomatoes the iocal farmers

dry 1s therefore, taken to be 93.5% wet basis,
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The dry matter qq of the hokg of tomatops is

obtained from Lquation {(3.1) as

- Wo - wOMci

100

. LO - 40 x 93.5

100

)
il

L
u

Lo - 37,4 = 2+0kg
The qunatity of water wt removed ls obtained from
Equation (3.2) as:

Y = M _ - M
t. (_EHéfm, “fﬂ jln

Wy (1328.57 - 7.%3) 2.6

1

3. 35kg

If

34.35kg oi water is to be removed in order to dry
- 40kg of tomatoes from 93% moisture content, wet basis

to 7% moisture content wet basis,

3.2, Calculation of Dryer TI Collection Ares

Kordylas (1990) recommended that temperature range of
between 35°C and 63°C are quite satisfactory for drying
fruits and vegetables. It is worth noting that most
enzymes are destroyed at temperatures of above 60°¢. This
project aims at constructing fruit/vegetable dryer that

will generate 55°C drying air., o obtain such a high
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drying air temperature, frem solar dryér constructed
with local materials, black rockbed collector are used.
Rocks have higher spccific hrest than air, therefore it
can boost the temperature gencrated by solar radiation,
and can also retain the heat for a longer period.
Because of the rockbed heat storage system this dryer
has a longer drying time,

The heat cnergy required to evaporate tho
calculated 3U,35kg of water i:n the collector useful
energy gain. Following the procedure presepted in
Section 3.7.2 the collector areas required was
approximately obtained as 2m2 assuming the tomatoes
would dry in } consecutive days in the natural

convection solar dryer,

33 Design Calculationg for the Hybrid

Crop Drver.,

3+3.1 Determination of Hybrid Crop Dryer Capacity

The hybrid crop dryer consists of a dryer section,
solar collector, gas-fired heat exchanger and a blower
{fan). The dryer section capacity is the determinant
factor for design parameters of other sections of the
hybrid dryer. The hybrid dryer is designed to meet the

needs of both small and medium scale faremers who dry



300 to JO0Okg of nroduct in a batch. The dryer capacity

is chosen to be GO0k of fTresh ear maive,

; O P Calculation of Air Flow Rate

The fan or blower is the primary mover of air in
a forced convection drying system. 'The blower air flow
rate is directly relanted to the drver capacity (nulkg).
In order to determine the required flow ratce the amount
of water to be removed froan the product from Z/. initial

moisture content, wet basis, to 12»% is calcul:sled first,

The dry matter is

D, = ©00k; - 600kg x 27
100
= h30kg

The dry basis initial and final moisture contents are

Mc.i,,{ = 36,9863

Mcfd = 113,636}

The amount of water to be removed is

W, = (35.9863 - 13.6354) 438
100

= 102, 273kg

Following the method presented earlier, the total
energy required to remove the water from the product, E
is approximately 265018kJ. Convection constant air

flow rate to dry the maize. Assuming it will take
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about & hours continuous operation to dry the product

the required useful energy for drying is calculated as

Q, = 265018 kI
o x 3000
Q, = 12.269 kU

From BEquation (3.13) the mass flow rate is

determined by

Fr
B

Ma = . (TQH_ on
p 2 1
Ma = mass flow rate cf air, kg/s
Qu = useful energy gain {low rate, ki/s
C, = specific heat of air at Ty, ki/kg °¢
T2 = temperature of the drying air inside the

hybrid dryer, °c

T, = ombient temperature °c
v . Mﬂ = 12.26911. kJ X g X 1
e
5 1.015 Eg ag 150C . SOOC

= 12.2694 kg
1,015 % 15 8

= 0.81 kg/s

The density of air (7 at T, is 1.077 kg/m3
The volumetric flow rateé of air at the drying secticn is

Y = M
8 FE AN d D e, e e .. 3.?

€
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where
V = required volume air flow rate in the drying
section,
Ma = required mass air flow rate
: € = density of air at T, |
LV = o081 kg x 0

s 1.077 kg

it

0.7521 m*/x
Giving an allowance of 19% for losses resulting from
lickage, the actual air flow rate is

v 0.7521 m/s x 1.1

a3

0.B827 3 mg/s

A radial-type centrifugal fan with 8 blades was designed
and constructed in this study to circula.e air for the
hybrid dryer. The fan runs at 1420 rpm and is driven

by a 1.5 KW electric motor. At wide open condition and
free delivery, the centrifugal fan produces 5000 m3/h or

1439 m3!s of air. FPlate 3.1 shows the centrifugal fan.
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3.4 Detailed Description of the Dryers

Three different types ol dryers were constructed,
These are Sslar Crop Dryer I, Solar Crop Lryer 11
and the Hybrid Crop Dryecr. The detailed desceription

of these dryers are as follows:

341 Description 7 “olar Crop Dryer I

The solar Crop Dryer 1l is a direct mode dryer
0of three different models:

A - mud type

B - metal type

C = wooden type
These solar crop drvers nre characterized by their
large size and are mainly tor drying grains,nuts and
tubers. These dryers are located in the field for
on-farm use by the farmers at Jere in Kaduna State,
New=-Wuse and Kwaka in Niger 3tate. At Jere one oud and
one wooden type solar crop dryers were buill at a site
about 1.5km from Kaduna - Abuja road. One mud and one  “—
metal type solar crop dryers were also built at New-iuse
some 300 metres from Kaduna - Abuja road. Also at
Kwaka on Suleja =~ Minna road two dryers were built, one

mud-type and one metal-type.,



PLATE 3,2: MUD TYPE SOLAR CROP DRYER AT
ERE VILLAGE (KADUNA STATE)
ILLAGE (KADUNA STATE)



Rn
L

PLATE 3.4t MJUD TYPE SOLAR CROP DRYER AT KWAKA

VILLAGE (NIGER STATE)
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Figure 3.1 : MUD TYPE SOLAR CROP DRY'™R

No. of Parthk Name of Parts

1 scececesecpe Air inlet space
2-"'..’..|.A1r gap

3 eseseesrep Reinforced floor/Heat collector

surface

4 ceeecess.h Glassz cover

5 eecesssesp Collector air outlet/Nrving
section air inlet space

6 ececeeeees] Drying section space

7 +eessse0sf GClass cover

B ss400000s] Woodem door

9 seesesessl FExpanded metal crop bed

10 cceeceeces Support walls

11 eceveceees Side support wall

12 sssecsesq Dryer air outlet pguide
Scale 1:400/Dimensions in mm
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These dryers are all direct mode type. That is
the dryer section, where crops are placed for drying
is covered by a transperant material so that the crgp

absorb solar radiation directly. Both the mud-type,

wood-type and metal-type dryers operate in ine smae w.
so that their structural features are the same, excdp
that mud was mainly used for building the mud dryer,
metal sheet was used in constructing the metal dryer|,

and wood plank was the major material in wood dryer.

T.ie top cover for both the solar collector and drying

section for these dryers is transperant glass materip

The mud dryers located at Jere, New=Wuse and
Kwaka were built alike. The mud type dryer is shown
in Figure 3.1 and Plates 3.2, 3.3 and 3.4 for the
mud dryer in Jere, New-Wuse and Kwaka, respectively.
Figure 3.1 shows that air at ambient air temperature
enters the collector section through the collector al
inlet opening (1) and flows along the air gap (2).
The air movement is induced by thermal forces resulti
from the temperature difference between inside and
outside the dryer. Crops for drying aic placed in the

dryer section (6) with perforated metal screen (9).

The perforated metal screen is strong enough to hold
about JO0Okg of fresh maize. There is air plenum und

the crop-bed. This was created for even distributio

ay
t

1,

br

ng
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Figure 3.2:

&5

MEDIUM SCAL® wOOD TYPR DIRECT
MOD® SOLAR CROP NMRYER

No. of Parf Noame of Parts

1 essesaesd Air inlet space

2 ss s e ve e Ai!‘ gr"ip

3 ,eseessesq Collector plate

L v......d Glass cover (collector section)

5 seoeeeseq Collector air outlot/drying section
air inlet space

6 coececeeqd Alr planum

7 <eeses.q Glass cover (Drying Section)

8 o.o0.004 Fxpanded metal crop bed

9 esessesed Dryer air outlet rpuide

10 ++:...2§ Support legs

11 .eeeeee} Insulator

12 4esesese} Wooden door

Scale 1:300/Dimensions in mm
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Flgure 3.3 :

g1

M=TAL TYPE SOLAR DRYFR

No. of Parts Name of Parts
1 ecvenesn Air inlet space
2 ssseccns Air gap
B aesevee Collector Plate
4 sssseens Glass cover
8 swae e Collector air outlet/ryer section
inlet space
6 weseies Air Planum
T eecceces Glass cover
B maisea “xnanded metal crop bhed
QO Geenves Chimney
10 coveoves Sunport legs
11 eececee Insulator
12 ceeesss Metalic door

Scale 1:400/Dimensions in mm
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of the heated air from the collector so that the

dry more or less uniformly. Dryer support wall (
was constructed to carry the whole structure.
(8) were fixed by the side of the drying section
loading and off-loading crops. Dryer section ai
outlet guide (12) was constructed such that rain
will not enter into the dryer.
made of inside supporting walls (10) which has e
wall appartments or support walls. Eight pieces
planks were positioned at equal enterval on top |
dryer as glass support, and the dryer was finall)
with glass (7).

The wooden dryer shown in Figure 3.2 takes

same shape as the mud

that the support legs (10) were made of wood pla

and one door (12) was fixed at one side of the d

section. Uther parts are the same as described 1

type dryer.

The metal type dryer (See Figure 3.3) is 1i
the mud type dryer, except that metal sheets, pip
and angle iron were used in the construction. Ot

diiferences are chimney (9) that was fixed at tha
of the dryer section 7 and two doors (12) were in
at one side of the dryer for loading and off-load

Cr'opse.

I

The support legs (10) keep the dryer in ah

crops can

11)

“our doors

for

r

water

The foundation base was

ight

of

pf the

y covered

the

type already described, ex¢ept

ts,

ying

for mud

ke

es
her
end
serted

ing

inclined position.
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Fgdba Vegetable/Frurt dryer without rockbed
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Figure 3.4A

No. of Parts

L3
-

o1

SMALI. SCALE SINGLE COMPZRTMFNT WO

TYPF. VFGETABLE/FRUIT SOLAR DRYFRR
WITHOUT ROCKRZD HTAT STORAGR
(PLAN, SIDE AND END VIFWS)

Name of Part

LR B

® 8 ® e 08 es

A LI R " B 1 B

L N

a8 & 8808

R

L B

- O vV O N9 O

Figure 3.4P

Air inlet space

Air gap

Collector plate (Absorhber surface)
Glass or polytehene cover
Collector air outlet/drying sectio
air inlet space

Air Plenum

Glass or polythene 1id

Nylon netting crop bed

Dryer air outlet guide

Support legs

Insulator scale 1.200 Dimensions

SMALIL. SCALFE. STNGLE COMPARTMENT
WOOD TYPE VRGRTABLE/FRUIT SCLAR

DRY"R WITH ROCKRED HRAT STORAGE
(PLAN, SIDE AND END VIEWS

The construction, name of parts and the size

(scale) of this dryer is exactly the samqfaindic

in Figure 4A

P"_n

in

ated
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Fgs5A Vagetable /Fruit dryer double layer
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Figure 3.5A:

n
MEDTUM SCALE NOUBLE COMPARTMENT WOOT]

TYPR VEGRTABLR®/FRUIT SOLAR DRYFR

WITHOUT ROCKBED HEAT STORAGE(PLAN, SIDE

AND END VIEWS

No. of Parts Name of Parts

1 veeeesess Air inlet space

2 eeecessess Alr gap

B, eeseseceese Collector Plate

4o vesessese Glass or polythene cover

5 ..e.ec-sse Collector air outlet space

6 o...es0s. Lower compartment drying section
T eceee air inlet space

7 eseesvsess Upper compartment drying section

B P R R

9'10 - e 8 5 08w

11.12 LU B

% | —

15

16

Scale

L B L L

Figure 3.5B:

air inlet space
Glass and Polythene 1id

Lowaer and Upper comparitments nylon
netting crop beds Respectively

Lower and Upper compartments air
plenum respectively

Lower and Upper compartments dryer
air outlet guides respectively
Insulator

Support legs

1: 200/Dimensions in mm

MEDIUM SCALE DOUBLFE COMPARTMENT WO(Q

D

TYPF VEGRTABLF/FRUIT SOLAR DRYFR w1

ROCKBED HFAT STORAGRE (PLAN,SIDE AND

END VIEWS |

TH

The construction, name of parts and the size (scale)

of this dryer is exactly the same as indicated 1

Figure 5A
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3.4.2 Description of Solar Crop Dryer I1I

These dryers are mainly for drying vegetabld
and fruits. They consist essentially of a drying
section which takes only a thin layer of crops and
solar collector. Some drying sections have two
compartments, one directly below the top cover and
other below the first compartment. The solar coll
of some of the dryers has a reckbed as the absorbd
while others have black painted plywood as absorbd
These vegetable and fruit dryers have the same e
and principle of operation as that of the wood dry

described previously in 3Section 3.4.1.

3

the
¢cceonr
r plate
ures

er

Figure 3.lia shows a dryer with one compartment

only for the drying section and without a rockbed.

Figure 3.4b shows a dryer as above but with a rocwbed

absorber plate for the solar collector. Figure 3.
shows a dryer with two compartments for the drying
section and without rockved, while Figure 9.5b sho
the same dryer with rockbed absorber for the solan
collector, The rockbed increases the heat capacit

the absorber plate.

5a

WS

y of
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Fig36 Hybrid dryer




Figure 3.6: MEDIUM SCAL™ HYRRID CRCP DRYIR

No. of Parts Name of Parts

1 ececessagesCentrifugal fan

2 esecescecssElectric motor

3 essscssess Alr connectfon duct

be c.i00.... Heat exchanger
eesseessas Furnace

esssesanas Blower stand

5
6
7T eseeeeasaes Heat exchanger stand
8 se0000e0e0 Flue vent
9 eccveece.. Hot air connection duct
O «ceceeeee Flue convergent
11 e¢seeeess Solar collector scction
12 sseeeceas Drying section
13 ecececce o Expanded metal crop bed
14 csssvecce chimney
15 +2¢ceeee.. Dryer collector legs
16 eecceeese Collector section insulator
17 eeees0... Heat exchanger insulator
18 ¢¢eeeeses Gas hose connector
19 ..c¢0.... Gas borners
20: eeeeseceees Metal door
21 eceescesee Dryer section glass cover
22 +.2e000.00 Collector section glass cover
23 ++ee000... Heat exchanger air pipe
Scale 1.500/Dimension in mm
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3443 Description of Hybrid Crop Dryer

The component parts of this dryer are as chown
in Figure 3.6. A 1.5 kW single phase 1420 rpm
electric motor (2) drives a centrifugal fan (1/, | The

fan together with the electric motor were bolted bn a

blower stand (6). The radial-type centrifugal fan is
made of eight blades. Air at ambient temperature|
entering the fan flows out through the air connching
duct (3) to the gas-fired heat exchanger (4). The air
is heated by the heat generated in tne furnace (5) where
natural gas is burnt. The burnt gas flows out through
the flue vent (8). Air blown by the centrifugal fan
and the burnt gass are not contacted. The dryiaglair
contacts only with the heat exchanger metal plate
As the air blown by the fan swirls througn the hejt
exchanger, it is heated, and the hot air flows to|the
dryer through the ducts (9).
On sunny days, air tempecrature from the furnace
is boosted when it flows through a solar collecton (11).
Eventually the hot air flows under the crop bed (13)
in the drying section (12), and finally flows out
through the chimney (14) after drying the crop insgide the
drying section. The dryer stands (15), heat exchanger

stands (7) and the blower stand (6) keep the hybrid

dryer in position.
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b, BAPERIMENTAL IaVESTIGATION AND
CONSTRUCTION OF DRYERS '
4a1 Feasibility Study on Farmers' Acceptability

of Mechanized Dryers.

Mechanized system of crop drying such as so
crop dryers and artificially heated-air crop dry
new to Nigerian local farmers. Before fully emb
on this project, the farmers were interviewed to
their willingness to accept the new technology o
drying. To this effect a study was under taken
the crop drying needs of typical Nigerian farmer
the acceptability of solar and hybrid crop drye#
small scale and large scale farmers.

To achieve this objective Rapid Rural Appra
method was used. This is the system where by th
researchers integrate and interact informally wi

local farmers, with the aim of finding out the £

problems, the way they have been trying to solve

lar

Pr's are
arking
know

N crop

to access
and

Sy

s by

isal (RRA)
A :

th the
armers

their

problems and openly suggesting a new method to 1
on how they can solve their problems with littl4
help, and allow the farmers to freely take deci

whether to accept this new method or not.

he farmers
extemal

ion
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RRA methodolory is n quick ! accurate wol of
determining the Lrmers petinagl drying g ‘o without
the use of questionnaires., Zavrdia d Jere in Kpdimg

State and New-wWuse nd Kya%. in Loy DU-te, wa¥e
chosen as areas o the BlA rosearo e Glim

in these areas fully represont tropienl climatege.

e
LeS

Jere, Now~Wuse smd llwalia are arens o hegvy rain: and
they simulate well «with Soulwern Hicccis climatds,
while Zaria is a ;0! exanple of lavthe n i
climates. Dry~r: tlint work woll i 1l e loeatdd
will be genergll: enhable in ony other developing
tropical countrics.

Havin: chos'n lhese arean, tane IR0 research| team
comprised of enginn~ors, two cocio-cconomists, anf o

local interpreter nitive to the study area lounched

out for the intervicw. The toam first paid 2 co
call to the Emir of Suleja (oue of the study arei

who endorsed his approval for carrying out such 3

tesy

s)

project in his local Government Arca. This he showed

-y

by taking us to the Ministry of Argriculture for flormal

introduction and instructing tnem to zive us all

necessary cooperation to make sure L[hat the natives

understood what the project wns all nbout, We proceeded

to visit the farmers in groups at 3ulejs, Kwaka,
Zuba, Gwagalada, Diklio and New-Wuse 211 in Niger
Abuja Federal Capital Territory, as well as Jere,
Kateri and Dokka in Southern part of induna State

Bwari,

State,

and finally
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farmers in Zaria Local Covernment Area in the norther
part of Kaduna State,

Among these areas, Jere, llew-Wuse and Kwaka w%re
selected as areas for siting grains, nuts and tube} crop
dyrers because they produce these crops extensively as
indicated in Table 4.1. Zaria Local Government Area was
chosen for locating vegetable/iruit crop dryers, thause
they produce a lot of vegetables and frudts all yegr round.

From the result of the Hik/ interview the follbwing
findings were made, The major crops grown in the
villages of souther Kaduna State and Suleja local
government area in Niger State are similar. The mtst

important ones as ranked by the farmers are as pregsented

in Table 4.1

Table 4.1: Crops Farmed in the Visited Villages

|
|

Kwaka New-~Wuse Dikke Jere
B Yam Yam Guinea Cron Maize|
b. Guinea Corn Rice Maize Gunie% Corn
Ce Maize Maize Hed Beans Yam |
d. Groundnut Groundnut  Groundnut Groundnut
e Rice Guinea corn Yam Red beans
> Red beans Red beans Cassava Cassava
Ee Soyabean Cassava Rive SugariCane
h. Cassava Sweet

potatoﬁ i i
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Maize, groundnut and red beans are generally harvdsted
during the rains. The crops that give the greatest

drying problems are ranked as follows.

Kwaka New-Yuse Dikko i Jere
Maize Maize Maize Maize
Groundnut ited beans HRed beans Groundnut
Read beans iroundnut Groundnut
Farmers in thcse villages pointed out that tiey

face a lot of dirfficulties drying their crops oy

traditional methods, which normally result to losges and
low quality of the harvested crops. Some of thes¢ local

methodSof crop drying are:

1. Drying the crops in the sun inside theil
compound, or in open space such as by the

road side.

2e Leaving the crops to dry in open sun 1n=the field.

3. Smoke-drying of crops by hanging crops Ln

ropes over the cooking area in the kitcren.

4. Hanging crops on ropes outside but underneath

the roof.

5. Putting crops inside calabash or pot containers
and hanging them near cooking areas in Fhe

kitchen. I
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Some of these crops particularly, red beans and
maize, become brownish or dark in colour when dri by
smoking. The crops are generally contaminated bejjre
they are dried, because they are exposed to the |
contaminants.

The farmers are mainly small scale faremrs who

produce below 5000kgz (50 bags) of maize in one plgnting
season. Only two farmers were identified who produce an
average of about 10,000kg (100 bagn) of maize per lyeara
They can therefore, be grouped as medium scale fagmers.
Production level of other crops are not as high ag maize
generally.
Crops that give the greatest drying problemsg to
farmers as indicated above normally mature for harjvest
between August and September which is still the pariod
of heavy rains. Depending on weather conditions
(relative humidity, temperature, wind speed and solar
radiation intensity), and the quantity of crops, the
number of days it takes the farmers to dry their grops

varies between two days and twenty days.

The small scale farmers dry not more than 200kg
(2 bags) of maize at a time. The medium scale farmers
dry not more than [j00kg (4 bags) of maize at a tiée.
Farmers lose about 20 to 50% of their crops durinq drying,
due to inadequacies of traditional drying methods
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Farmers in Zaria area mainly grow maize, cowpea, guin
millet, sorghum, yam, tomatoes, okra, garden eggs, pepper
crops which are produced in small quantities. The grains
harvesting from middle of Ngvember when dry season is alre
setting in. Grain crop drying does not give much problems
for few early maturing varieties that are harvested during

rainy season.

The farmers in this area indicated that their greateg
was in drying vegetables nnd fruits. ‘hese are tomatoes,
leafy vegetables. 'Tomatoes which have very nigh moisture
prove to be the most difficult in drying and it changes to
clour after the traditional open-sun Jdrying. The farwers
dry not more than 20kg of tomiteoes at a time and it Lakers

ea corn,
and other
mature for
ady

except

the

t problem
pikra and

content

15 days to dry. Due to the nrolonged period of drying, the quality

of the dried tomatoes is very low. The farmers dry their
this area.

The farmers generally indicated that drying problems
their crop production level. The more crops the farmer pn
the more they lose due to drying problems because the quna

they dry at a time is limited.

crons in

affect
oduce,

tity

Farmers expressed the eagerness to use a better dryi
if available. But they wanted to see this method demonst
them before deciding how much they would be willing to in
an equipment. Many of the farmers said that they would i
crop production level if faster drying facilities were mad
to them., To this end the farmers generally exoressed will
to co-operate with us to see to the successful impkementat
the project.

methods
ted to
2st in such
rease their
e available
ingness
ion of




105

L2 Construction of the Dryers
Lhe 2,1 Mud-type Solar Crop Dryers

As shown in Fisure 3.1, the fsud dryer was built vith
available and affordable local materials. 900 mud blocks,
each measuring 320 x 200 x 130mm were used in building
each of the three mud dryers in the field at Jere,
New-Wuse and Kwaka. At the foundation level, solignum
was thoroughly avplied to avoid termites attack. | The
native labourers from each of these villages were
employed to work on the construction of the dryer| with
close supervision. The blocks were laid in the tLaditional
way as they used to do in building their houses. | Z2izht
partition walls were built to support the decked Floor.
Twenty six pieces of 0.025m by 0.305m by 1.2%9m sdlignum
threated planks were used for reinforcing the decked floor.
The decked mud floor formed the collector and dryer

section floor of thickness O.1m. The solar colléctor was
1.22m wide and 2.44m long. The internal width of the
dryer section was also 1.22m and 5.20m long. 7Theé overall
length of the dryer was 7.83m with the external width

of 1.58m, Four doors Q.45m wide and 0.61m long were
constructed and fixed in pairs at each side of the dryer

section., The walls were finally plastered with cement,
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and the floors were also plastered and smoothened,

dryer outlet opening was constructed with wood. The

opening is 0.305m wide, 1.29m long =nd 0.025m hi;;hl The
at

air outlet opening structure was positioned such t

Alr

it extended out to prevent water from entering inside the

dryer when it is raining. The extension was 0.27m.

0.038m by 0.025m by 1.29m planks were fixed on top |o

the cellector and dryer sections to support the gldass

cover, The glass cover formed 0,075m air gap in tdﬁ

cocllector section, while in the drying section o O.E1m

gap was created between the crop bed and Top cover.

The crop bed was constructed with black afra Iood

planks and expanded metal screens. The glass joint
sealed with felt adhensive as well as the sides of 1

top covers.

4.2,2 Metal-type Solar Crop Cryer

were

Lhe

This dryer was constructed by welding 1.5mm thick

galvanized steel sheet to box-like shape of internal

dimensions 1.22m wide and 2.4lym long and external

dimensions 1.32m by 2.ilm. Polystrene insulation of
0.05m thick was used for the collector. The top was
covered with 3mm thick plain glass. The metal absor+er

plate for the solar collector was painted with flat-Black

all paint.
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The dryer section was constructed with 1.5
thick galvanised sheet and the internal dimensio

1.22m wide and 5.20m long. There is no insulati

[nm
ns are

on for

the dryer section, A chimney was fixed at the end of

drying section to aid natural convection air cir

through the dryer., Two doors constructed with

culation

galvanized sheet, each 2.5m long and 0.5Jm wide were

fixed on one side of the dryer, Crop bed of int
dimensions 1.2m wide and 5.15m long was construc
and fixed inside the dryer section. The top ol
dryer section was covered with glass and sealed

felt adhensive.

4.2.3 Wood Type Solar Crop Dryer

Black afra wood planks of thickness 25mm wa
to construct the outside body of the collector 4

while plywood of Smm thick was used to construct

ernal
ted
the

with

re used
ection

the

collector absorber plate. The dimensions were ﬂhe same

as those of the metal type dryer collector sect

on,

For this wood dryer, the dryer section was constiructed

with interior dimensions of 1.22m wide and 2.60m long.

The crop bed is 1.2m wide and 2.55m long and waJ

constructed with wood planks and expanded metal
screen. One door of 2.4m long and 0.5m wide wag
on one side of the dryer.for loading and off-lo

A dryer air outlet opening was constructed with

fixed

ding crops.
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galvanized steel sheet and positioned as to prevent

rain water from entering the dryer.

h,2 .4 Vegetable/Fpuit Lolar Crop Dryer

The same procedure employed in constructing the

wood-type dryer expliincd in dryer I was used in

by

constructing dryer 11, except that the size of dryer| I
was constructed to smaller scale based on the farmert
need. The vegetable/fruit dryers were of metal-type|and

wood-type.

3 Metal-tvpe Dryer: The metal-type vegetable/

fruit dryer was constructed with galvanizdd
steel sheet, angle irons, fhat bars, pclydtrene
insulation, expgnded metal screen, and 3mm

thick plain glass.

ii. Wood-type Drver: Wood type vegetable/fruit

dryers were constructed with black afra planks,
plywood of Smm thick for absorber, plate,
polystrene insulator and extended metal screen.
With these materials, two single compartment

dryers were constructed with polythylene

cover. Rockbed absorber for the collector lwas
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incorporated in one of these two dry

Another two single compartment dryer

constructed with glass cover, and ro

i

heat storage system was introduced

of the two.

Eers.

o

5 were

ckbed

o one

Twelve small model dryers were also constructed

with polythrene cover.
attached in eight of these small dryers.

Two double comvartment drvers were fabricat
polythrene cover, one of these two had rockbed 4
for the collector.

4,2.5 Hybrid Crop Dryer

Fabrication of this blower (centrifugal fan
the hybrid dryer was carried out in Department a
Agricultural Engineering workshop. The detailed
component parts fabrications are as follows:

The impeller plate on which the blades were
attached was cut to 0.45m,pm.diameter from a mild
sheet of Smm thick.
the centre of the impeller.

Eight blades, the parts that sweep the air,
constructed from mild steel sheet of 3mm thick.
size of each blade was 0,204m long and 0.14m wid

side radius of curvatur of 0.082m at one end of

Rockbed heat storage waqg

ed with

bsorber

) for
f

steel

A hole of 0.042m was drillad at

was
The
e, with

the
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blade which was cut to a shorter width of 0.05m.

The fan casing was made of three parts welded

together, that is two sides and top covers. The si

covers were cut to identical shape. The outer sid
an inlet opening of diameter 0./ 5m cut for the impe

entrance and the inner casing has 0.,00m diameter op

cut for the shaft sitting, The side covers were c

an involute shape of radius 0.37/m. Galvanized steg
sheet of 1.5mm thick was used for the casing sheet}

The top cover which was folded on the involut
was cut to 1.8m long and 0.21m wide,

The control damper which is an air inlet adju
gate, was constructed for controlling air flow rat
This was constructed (rom galvanized steel sheet of
Five circular plates of the same external diameter
internal diameters of 0.06bm, 0.12m, 0.18m, 0.24m
0.30m, respectively, were constructed from galvani
steel sheet of 1.5mm thick,

The whole parts were assemnbled togetner and k4
an electric motor of capacity 1.5kW.

The air duct (23) which makes indirect contact
the burning gas through metal sheets was constructe

with mild steel of Smm thick. The construction of

it

de

e has

ller
ening
to

1

shape

tment
1.5mm,

and

d

ed

yed on

with

(i
this

duct was such that air blown from the centrifugal fan
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recirculates three times in the heat exchanger zone, thus

allowing enough time for the air to be heated up before
flowing out to the dryer. The air flowing inside the

air passages does not mix with the burning gas. The side
cover of the heat exchanger (l;) was constructed with Zmm
galvanized sheet impregnanted with fibre glass insLlation
(7)s The flue vent (10) was constructed with galvenized
sheet, in such a way tnat the burnt gas will be safely
channeled to the atmosphere. The gas buraer (19) was not
fabricated under this project, but was adapted to meet
the firing of the heait exchanger furnace. The air
connecting duct (3) was constructed by folding galvanized
sheet,

A chimney of 2m high and 0.28m diameter was
constructed with galvanised sheet and fixed at the outlet
end of the dryer section. The collector and dryer
section construction were as described for metal type
dryer. This hybrid crop dryer was completely constructed

and assembled in the Department of Asricultural Engineering.
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L.3 Scale of Various Dryers

The following dryers on which laboratory tcht were

conducted, were constructed in the department of

Agricultural Engineering, Ahmadu Bello University,

Zaria,

a)

b)

c)

d)

e)

1)

g)

h)

small-scale wood-type direct mode 5olar‘dryer
with rockbed heat storage,

small-scale wood-type direct mode soler dryer
without rockbed heat storege.

small=scale metal-type direct mode solar dryer
without rockbed heat storage.

small-scale single compartment wood-type
vegetable/fruit solar dryer without rockbed
heat storage.

small-scale single compartment wood=-type
vegetable/fruit solar dryers with rockbed

heat storage. ;
medium-scale double compartment wood-type
vegetable/fruit solar dryer without rockbed
heat storage. ‘
medium-scale double compartments Hood-ﬁype
direct mode solar dryer, with rockbed heat
storage.

medium-scale hybrid crop dryer.

Dryers a, b, ¢ and h were designed and fabnichtid

in such a way that they can function well in thin or

deep layer batch drying. On the other hand, dryers

d, e, f and g were specifically designed for drying
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vegetables and fruits, which were normally dried in
thin layers. Dryers a to g operate by natural
convection air circulation, while dryer h which is
gas~fired in combination with sclar energy operates

by forced convection air circulation,

The field tests were conducted on the dryers
located at Jere in Kaduna State, New-Wuse and Kwaka

in Niger State., The dryers are:

i) Llarge-scale mud-type direct mode solar crop
dryer,

J) Medium-scale wood=type direct mode solar
crop dryer,

k) Large-scale mud-type direct mode solar
crop dryer.

1) Large-scale metal-type direct mode solar
crop dryer,

m) Large-scale mud-type direct mode soler
crop dryer.

n) Large-scale metal-type direct mode solar

crop dryer.

Dryers i and j were located at Jere, dryers k and
1l were located at New-Wuse, while dryers m and n were
located at Kwaka. Dryers i to n located in the field
were designed mainly for drying cereals and tubers.
Crops can be dried in these dryers in thin or deep
layer batch drying process.
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Instrumentation and Data Collection

4ont

Plate 4.1 shows a mercurv-in-rlass wet and dry

bulb thermometers of range -5°C to 50°C. The dry Bu

1lb

thermometer was used to measure the ambient tempergtures,

With the measured values of wet and dry bulb
thermometers the annlhient relative humidity was read
directly from the nsychrometr:ic chart,

Plate 4 2 shows copper-constantine thermocouplle
connected to a 2} channel selector switch onto a dil:
Omega Readout Thermomoter Model W50, This instrumen
was first calibrated with mecury-in-glass thermometp
range -10°C to 100°C and it has an aceuracy =C.5 per

This instrument was used to neasure the temperature

different locations in the eollector section, dryinfn
d

section and the heat exchanger section. The inlet
cutlet air temperatures in these sections were also
measured. Four probe thermometers (Plate 4.3) with
temperature range of 0°C to 100°C were also used to
measure the inlet and outlet collector and drying se
air temperatures.

HAENI SOLAR 118 DELTA Instrument, a digital

wires
ital

t

r of
cent.

at

ctions

instrument with sensor output, shown in Plate 4.4 wals

used to measure the total solar radiation. This
instrument was inclined at the same slope angle as tl

.- collector or dryer top surface facing south.
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PLATE }4.2: COPPER - CONSTANTINE THERMOCOUPLE
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PLATE L.3: PROBE THERMOMLILER

PLATE L.ls: HAENI SOLAR 118 DELTA INSTRUM:NT
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PL.TE L4,6: VANE ANEMOMz=TER
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Plate 4.5 shows an Omega Hygrometer-Thermomlter
Model KH 610 with digital readout and a probe for
relative humidity and temperature ranges 2 to 904, and
-10°C to bOOC, respectively, with an accuracy of%;?j RH,
This was used to measure the relative humidity'od the

humid air flowing out through the drying scctlon.

A Vane Anenmomctior was monited ©o measure ntqu_Htric
wind speed near the dryer (sec Plate &6 ). The wL sture
contents of the crops were detormined at hourly _'!;::e-rv:lls
by A MOISTURE M&TER DOLE MODEL 100 .

Other instruments used are:

Karl rolb Veighing balance of =cale renge 20.01 to
150kg used to obtain the weight of crops loaded for drying
in the dryers. Metiler Balance, a sensitive weighing
balance of range O te 1200g, was employed to obtaﬁn the.
weight of samples dried in the oven for moisture content
determination. Shermond Oven of Model 2000 and s;rial
number 80625 with the temperature range oi 10°C to 210°C was
used in oven drying to obtain moisture content of ;he
samples. A gas regulator for controlling gas flow rate
was also used to determine the quantity of gas burnt at
a given time. Vibratak Tachometer, sensitive within the 3
limit of O to 21,000 rpm was used to obtain the centrifugal

fan impeller/blades speed. Static pitot-tubes of lmm and
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Smm internal and external dineters, respectively,

¢

and 150mm long, with a range of 0,508 to 17.76 mAs

-

employed to measure ‘he air voloeity aleong the ajr

duct and in the drying section,

was
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CHAPTFER FIVE
5 '.I'l-:f;'l‘:-;, RESUTLTS AND DISCUSSTION

D 1 Introduction

Laboratory and field performance tests were
conducted on the solar and hybrid crop dryers

described in chapter three. The results were also

critically discussed,

52 Testing Methodolosy and Resultsg

Dryers a, b and c were tested from May 16th
1990 to June 16th 1990, Yellow maize grain of |
variety SI-23 (grown in IAR/ABU Parm) was soaked inl
water for 21 hours (12.00 noon to 9.00 a.m.) to
raise the moisture content to 20.6%, wet basis.

The quantity of maize weighed and placed in each

of these three small-scale dryers was 25kg, and

was spread to a depth of 50mm in the drying chamber|
(drying section). The same quantity of maize and
layer thickness was spread in a perforated tray for!
open sun=drying.

Thermocouple wires for monitoring temperatures |
at various locations in the dryers were fixed to
measure collector air inlet and outlet temperature34
drying section air outlet temperature, surface |
temperature 6f the drying product and the ambient |

temperature. These wirss from different junction

point on the dryers were
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connected to a 2lj-outlet switch and the switch st in
turn connected to the digital readout thermomeler.,
Solar insolation at the inel ination of the dryerg were
measured with time, Relative humidity was measured

with an Omega liyprometer with digital readout. Dry

bulb and wet bulll thermometors were used to Lind| the
surrounding dry nnd wet=bullt temnoeraturec. ..r pelocity
and grain moisture content were measured wit.i motometer

and moisture meter, respectively. “The inlet and|outlet
ends of the dryvers were left open even at nipght
throughout the drying operation.

Figure 5.1 shows the maize grain drying curves,
while Table B.1 shows the detailed data collected
during the batch drying process.

Within two and half days, the maize dried from
initial 20.6% moisture content wet basis to 10. for
dryer a, 12.9% for dryer b, 12.0% for dryer c¢, and

14.1% for open sun drying.

Subsequent test performance on these three Tmallh
scale dryers were conducted with exactly the sam*
method and instrumentation as previously described.

On 5th June, 1990, 50kg of the same variety and bBreed
of maize grain already eited, was introduced in each
of the three small-scale dryers, after soa<ing and

raising the moisture content to 33. 3%, wet basis
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FIGURE 5-1 Dryving curves for rewetted
maize versus Time of the days
with Dryers A, B, T and open

sun drying.

Explanation of Signs

m=maize moisture content dried with

&

open drying: |

, = maizemisture content dried with

dryer B - %

e = Mize moisturs content 4Aried with

nt

dryer o =

x = Mmaize moisture content dried with
dryer A -
Quantity of product = 2%5kg
Depth of maize layer = 5Omm
Initial m.c. = 206% wet basis
Final m.c., =
Drying dates = May 16th to May 18th 1990
Place of drying = IAR/ABU - Zaria.
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FIGURE 5-2 Drying curves for reyetted maize
versus Time of the day, with
Dryers A, B, C and open sun

drying.

Explanation of Signs
3 = malze moisture content dried with

open sun drying - %

= maize moisture content dried with

Dryer B - %

® = Maize moisture content dried with

Dryer C - %

= maize moisture content dried with

Dryer A - ¢

x

Quantity of product = 50k

Depth of maize layer = 100mm

Initial m.c. = 33.3% wet basis

Final m.c., =

Drying dates = June S5th to June 9th 1990
Place of drying = TAR/ABU = Zaria.
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FIGURE 5«3 Drying curves revetted
Groundnut versus Time of the
day, «ith Dryers 1, B, C and

open sun drying.

Explanation of Sign
(J = Groundnut i sture content dried with
open sun drying - %
» = Groundnut moisture conteont dried with
Dryer U - !
X = Groundnut moisture conteont dried
with Dryer A - &

Quantity = 19kg

Depth of grourndinut layer = 52um

Initial m.c. = 37.5% wet basis

Final m.c. =

Drying dates = June 13th ts June 16th 1990
Place of drying = IAR/ABU - “aria
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The maize was spread in the dryers to a layer degth of
100mm. This quantity was the maximum grain each |of

these small scale solar dryers could take, The %ame

quantity and depth of layer of maize was placed for open
sun drying. After five days of continuous dryind, the
maize grain dried from ini%ial 33.7%: moisture content,
wet basis to 9.2s for dryer a, 11.64 for dryer h,
|

10.4% for dryer ¢ and 18,54 “or enen sun drying. | The

drying curves is shown in 'iyjjure 5.2, and the Jmtb
|

including other parameters in drying performonce fs
shown in Table B.2 in Appendix &

Groundnut pods of variety Samaru 61 was on June
13th, 1990 weighed and placed in three small-scalﬁ dryers,
after soaking and raising the moisture content to |37.5%,
wet basis. The quantity of groundnut pod in each of ‘

the dryers was 19kg, and the layer thickness was 50Omm.

Measurements were made as usual. The results are wn
in figuregzgnd table B.3. Within two and half days,
the groundnut pods dried from 37.5% moisture content,
wet basis to 7.0% for dryer a, 9.3% for dryer b, 8.!7%
for dryer c¢ and 12% for open sun drying. .
During the time these drying tests were condudted,
newly harvested maize and groundnut were not available.

That is why the crops were soaked to raise tne moisture

content for the batch drying processes.
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FICURE 5.,-4 T"rying curves 75 sin-le
layer slice”’ fresh ‘Kkro versus
time of the day with Iryers
L, N, C and open smm drying

Explanation of immns

g = Ckro moir*ure content driew with
open sun orying - %

e = Ckro moisture content dired with
Iryer = B « %

0 = Okro moisture content dricd with

Dryer - € %

X = 0kro moisture content diread with

Dryer A =i

Initial m.c. = 70% wet basis
Final m.c., =

Drying dates = May 318t to June 2nd 1990

Place of dryinr = IAR/ABU - Zaria.
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FIGURE 95=9 Dryins curves for single
layer sliced Tomatoes versus
Time of the day, with Dryers

A, B, C and open sun drying
Explanation of 5iun
a = Tomatoes noisture content dried
with open sun drying - %
. = Tomatoes moisture content dwlied
with Nryer o = ¥
o = Tomatoas noisture conient dried

with bryer = W

=Tomatoes moisture content dried
X

with Dryer U = %

Initiel 1oisture content = 90%
Final moisture content

Drying dates = May 31st to Juae 3rd 1990

Place of drying = TAR/ABU - Zaria
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Newly harvested fresh oxro and tomatoes vere also
dried with the three small scale solar crop aryers.
Ckro at 70% initial moisture content, wet Losis, wes
sliced to about 15mm thick and dried in single loyer in

the dryers. The drying data woere collected ond snalysed

as shown in Figure . and Tacle .0y In the A serndix.
The drying lasted for two prd halfl days. AT Liie time
the okro dried from 70H initisn? moisture coniant, wes
basis, to &.Uhs moisture content, for dryer g, 1o

dryer b, Uk for dryer ¢ and 20 for traditional open cun
drying (not in the perforated iray).

Tomatoes identilied as Honita cultivar was silced
in two halves and infroduced in singzle layer in the dryers,
Figure 5.5 and Table L.5 in the Appendix show the detailed
drying performance. uuring the drying period Of three
and half days the sliced fraesh tom-~toes dried frem initial
93% moisture content, wet basis, to 7% for dryer a, 1%
for dryer b, 9% for dryer ¢ and 49 for traditional open
sun~drying.

As soon as the construction of the dryers d, e, f
and g were completed, their drying tests performance were
conducted rfrom June 5th to 8th, 1991, Newly harvested
fresh okro was sliced to about 15mm thick and dried in

single layer in the four dryers as well as in traditional

open sun-drying. The measurements werce made for performance
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FIGURE 5-0 Drying curves of single
layer slized fresh Qkro versus
time of the day with Dryers
D,E,F, G and open Sun

dry ing
Explanation of Signs

fd= Okro moisture content dried
with Dryer - F{down layer) = %

Fu-' Okro moisture content dried
!

with Dryer F (upper layer) - %

f,= Ok¥o moisture content dried with

Dryer = D - %

g‘i: Okro moisture content dried
with Dryer G - (down layer) = %
@(1? Okro moisture content dried with
Dryer G - (upper layer) = %
Fq-'-'- Okro moisture content dried

with Dryer E - %

F;: Okro moisture content dried with

open sun drying

Initial moisture content = 2385, wet Basis
Final moisture conwent =

Drying Dates = June 5th to June 7th 1991

Place of drying = IAR/ABU - Zaria
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PIGURE 5-7 Lrying curyes of single
1ayer cliced frosch Tonotees
versus ti-a of the day with
bryers D, By, ¥, {} ant open |

sun drvinsz

Explanation of Jlegns

ng= Tomatocs moisturea conbent dried

l
with Dryer - F{d»m 1ayor) = ¥

fur Tomators molstura content dried

with Thruer = %(unpur layar) - G

£i== Tomatoas molstur: content dried
with “vver - Do~ %

Eilz‘romatoes moisturc coantent dried

with Dryer- G (dosm 1ayer) - %

guzTomntoen moistur~ content dried

with Tryer G ~{upper layer) = % -

ﬁ:Tomatoes moigture content -

with Dryer E - %

c%:’Tomutoea moisture content dried

with open sun drying

Initial m.c. = 4% wet basls
Final m.c. = i

Drying dates = June Hth to 3th Juné ﬁ991

Plsce of drying = IAR/ABU - Inria
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-

data collection and the results and thé‘quantity oé
okro in each dryer are shown in pipure § .6 and Tab}e
B.b in the AppendiX. Within two and half days the okro
dried from initial $4% moisture content, wet basis, to
7%11‘01‘ drysr 1 upper E:omparttnent, 0% for the 1owe!r‘
compartment, 7.5% for dryer d, 6% tor dryer g uper layer
and 35% for the lower compartment, 6. 8% for arvel «, .nd
BOﬁlfor traditional open sun dryiog. ' |
Also newly narvested 'Ronita cultivar' tomat@es
were cliced in two halves and dried in the four "LWﬁ+nth/
fruit dryers. Alter three and half days the tomatoes
dried from initial g% moisture content, wet basis to
2.7% for dryer f upper compartment, 55Y% for the lower
compartment, 8% for dryer d, & for dryer g UpPEr
compartment and L8% for the 1lower compartment, 7;1% for
dryer e and 35% for traditional open sun-arying. The
detailed results including tha quantity of tomatoes
introduced in each dryer ane shown in Table B.7 in the
Appendix, while the drying curves are shown in Figure 5.7.
Dryer H-Hybrid crop dryer - was tested from April
25th 1991 to April 26th 1991. At this period of the
I¢YEGF, newly harvested maize was not available. ‘herefore

Wnite Dent malze variety of second tier breed was soaked

in water to raise the moisture content TO 3, wet basise
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On April 25th 1991, the bobrid dryer wm. 5o un for

m

drying test verformance. The annection CNTINE the test

L3
was as described in Chapter . The air part snd jo/nts
were made air-tight to aveid o minimize air -nl heat

b

losses. The thornncouple wirs s were fixed o

junction points which measursd ‘he following itraperatures:
Heat exchanper air inlet temme ture (air teuperaiure
in the duct connecting the blLower zud the heat exchanger),

collector nir inlet)heat excnznper nir outlet, col.ector
air ocutlet/drying section air Inlet, drying secticn alr
outlet, collector plate glass cover, heal excacnger body,
flue gas above flame temperature and finally air
temperature through the duct. The thermocouple wire from
these junction points were connected to a 2h=-cutlet

switch, and the switch was connected to the digital

readout thermometer. Other parameters such as the pressure
of the burning gas, air flow rate, pressure drop, solar
irradiation, wet-bulb and dry-bulb remperatures, amblent
temperature and the grain moisture content were measured
with the appropriate instruments already specified.

YOkg maize grain of the elevated moisture was spread
to depth of 50mm in the kybrid drying section. Solar
irradiation was eliminated from the collector and drying
sections of the hybrid dryer, by covering these sections

with 10cm thick polystrene foam insulation. The blower
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FIGUR S 5=8 lrying cur.?

LAl =3 ‘llat;. )i

«n maize ool

o air outlle’

omp. ard mbient temp. versus

rime of th day

far Uever - H

(witnout sslar enorgy)

Explanation ol 3igns

x = Hewetted maize moisturc content %

o

W

it

Iryer atr outlat temp,
o= Ambient tewmp. - o

Quantity of product = 40kg
Depth of maize layer = 50mm
Initial m.c. = 33%
Final m.c. = 116/

Drying dates

Place of dryving = IAR/ADU - Zaria

Solar insolation - w./m?-

-

Ca



operated by olectricity vas i che n nnd

burher in the heat excuianger L. ntel. Ih

temperature was monitoed, thu- the gas wer owl'ehed off
when the dryer air inlat temporoture hecame i, and

switched on when tae -ir cooled! down. Tha bLlower
supplied constant air Tlow rafte throughout the drying
period, Firing time is when ' gas was nclually burning
in the heat exchanger. With th aid of the pgas pressure
gauge connected to the pgas eyliner, the ugusntity of gas
used during the Jrving period wrs calculatec (soe
Appendix B). Fipure H.9 shows “he arying curve aznt itne
corresponding temperatuce and inculation curves, while
Table B.§ in the Appoiviix shows tne detailed result of
the drying periormaace.

-~

The same variety ud breed of muize grain was soaked
to initial moisture content of 335 wet basls, on Lpril
20th, 1991. The same guancity (Okg) of maiie prain was
measured and placed in ihe hybrid dryer, ALl ine
measuring systems and the junction points remain saze

as explained. The colirctor and the drying scctions were
exposed to direct sclar irradiastion. Lhus the drying
process was a combination of solar energy and gas-~firing
system. The drying operation lasted for seven hours at

which the maize dried to 11.6% nmoisture content, wet

basis. The quantity of gas used for the drying was
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FIOUH 5=9 Drylong ca o2 o0 maize

outlet tou 5 awrl Ambio
tomp. versas Dine of Lho
‘o ey = H (with soloy

onerny)

Bxplatnalion o Signs
= Apwel e maize voisture content = %
Ay = HBolar ingolation - w/n"
o= Uryer nir outle. temp. =T

n=Amhiont Lemp, - B+

Quantity o product = 0k
Deptnn of layer = SOmm
Initial m.c. = 33%

Final m.c. =116 %
Drying dates

Place of dryingg = IAR/ABU - Zaria
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FIGURE 5=10 rying ¢urve for fresh
nnturesho: malie, solegr
insolation , Devrer air
outlet “ormoe ond Ambioant
Lanp. verslas e of the

vy for opr J

X = wnthvoshal mafze Igt. e wnntgnt - B

O = nolay insoalation - w/m

o= Uryer oublet tewp. - 2

ga= A\mdieni temp -
Luantitly o prolduct = 1.0k |
initial myec. = 0%

- €,
Final m.c., = 17°5 %
Drying Dates = Sept. 17:h tu Uept. 16tn 1990

Flace of drying = Jere vill.se in Kaduna

State .
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calculated nc intirgtel in WL %z Be 111 _‘_':_'-'
shows the dreyine Tsocratns nd A I
curves and funbla B.7 dn the Soperdlin ghovie the
comprehensive resuli of thi Jsyviy OPIBITINGIE.

In the field, “he matal~ivoe dryersg J, 1 #nd n

were f£irst consiructed at Jero, New=Wuge =uc . wvako,

respectively. w5 Cwon cyper) was or leshbenver
13th, 1990 ioaded ith newly harvested .o wol s o)
about 150kz. 'ne initial noisture coatent wns 20

wet basis. The owner of the malne was ¢ farmer

1iving in tnat village, The drylng rate was wonitored
every four hours. I% took tiree days to 'lry wown 1o
11.5%, wet basis. The rate of drying, solar irraciation
and temperatures are shown < aphically in virure 5,10,
and all the datn collectad ‘ncing, the batch drying
process are indicated in Tob e B.10 in the Appendix.

On September bth, 1990, dryer 1 was tested by
loading in shelled grourndnut, unshelled and shelled
maize brought by the village farmers. The initial
moisture content at which the crops were introduced
in the dryer were 195, 2% and 27% wet basis for shelled
groundnut, shelled mnize and unshelled maize, respectively,
Also the crops dried after one and half days, two and

half days and three and half days in the same order to
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PIoDITL He V- eydn, wrvesy fer iunthreshoed
and % ¢ shes mudie o L1st
shel L e R phurn
Joant roprtarsy g e
taryy FAS T S

Exolanation o g4 s

o ~unthon L magwy kst e of nluak
- gur!

s = Lhresic mize s - lent
1 0 Lagh 103 TN

",:5':1(-:1[-&; preouadnal 0L S LR H1oOn pit
curvae,

Ounntity of vroduct

unthreshed matze = 20 JKE

shellad grouninut = 2087

lDiLiLﬂ :ﬂ,_'.::’;{ ‘o"]_na‘]_ 1'|.C. = 1'.69/”

Drying dates = Sept. gth to aept. 12th 13590

Place of drying = New-yuse village in Niger

State.
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Ity 3=l M wing o oy Tor sobar
intnlat i+, Jioyaer air gut
e maicat tem.

veraus . o! the day

tar Iryc: .
Explanation ol digns
x=50lar iasolation curve - w/y
O=dryer alr outlet .omp. curve -~ 2C
p=Ambient temp. curve « C

rying daten = Bept. 8Ll to Jeple 12th 1990
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gxplanation (e

ey A mo istare

Xx=

.
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o= Anpient Leks =

H

Quantity af procacs

Depttn oF
= 29%
7-57%

initial
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Fi!’l'll Mel e

Drying utates
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9%, 11.7% and 11.0 yigtur MLonta resrcativelv,
Table B.11 in the ‘ooepdix t1g ey doba ool ectipd,
Figure §.11a shows L2 dey'r - curves for nfy Trons
while the corresnon!ling te “nture aad solpsz- =g v.ion

curves are indicntel in Fi~—-o 50415,

Dryer n was tested froe-. | opteraere Hth, 1990,
September 12th, 17" with s nuw 73.500 vnr el e
groundnut from the Trmers. Jithin these cays the
groundnut pods dricd Trom 7 'nit .l molisture content,

wet basis, to 7.5 moisture coiitent woet bepsis. The
groundnut pods was spread to » lave:r depth of Jjurn. '‘ne
results are shown in rigure 5.%2a and Table 3.17a in
the Appendix.

Further testing was carricd on dryer n ‘ronm .esteaber

13th 1990 to September 16th 170, fThe dryer was loaded
with 100.2kg groundnut pods trem the faraers snd spread

to a layver of 5amn tnick. "Yitsin the batch drying
process the groundnut pods dried frem 304 initial moisture
content, wet basis, to 7.8%, 'Tie cetniled resulits for
the test are shown in Figure 5.12b and Table E.12b in

tne Appendix,
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gk 48y 4 A - .y Craey  1mvvps
FIGURE D= = -V T ,

Explanilion o)

(7

XS JEOUNLLILL [\}_St_\ b ‘.C_I!;'.'.".Tt. )

ekl

o= Broviminal mwesht arl ¢ 3L curve
: i 1 a ':'I‘ .n¢)

é = - =11, 1ot tem; uey - &

ez Salar insalation cvive wyp

8= /mbienl Loope cury

Guantity of preduct = A7 9Kks
Depth of grounwinut layer = S.5mm
Initial n.c. = 30%

Final mn.c. = T78%

i
~

Brying uates = Sept, 13th to Sept. 16th

1990
Place of drying = Kwaka Village in

Niger 3tate.
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PIOUNRE Ge=ih RYERY curves T e oo
goldnr o ation, ryvec ou'led
nir tenps il nmblent Sempie
voreas al" e -day, Tor

K= mnize motsture crutent coupve "

: ')(c
Q= ioyer aith.'et ajr 1gMps curve >
k— -".'.1?.1]' ent f"ﬂ 1‘&!‘. Cu=ve Qc

e=lolar Innolation z:mve <= °C
Initinal m.cs = JOH
Final wm.c. = 11 5%
Drying dates = HMay 1445 Lo Fay 19th 1991.

Place of drying e Jere villice in Kad. State.
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FIGUIE H=1h vging cu~v2 for maize,
aoli® frasiatien lryer air
i Ll Qt L a f'-,’Tit!i"..' t'.‘ﬂii-«l.

"

yorsus i of “n @ay ior

Explanation of UipLs

@ = iryer ol sutlet heiaps Auve - b S

-

s = bolne i walation curve - 'l",f,nr_'

(1 = Amblieal “rap. sumve = @
Initial moisture content = O wet basis
Final moisturc vontent = ”"/.“/:'
prying dates - May a4t to U'ny 18th 1991

Place of dryin~ Qew-Huse vill ge in Higer

Stata.
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Pryers i, k and m wer: duil
and Kwaka, resoectively, ge

in size and function. Theso dry

testing at off h~rvesting seasc:.

harvested maizo aother corep

were scarce., ow robs of niwly !

from the farmers irrizated  arrp
tae dryers. Tho (irving ol "ae !
unshelled maize starled on . yer
to May 18th, 1991. wWithin this

dried from 30 initial moisturc

11.5%. The details of the crying

parameters are as Indicated in :-

B.13 in the Aovendix.

\Iarves L Lrenh

sere used

W dere, Lcogmeas
trvers were ident
Wo wore 'reriy 0

Thercfore rowliy

$un’ S
or- tuabperons

wly harvested

1 from wuy 1th,

seriod, the maize
ontent wet baalg
rate and ctaer drving

pure 5.13 and Table

to

Dryer k was nlso tested with the newly harvested

maize cobs from Mav 14th, 1991 to May 18th, 1991.

maize dried from = ; initial moisture content wet basis

to 11.2%. The dotailed results

5.1!4. and Table =,7 in the Appenc

1ix;

The

ire shown in Figure
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5.3 performance gvaluntira € the oo iyl
The perforpancs of the —ov oeops Vore cvalunted

py considering thety «rying « 117 ncies, J4ir

product quality an | ¥ha gons  uchlon | 1berials COfL.
5F.3.1 Caleulation of Jr'g S eiciencioa.
The related dry s ef ' el o ealculater .res
i) System rving mrficiencies
ii) Collor: v (ryer) Sfficiencie:

{1i) Theroeal I iciencies

5:3.1 A Syston e 8414 o ‘cienalis

This is expressed dy the formala

= ?-'tw]_.“
5“) \ -b ........l'.'-...-..5.1
4 e

'Z =gystem drying efficiencies, %
SD

=
i

weight of water evaporated, kg

= 1latent hrat of vaporizallion, J/kg

k
!

average daily insolation incident on

collector, W/m3

= effective collector area, mz

ct
i

drying time, s
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The averace daily ingolatinn (1) inecident cn

collector wans found Tfrom T .- tata collectcd varing the
- 2

crop drying tor deyer n fto he h91.5 W/m*=. 7 letent

heat of vaporization (Lv) of water is given (... i 2o,

1977) as
2401000 J/kg md 225014 J/ g at Leupritiires

uzoc and N9 respectively.

The system drying efficiercivs of The dryers re
calculated ns follows:

Given .5kpg of maize grain at 20.6% initial moisture
content, wet basis, Uryer a dried this grain to 10.9

moisture content wot basis.

Thus

2 = MWLV

SD iﬁcet
tut

M = MC, - MC

W id fd

( 1L}L) ) X 5-)“’ E R I I A 5'2

and

Dm - -'i'p-‘n'i'pf'i(.:iw R N S 5-3

ie
D = 25 -« 25 x 0,206
= 19.,8%kg

. . H' = (25.9516012-&) x 19.85

2.72kg
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AC _ for Dryer n = 0300 n”

L = 250100 J/ kg
i

= J91.5 wim

t & 2,5 days o 12 hours effective daily drying
time,
ie t= 2:% x 10 x 1w o= 10000 set.

Substituting ihoe v Lues in Jpntion (5¢1)

Z = 2 LL o WA0d0
SD B91.5 ¥ U390 » 103000

Following the abtove method of culeulsting sysien arying
effectiencies, and from the datn oktained Iuring the
drying processge:s, the values in Inble .1 are generated

for dif ferent drycers tested.

5,3.12 Collector (!'ryer) Efficicncies

Collector (iryer) Efficiencies are calculated for
the large scale dryers in tho field. The drvers are
similar in size and oneration. The inlet and outlet
collector temperatures are relatively the sane.
Therefore their collector efficiencies are calculated as

7 = Ma C;sﬂ('i‘o - TIJ

ce Ael ) e T R R e S.h




where
4
= collastor (Lirver) efficiconcy,
ce
M = A pans rate, kn/s
1l
F Do
Lo = S (B R o AN D5 L v /I'_" b
a ’
A = " Tostive « cctor aren, nm°
[ 54 <
1 = avreeate dall incelation incident on
R .
0 fa .DI" i |
M 0,
To = rver outlet Lemp., O
i 0 .
Tj =  Jryer jalket Lemp., C
But
l‘(t = .f.\‘t. “a .‘
f LS ]
B e TR D R R I S 5-5
where

_ 2
A = collector air inlet area, m

= wind velocity, m/=
E = effectiveness of oonenings (riven as 0.5
to U.,o for verpendicular winds and
0.25 to C.35 for diaronal winds)
T, = average dryer temp. {(collector air outlet
temp.), °C
T. = collector air inlet temp. %
= air density, kg/m3
for A = 0,078 n°
V = 1.78 /s
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ht

is

0ok > {03 = 31Dy 100

8,0 UM X 4N

permal _plriciencies
caloulated from the {formular

l‘t I-l
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For the hybrid dryes ad for tne values ol Lhe

following parametonss
™M = '?:)'[nh 31
W
Lv =% ,‘:]lli‘_l LY | o‘/k:'

g4
he = WS7r7ou00 J/k

= ';-E‘)\’)-l' il

the thermal efriciency .7

.z o= 9,680 x 2W1000 m
'1 ‘:—‘::"E,}-‘j F X jls'?..' f ML) X 1‘)0

= 8.7

When drving witn tie hybrid dryer with the collector
and dryer top covev shaded, for the values of the

following paramelors:

1‘1 = ‘,’.61 K
a
Lv = 2101000 J/Kg
Hf = 9,557 kg
hf = W5S770000 J/Kg

the thermal efficiency is

Z = 9.61 x 2101000
: 0.5567 X L5770000

= 5& 3':1'



Table 5.1:

Uryers System Deviog BOCL

flebatton 1o HIY

.?68

arimt Crogs

irmntes with

NI R LRI K A T H

bryer 1 2 3 i ; £ 7 n
A 25 19,85 2,72 0.39%M 10000 p0Ls 10,9 Malze
B o5 19, 89 Yoo PN 10N 2.6 2.9 hnizco
a 25 1585 2. o FEN w0Uvsr 2006 12,1 Mnlze
:l'a 25 19,85 2.4k au3unl vdr 20,60 12 Malan
A 50 3335 134 9.3Ely 20000 3130 9.2 v
B 50 3335 2.7 03Kl 2Moient 33,1 1046 "
c 50 L35 1240 ol 2incin 334 10.h W
T, 50 T 3% 1. th Ao e 33,0 11,9 "
A 19 11,058 B 0L 20s0a 37.5 1.0 Gfnut
b 19 11.88 5.9 1,390 120b0 37,50 9.3 L
c 19 1188 o0 0, 34l 29600 3.5 8.7 L
TS 19 11.80 6 0.3 19hli 3L 6.0 "
A I 4.2 DT 0,3y B 0 .8 Orro
B N 1.2 met 03 eaneo Yoo a0 "
c L 1.2 207 vy Bahua o 8 "
T’_ I qit 0, 3u0 A 70, B9 "
A S 0.5 I D30 180 Yo 7 Tomntoes
B 5 0,5 Wi w3l asie o 11 "
c 5 0.9 lii® 0.3y 1851200 190 9 "
Ty 5 0.5 hahih 0,350 151200 |90 7.8 "
D 15 1.8 1.0 1,20 109000 |38 7% Ukro
E 15 1.8 1% 1.27y  100nx) BB B0 "
F(Lower
lnyer) 15 18 12 1.220h 108000 48 )0 "
Fupper .
layer) 1% 1.0 13,1 1.22h 108000 B8 7 "
G (lowur .
layer) 1% 1.4° 2.2 2.3 1000k B8 I "
G (upper
layer) 15 1.0 130 2N 10800 38 G “
'2‘5 15 .l 2.5 2.3 1700 48 G.a "
D 10 U.b 9.WMT 2.0 172800 9l ) Yomatoes
E 10 0.6 9.4 1.22h 172000 9l T "
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94 Product tmality Analysis

The Food Science nni Technolo ;v Department of
IAR/ABU - Zaria analysized the litrofen (N2) ana
the Protein content of the fruits (Ckro and Tomatoes)
dried in the vegetnbLle/fruit <lryers. The result of
the analysis iz showit 1p table 9.2, 1le perceniage
of the nutrient con'en' was en’culated per unit
welght of the analvsis 1 samples, 'nsh Ckro orcd

1

Tomatoes were =lso . 101 wel.

Table 5.2: HNitrormg and froiain valae af Frechy

Nricd Mo and Tomntoes

Nulrient vilue
Materinla = 3 .
Ve ) = Frotein
!:-' ")

Fresh O’ 1119

Dried in upper compartiment
of dryer - ¥ 1.95 1231

Dried in upper compartment

Of dr‘ye!" - E‘ n.-f"-’ 15-?5
Dried in dryer - D 24 58 14.88

Drifd in lower compartmen:
of dryer - G 2.01 13.08

Dried in upper compartmen<
of dryer - G 2.57 16,06

Dried in dryer - i 2.45 1531

Dried by traditional open
sun drying 1.1 13.0
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Tavle 5.2 Contd

Tomatoeg

Fresh _ U.19 1.19
Dried in lower compartment

of dryer - F 2.97 21,60
Dried in upper compartiment

of aryer - [ 6,05 26.98
Dried in dryer - D ' : ha52 27.88
Dried in lower compartment f

of dryer - G 3.1 23.60
Iried in upper compartment l

of dryer - G 4,57 28.30
Dried in dryer - B 422 28,0

Dried by traditional open
sun drying 3201 22,0

f
Qkro antd Tomatics dried in diprocst mode

vegetable/fruit dryers with or without rockbed
heat gtorage showed remarlialle high nutrient value
brcause they dry taster than the traditional open
sun drying. |

The same sample bywight of both the dried
and the fresh Okro and Tomatoes were used in the

nanalysis of the nutrient volue, i
|
|
|

545 Coat Analysis of the Dryer

The total estimuted count of each of the dryers
!|.
are shown in Table $.3., In appendix C the detailed

costs of the materials for cach dryer were specified.
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Table 5.3: Frice of l'vyers !ased on the ..7er: e
Markot Cost Price in saria, Jere snd Suleja

Between dovemser 1989 and June 17491,

Type of Drye:r fotal
Laterianl Cost

1s DRYEH~-A- small scnle wond=type
direct node smolar dryer with

rockbed heat atarsge. C12.00

2% NRYPR=U= smn'l senle wood=type
direct modc solar dryer without

rockbodl heat storage. 516,00

3. DRYER-C~ small scale metal-type
direct mode solar dryer, without

rockbed heat storage 732.00

. DRYER-D- swmall scale single layer
wood-type vegzetable/fruit solar

dryer without rockbed heat storage. Ly . 50

5. DilYlH-E- small scale single laver
wood-~type vegetable/fruit solar
dryer with rockbed he2at storage. }50.65

6. DRYER~F- medium scale double layers
wood-type vegetable/fruit solar

dryer without rockbed hoat storage. 871.75
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Table 5.3 cont'.d.

'ype ol o er UL

Ta DRYEit=G- nelium seale ouble Jnyoers
wood-type veroctahle/IPuit solar dryor
with rockbed unat storare. o2« 35
8. DRYzit=il= melium scale hybrid crop
dryer. 12,782.50
9. DRYE{=I= Targe scnle mud-type
direct mode solar crop dryer 4S840
10. DRYER-J~- medium scale wood-type
direct mode solar crop dryer 1,793.00
11. DRY ul=R= large scnle mud-type
direct mode solar crop dryer l1,1458.50
12, DRYER-L- large scale metal-type
direct mode solar crop dryer 0,043.00
13.  DRYzK-k~ large scale mud-tyoe
direct mode sol-r crop dryer l1,,58 .40
1. DRYER=N- 1large scale metal-type

direct mode solar crop dryer 8,043,.00
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Labour cost is not included in the total

cost given, because labour prices are very flexible
and depends on many factcrs, but the materials
for the dryers components are fairly constant in

price over a perliod of time,

549.1 Payback Period And Percentajge Cash Flow Gain

The payback period of the various dryers and

their percentage cash flow pain the traditional

drying method are given i table 9.4, The detailed

calculations of the paylac . period and the percen-

vage cash flow gain for enli dryer are worked out

in Appendix

p—

"able 5,4 Dryers Paybacik [erio

' i v the Percentage
Cash Flow (ain

l 73 £ 5
2 ¢ |%p | EE.2
LI I O i ‘ !
T‘*If‘_} o ¢ & é:;.‘: vmgﬁ
= iﬁ;' bigg o3 o 0.5, | Hx0 00
it .G ' 3 s S & LT ﬂog‘s EA
o, i €~ *r“. y : e E‘ fl?\ O @~ a\ﬁp o oyl
- a1 | B s ) L LIl L ] b el G
(8] S 42 I feel 13 INSE iy dooss O B Do
Ui s~ 42 UL 5 ¥ % S o DaA D & DN
0 Gq Voo - Q@ 0 G & [k e L‘é
L G | = < YN Lo O U
LY =7 % e DT M 00 1.5 35 .89
|
A - ¥ H15, 00 md e, 500 147 36
EE=-C | 19 757 00} .00 186 42.74
L=y 5 v L4450 Ton gvﬂfdlw 1«37 18.81
! ! .
-;:’.‘: _I-:I £ ; 1';‘ ].(\‘5 '1‘-”!' ':.."l”} 1.39 18-69
1
| % 1 B71.75(Tem: s HOOL 1,661 19.84
- 5 1 81,55 Tem e 17 19.68
|
; |
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Tabtc 54 Cont'd
oRYER-H | 15 |12,782.50|m1ize,f700 | 2,42 46,17
RYRR-I | 10 | #7840 mize,6m00 | 0471 | 19,49
DRY ER=J 9 1,733,001~ gl im0l P13 , 20, .
myEr-k | 10 | 4, 000.8000 0 se, 00 | 0.7 FOM
DRYER-L { 15 | ".7"2.00|mize, 6700 ~.~1
DRYER-M | 10 | 4,0 s.40|r e, Y f.?«h (0 )

DRYER-N | 15 L0300 e e, o | 3.EG ) AL




o euseion

From the dablsn co) Lo led furing Lhe arylne Lest
analvsiz, the followin; clhsepva-ions were nade,

The small scale drversg »n e v otoble/fruit dryers

with rockbed fo4: ntorari- dricd Lae crops Troter than
those without rackbed hen'. strvnge. 1t the rocks
increased the welipht of e dryers, which sffected ihbe
transportabilily,

o

Tomatoes ried at the lower compartment of the double
compartment ryers rottyned hefore it dried, Thir i:
because at tiue Lime of the drying operztion, the
atmospheric relative humldity was nigh, Jlgo trne loser
compartuent is an indircel mode drying component. At such
drying comiitinne Lhe lower coppartment .cction ¢f the

compat tment
double [iryer emnat dry high moisture content crops, csuch
as tomatoes.

1t was observed that within the drying periocd, the
preducts generally increased slightly in moisture content
over the night. fhis might be due to the fnct that the
collector air inlet space and the drying section air
outlet space were usually kept open even in the night.
This then allowed the high relative humidity air, which
characterizes the night weather condition, to flow to the

drying product in the dryers.
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Wt woie L ce trn Eran TRk e
T B
betwaen Lhie drgers goverod wil g Breagnarent PR
and the g cov-taod Wi CENISHARPTLL, i ol Amm
to Htmm thick. 1 whe tonling ~miliaw 1, bbe
transpavence of Lhe pelyitieans deminished; ‘et ‘vhen it

was cleaned, it was nct oo Sroacparent. a8 Lo¢ neow one.
The polythens uns found Lo be very soflt at hirh dryer
temperatures. 18 nermally occured between 11.00 a.m.
and .00 p.m. in a clesr weathor. High temneratvres
have advance ol vets cn the polythCan, one ol which
is that the nolvihene can easily tear or rurcture,

On the other hand the glass always retaing its
transparetice yhouover it is elcaned, The plass easily
breaks vwhien 15 i heated snnd meoved with slicht force
during thenoon tine. Therefore, transportation of
glass under hi;n vibrations and temperatures should

be avoided,

The teumpecrature cf the dryers with rockbed heat
storage increased by cbout 5°¢ higher than those
without rockbed heat storage when testel unuer the same
conditions. In the mcrning the dryers with rockbed
experienced some time lag to heat up the collector

section. but the rock took a longer time to cool

down to ambient temperature after sunset.
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The metal-type dryers generated more heat than the
wood type dryers without rockbed but they cooled down

very quickly after sunset. [

Different dryer operating slepes were trled wilth
the laboratory small model Cryers. It wag found thet

the best operating slope for the natural convection dryer

" without chlmney is between 119 and 150. Puring the

.test when the slope of 16° was exceeded, the crops put

in for drying rolled and plled at down aide of the
drying chamber. The inclinaticn of the dryer should

therefore not excead the angle of respose of the crops,

Okro dried faster than tomateces. This may be on
the giround that okro has more heat absorption copacity

which made okro drying surface temperatures to be always

‘higher than those of tomatces. Besides okro has

internsl and external ccrrugated surface and this might
have enhanced faster removal of internal molsture from

the pores. The internal water binding force of tomatoes
1q;;y opinion relatively higher and as a result the drying

took longer tlae. _ B

Grcundnut in the amall snd large acale dryers dried
faster than maize. Although the molsture content of newly
harveated groundnut was found to be normally greater than
the molsture content of the newly herveated maize, yet the

groundnut dried faster than maize under the game
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conditions., ‘This is likdly to bte duc Tn Lhe relatively
higher solar absorptance of groundnut as erpleined by
Arinze (1978), »n! also for the hisher intornal rolisture
holding force of maize,

1t has to b nointed ot nomg tuat the vercloble/
fruit (okro and tomatoes) nutrieat test showed that the
dried okro and tonmatoes innreased in Nitrogen nn¢ rrotein
per unit weipght then the wet product. oo Incresse in
nutrient value con be as n resulf of hirh miiricor!
concentration due Lo reduction in moisture conternt,
especially as the design of the dryer ensurrc that the
products dried at the optimum teiperature (h5°c to SSOC).
The vegetatbles driced by traditional onen zun drying and
in the lower comiirtnent of the double layer dryer dried
at such a low drying rate that they were affected by
enzymatic reaction and mould attack which caused
nutrient value deterioration,

When testing the berid dryer, it was observed that
at constant gas burning rate, the heat exchanger air
outlet temperature increased as the fan air inlet opening
was reduced. Thus, a decrease in fan air inlet opening
means a reduction in air mass flow rate, and increase in
outlet air temperature, Also when the fan air inlet

opening was increased the heat exchanger air cutlet

temperature decreased as well, FPFrom the adjustments an
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optimum fan nir inlet sonce off 200mm diameter was
found and used oy deyin: the maize crope. AL 200mm
fan air inlet diaacter D.0ly ki/s air mass Llow rate was
generated, which 5% a wurning nns flow rate of J.OS}rm%yk
raised the dryin: air temcepatiure to hu.hoc. dhen
operated within the exols ned 'rying conditiorns, 75n
of the maize tested in th kybrid dryver was viable after
drying. The vinbility wn: tested by planting 20 malze
grains after drying them in the hybrid iryer. A" so 20
maige grains o! the same maize type (variety and breed)
Irom which the ronked maize gr-oins were meosured out,
were planted ot 0% were viable, 750 viability of the
maize dried with the hybrid¢ drver mav be die o the fact
that it was soaked in water for 21 hours and dried ogain.
Field tests results for drvers in the field were
critically analysd. After the installation of the
metal and medium weood-tyoe drvers at Jere, New-iWuse and
Kwaka, the use ot the dryers were explained to the farmers.
Besides, some quantity of the farmers' products were
bought and dried in the dryers. “hen the farmers
observed that the crops dried faster than their ncrmal
traditional method of open sun drying and that the system

of operation of the dryers were very simple, the farmers

brought their crops fordrying.
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Al Rwakn, Onvrmers biowsht Their npln cranp
(groundtuut). T Uarpers wore exeiterd tic

that it took 1wo to thrm days to dry powly harvoslied

groundunt poti, dWhen o ssly e Lorwers said L
it normally Lool Eaom h ¥i tUnys ta dry the snra
quantity of T vauiy 1t fedg. A Hew=diugs paf

Jere the farmers were o atec on how to use the
dryers, The Inpraars broviinit their fresh maize wiich
dried within %5 to & days «ith the soler drvers,

The farmers con’irmed thin'. 1t normally toolr Loonm
about 7 to 10 davs Todry simil ar quantity of nnirze,

Usually tie volsture conment of the crops being
dried were monilsioal by miasuring the Inftial «» i-ture
content and »t ivlervals ymtil “he eropgs drinl o
the sale stora ;o waisture contint,

The farmer areciated the fael that the drying
crops in the dryer ¢an be left outside over the
night or even when it is raining,

Construction of the mud-type dryers was finished
and ready for testing at the off harvesting season.
In order to demonsirate thne performance of the mud-
type dryers to the farmers, some ear-maize of newly
harvested fresh maize from the farmers' irrigated
farm were purchased and dried. It took 4 days to dry,

The aim of building the mud-type dryers was io
teach the farmers how to construct the dryer with
locally avalilable nd affordable materials., Ihe

farmors were int;ited in the mud dryer construction
by employing them
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to build the mud dryvoer walls ‘n the same vy ruild

their mud houges. nitially the el (rzer walls were

plastered with cenent=gand ratio o7 7 ba o 7 ¢ ndpans
(normal plastering mixture). ‘hic ratin o corrnt sod
sand mixture was ol not to be strvenm mmees s o to

withstand heavy rains, which keat dicectly en “he aud
dryer structit/=, Tho pid Crver wal
with the cement-n/oxl mixture ratio nf 1:6, rnd this nnde
the walls to becime sironger and woner ron’atant,

The system drying efficiencien of “he uryers was
found to increasc as wore creog were introcuced in the
dryers for a batch drying. Thorefore, it iz ndvisable te
maximize the use of the dryers by 'irvin, tirosied crops
at the layer depth of ahout 50 to 100mm ecovering the
entire space ol the drying cron bed.

It was found tnat labour cost increases tuoc to three
times between lay and November when comparec Lo the period
between December and April. The later is the off plsnting
or harvesting scasons. Also there 's pood weainer
condition for construction work in the flield between

December and loril.

From table 5,4 the large scale aud ,rain dryer have
the highest annual percentage casih Jlow nin advantage
over the traditional open sun dryin ;. 1his is due to the

relatively low dryer cost with large drying capacity,
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CHAPTER SIX

6. CONCLUSTONS 2MD PECOMMENDATIONS

small and large scale natural convection solar crop
dryers and hybrid crop dryers were successfully designed
and constructed. phe experimentel laboratory and field

results showed that the performance of the metal-type,

wood=type and mud-type direct mode dryers are very
encouragin;, «heon couwpared <o open sun traditional drying.
50 to 99 savings in drying time were achieved with
natural convection solar crop dryerc and the hybrid crop
dryer when compared with the traditional open sun drying
method.

up to 6O crop dryer percentage cash flow gain
advantage over the traditional drying methced was realized.
pryers cost analysis and their payback period showed that
the designed dryers are within the farmers reach and hat
‘it is more economically profitable than the usual
traditional open =un d¢rying method. ohe medium and large
scale farmers will be encouraged to establish their own
large scale mud-type =nd hybrid dryers.

The mud-type cryers are now receiving high demand
by the farmers in the villages wherc they have been built
and demonstrated to the farmers. por better performance
and reliability, the structure of the mud-type dryers can

be improved by,
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1. geinforcin: thie poil used elither Tor mouluing the
pud blocks or for moulcing the rmyl ¢r ey wal
directly.

2. rthe plastering mixture will be Tatie 1 bapg of cenunt
to 6 healpans of san:,

3. he drying stpnetivre (dryer) enn ii2 aanatructed vith
cement hlocks.

field solar aron Jdyyer constnuction work iz hect
done between necemboer ww ppril. ghe hybrid dryer can be
operated as a {oraci convection sgolar crop dryer wit:zout
supplementary heating. rhe crying chanber aof the hyhrid
dryer can be increasdd to a lage scale dryer wnile still
operating with tihe sane fan who:re air inlet space is

ad justable. mii¢ insulation of the heat exchanper walls

needs to be inproved.

purther, vegetables and fruits nutrient tects that
will incluie vitamin Lest for different arying mechanlem
is recommended. por high moisture content vegetables/
fruits drying, tle dryer should have rockbhed heat storasze
for effectivc izut arying.

glass of 5mm Lhick is pre arabie To The glass of

3w thick, because the later breaks so easily,
this project is of preet help to the small ana large

scale farmers. rTherefore the extenszion service on

educating the farmers on how to use and build the solar
wryers, for themselves should be intensified, and

popularized.
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APPSNIX A

Zquilibriun Constants «nd the Matologicsl

Datza for Ten Years for Zaris eather.
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AreeNDIX A

Table A.1: Values of vuilivrium Constants

C and n for Jome Materials

Material (o n
Shelled corn 1.10 x 1072 1.90
Wheat 5.59 x 1077 1.03
Sorghum 3,40 5 107° 2
Soybeans 3.20 x 1072 1452
Flaxseed 6.8% x 107° 2.02
Raisins 7.13 x 1072 1.02
Dried peacnes he11 x 1U-h 0.504
Uried prunes 1.25 x 1074 0.805
Cotton L.91 x 1072 1.70
wood S.3 x 1072 1.41
Spray-uried eges 2.95 x 10'5 2.0

Natural clay 7.5% x 1072 172



195

Bl e Aal's Sme g ioarieal nls Tor sl dears s = ay
e oabdia L ol ent. oF coead) e Dareaw
Inafaetlhy Joartny, Y et a).
| (300 oM BB,
R FU A LRSS ¢ mdily Adrad i sedldy  adib T8 | IS S AT
Pootiaes R YN OALLIL B | ATRH [} .".':..EJ. g i oy
0, - Koo, Lr s :

Mo oaldy I3y qth VR TR B i« |
biarc: A 144 Fiadys 7 h N T, | L -
.‘i'_."i‘."il it . ,.I o't 1L R woeelt 3 . ;) 43 O {1

¥ay R P ol [ LT I "o ¢ Lyd Ly

o
P 2
e

JU!'.L‘ I‘-J- : a‘-;' a“"lo-"“ i.lt 4 =4 cd {:l. i)

vuly 257 1 rats Yhte ot Yo s e %

ot St B vy iy PR cripa ' i 1 B v
..;L';.:-c g i Tatl 'i."- w4y ¥ = 4 ".';u-‘

uet. L SRS 12,5 VY o v iy 3 L R
OV {F 0 | B AR ) Yo g { ag o T I

LJI:C. .’.-. 11"'? Iy « ' -I |'b- c'lq



194

Table A.2 Cont'd,

Year 1981

Month  Max. Min, sind ury bult Wet sull ilelative

Temp. Lemp. Speed Jemp. lemp. buamiagity

o o ki/2L hr . Opn ' %
Jan, 28.2 11,5 158. 4o 20.9 10.4 10,3
Feb.  32.4  15.4  167.5 25,2 12,1 1.1
March 3.0 8.9 132,37 29,3 1o, 20.7
April 6.0 2000 132 .9 30,1 200 Li).7
may 31.9 20,9 179.7% 27.2 C3.2 vd.9
June 30.7 20,5 193%.1 20,1 2244 TT5
July 28,1 19.5 175,86 2.0 21:9 82.2
Aug. 2b.4 19.5 127 .43 2y 22.5 2.l
Sept. 30.1 19.4 113.87 25.4 £2.0 76.9
Uct. 32.5 7.3 8515 28.0 22.1 0,1
Nov. 29.1  14.2 12,01 2.8 4.0 23.6

Dec. 30‘3 S - 11‘3.;’{1 2}4.3 '|3.2 ‘U'B
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Table A.2 Cont'd,

Year 1242

Month  Max. Min. "ind Lrv bulb et Bulb nelative

Temp. Tsmp. Speed Tenp. Temp. Rumidity
0 € oy 24 b 0. O %
Jan. 29,7  13.9 12737 23.0 V2.5 16,7
Feb. 31.3 15,1 151.6 24.0 1341 19, 3
Maren 3.0 194.8 102.1 28,9 16. 3 a P8
April  35.5 21,5 200,52 25.5 2743 53.0
May 33.5 21.8 206,71 27,8 23,3 a7.2
June 30.8 ”1.0 197.13 2%.9 22:5 75:%
July 249.5 19,9 167.85 4.5 218 78.8
Aur . 28.0 19.5 13,38 cly.e 22.7 82 .4
Sept. 239.0 19.5 105,07 25.5 227 77.8
0ct, 31.1 18.7 101.26 26.5 22.5 69.7
Nov. 3u.0  13.3 L8237 25 13+9 €1.3

Dec. 0.0 13.6 139,38 2l ly 12.5 16.1
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Table A.2 Cent'd,

Year 198 3

Menth hax. Min. gind Ery Bulb @et Lulb ﬁelativu
1sgp. PSEp' :gj;ﬁ » .egg. ieEE. hum;izty
Jan. 30.6 13.8 253. 5l 7T 4.5 20,8
Feb. 2.4 18.1 173.78 26.7 13.3 12.0
March  33.0 17 197,22 o 13.9 1.4
Aoril  3/.5 19,9 155.0 32,2 1.4 N
May o7 2.0 240,28 28.9 23.5 €2.0
June 3.9 19,6 230.73 20,1 22,6 72,6
July 8.8 23.4 186.70 2h.3 21.3 1.0
August 28,4 167 116.36 2h.3 22.0 b1,2
Sept. Z4.9 17.3 5.5 2245 76.3
Oct. 31.6 14.3 91, 03 27.6 17:5 35.4
NoV. 32.0 12,6 73.9 274 14.9 19,4

Dec, 31.0 12.9 9U., 81 2u.7 12.9 17.0



197

Table A.2 Cont'd.

Year 1}25&

#vonth Max. Min. Wind Dry Sulb wet bulb HKelative

Temp. Temp. Speed Temp. Temo. bumidity

O °  wm/2h nr O o »
Jan. 26.3 1.6 137.43 21.0 10,1 16.4
Feb. 1.7 14.8 1034 4.9 1.9 1T
March 35.0 20.7 148,95 29.5 17.0 118
April 35.0 22.7 184,71 29.5% 2149 15.9
May 31.9 21.3 225.16 271 227 7.4
June 31.5 20.5 209,10 26.3 22.5 70.8
July 28.9 19,2 160.4 24.5 21.9 75.0
Aug. 29.8 19.5 143,62 25.3 22.3 That
Sept. 29.5 19.2 89,74 25.1 2?2.0 75.0
Oct. 30.5 18.6 5,60 20,5 2793 60.9
Nov. 32 13.6 87.13 26,7 155 25.0

Dec. 27.6 12.8 138.81 21.hL 1M .5 22:0
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Table A.2 Cont'd.

Year 1385

Jdonth Max. Min. w ind iry bulb det Hulb Helative
Tewp, Temp. Speed Temp. Temp. Humidity
oc o km/2L4 hr o, ¢ %
Jan. 31.6 k. 142.93 4.8 13.2 184
Feb. 29.5  14.3 158.06 22.9 10.8 12.8
March 35.1  21.2 186.20 28.6 18.4 35.2
April 3.5 21.8 148.97 29.2 17.8 29.0
Hay 35.% 22.2 254..00 27.8 23.1 06,0
June 30.0 18.7 236,94 2%.3 22.2 75.5
July 27.8  17.3 175. 34 233 21.8 86,3
Aug. 28.8 15,5 137.29 L4 22.1 81.3
Sept. .29.3 17.8 109. 31 25.0 22.2 77.0
Oct. 32 155 82.05 271 107 2.6
Nov. 32.3 13.0 85.02 27.5 155 23.2

Dec. 26.3 13.3 1;3.98 21.0 121 2L .6
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Tahle A.2 Cont'd.

Year 1986

Month Max. min, Yind Dry Bulb et suib elative

Temp. Temp. Speed Temp. fedpa. Humidivty

op o km/2Y4 hr 0. G, o
Jan. 29,6 12,7 137,00 21.7 1.8 23.1
Feb. 3.6 15,9 122.69 26.9 he5 18.8
Marcn 5+5 16,9 133.20 23.0 18.9 35.4
April 37,5 214 205,58 30.L 23.6 54.b
May .y 21.7  207.5 28.8 23.0 59.8
June 30.0 20,5 242.05 20.0 22.2 71.2
July 27.9 19,7 206.5Y 23.5 21.4 82.1
Aug. 26.6 18,8 135,20 23.4 21.4 %7
Sept. 25.9 19.1 117.05 25.1 22.1 75.6
Oct. 3.1 17.6 82.0 27 4 1.2 56.8
Nov . 31.5 14.2 9l 30 26.3 175 16.1

Jec, 270D 12.6 1h.2.48 21.0 1.6 25.0
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Table A.2 Cont'd,

Year 1987

sonth Max. Min. Wind Dry Bulb wet pulb Kelatlive

Temp., Temp, Speed Pemnp. Tenmp. numidicy

o 0 km/ linr 0. o; .
Jan. 3C.5 12.5 110,00 23.1 12.5 20k
“eb. 33.1 16.3 100.70 20.7 131 11.8
arch 34.9 19.6 150.59 22.0 1744 26.7
April 30.3 21.7 173. 3¢ 31.0 1945 18.5
riay 36.7 22.2 190.65 Ju. o 0.0
June 30.7 211 173.06 259 22,0 76.5
July 30,1 20.2 154. 34 252 2.7 75.8
AUE. 29,2 19.8 108,08 el 22 85.4
Sept. 0.4 20.44 6« [0 2 b 232 7547
Jet. 31.0 175 0b.0 2¢aA 20.5 53:9
Mov., 31.8 12.4 7d. 35 241 Th.4 22.7

Dec. 29.9 12.5 9.7 23.0 133 2}, .0
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Year 1998

Month Max. Min. Wind Jry culb Wet bulb  ielative
Temp., Temp, Speed Temp ‘Lenp Huminity
fe “¢ km/ 2y he 9C G o
Jan. 28,9 13.5 127.43 21.9 5.7 22.1
Yeb. 31.9 15.7 138.14 2.9 12.4d 17.8
Aarch 359 20.9 100,50 29.98 10,7 21,5
April 3.1 22.2 179.85 JUL O 21.5 7.6
day LB 22,5 184.27 26.7 23.0 6.0
June 30.7 20.1 185.05 256 22,0 754
July 20,1 15.5 171.01 2'¥e 2143 03
Alg. 27 T4.4 13%.40 3.0 21.0 83.3
sept. 9.3 19,3 112.449 257 2.0 76,5
Jet. 31.0 1%.7 ©3,93 s 1, L7.8
Nov, 7 12.:0 77 3& 27U 15.4 23y
vec. 28.2 11.8 103.97 ¢l 12.5 2l 7
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Year 1464

Month Kax. Min. “ina Jry pulb

Tewp. lenp. Hpeed Lewo .

o0 oy km/ 2l nr o
Jan. 29.2 10.1 15513 g5
Feb, 28.0 13.4 170.40 215
Marca WTF 1.5 131.25 ‘8.5
April 36.8 20.0 172.16 VL0
vay 33:1 20.4 183.13% 7.6
June 39.7 20.0 188,62 297
July 2%.4 13.6 155.42 24.06
UE . 26.0 19.3 129,19 2l
sept. 2%.0 19.¢4 35.05 2l d
Jdet, 0.6 16.5 33,90 20,
dov, 31.1 12.7 105.}u .0
Dec. Jat 12,9 127 .37 229

et

L .

ulb

e o

elative
lumidity
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Tabla A3t Thermal Properties of taterials

Matarials Mo lesture Specifig hoeat

atarta ' Content Btu/1b-F (Source)
(9 dried - 10.% : Q.28

ore E . _ § Mohaemin, 1960
corn greaen . 735‘:} o 00?9
Tomatoes S - | ;
Mature-green 930 0.9%) Lutz ond

. - - itardenburg,

Fira ripe - 944 0.9%) 1957

Mr density et hO%C = 1,092 kg/m?

Bi Heldaan, 1980
50 = 1.0U57 kg/m ,

!

fa. = 45 by Interpolation 5 X - 1.062
B . B = 1.057 - x

J.on o= 1,077 kgfa?

1029.3 Btu/ib {.8HRAE, 1977)
but 1 Btu/1b = 2,326 wi/kg . !

L]

. 1029.3 Btu/1lb % 2.326 kI/kg = 239,.1318 k¥/kg

Heat of voporizetion at §5°C

4

]
. |

The average specifio heat of corns ond tomatoes were taken
Thus, Cp; = 0.535 Btu/1b - °F |

But 1 Btu/ib - °F w L.iu7wd/xg °C
iy .

e e Cop = 2,2001 1J/kg |

Likewlse Cpo = 0,945 Btu/Ib"°F » 3,95671% kJ/kg
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CALCULATICN UF THE GAS FLOW RATE
|

An imperial unit pressure jauge was usced to measure
the pregsure of the gas folloviag to the gas buraer.
With the nid of the oressure paupe, the pressure of the
burning gas was ed nf: .25 bar througho the drying
period. Valve of the pressure geuge, througeh which the
gaa flows to the hose-gas Lurner (s 2mm Lu diguneter,

It is given that:

1 bar = 100,000 N/m®

Propane gas density = 2,.0073 kg/m3

but N = mass x accelerati : ° . o gravity
= Kg x m/52 ;
0.25 bar = 25000 N/u® §
| = 25000 bgé w/ s
e :
= 25000 kg/u.s>

Gass velocity flowing through ths pressuro . oo,
wihlch generated a pressure of 9.25 bar is found irow
the formula

Pg - K y°



P = wvelocity preasure, u/m2
g8 = acceleration due to gravity, w/s
(/ = dengity of gas, K{{/taa
Vv = velocity of gas e¢jected through tha sressure
cauge valve, m/s
r o= |
Pg = 25000 xg/m,s”

¢ = 2.0073 kg/uwd

& 3 .

o » 2500C kg/m.s© = 2,007% kya’ V°
bl

: sV = 2_%x 25000 k%/ﬁh&i{
2.0073 kg/n
= 50000 mz
2.0073 &°

= 157.83 /s

The velue gus outlet aren 1s ¢ives g

3
A = ;(2m%"‘
i 100
,-l

- £
= 3,14159 x 1977
The voluwe (low race is
Vﬂ_ = ‘.’,'" = 15"’.{1:‘} % .‘).-l?!'.l ) ';.J- 2

= [.95825 x 107 /.



207

Mass flow rate is given an : i
|

]
My = V€ | i

= }.95825 x 10-!" na,r’s x 2.007L Wn'

e 9,953 x 1074 xy/s

W¥ith this mass flow rate, gas consumption shown in
tablos B-8 and B-9 were worked out.

i
i
i
i
o
o |
|
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APPENDIX 3

DETAILED LASULATED DRYI. i PERFOUM, L

OF VARIOUS DY ..3% Di.i
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Table B.2 Cont'd

DEFINITIONS

The subseript 1 rafers ‘o urill serle wnod trrne dryer with
rockbed heat storiase.,

The subscript 2 refers tn nrnll genle uned Lire dryor withoot
rockbed heat ntorage.

The subscript 3 refers o o« 1! seals codnl tune drver without
rockbed hect atornpe.

The subscript Li refern to Lo ditiora! othad of drving.

A~C = CIT, C,IT, C,I7 ~ Collactar air inlet temp. - %

D~F = C0OT, C,0T, 0,07 =~ Collectcr air ocutlet temp. - %

G-I = DS10'I‘, DS,07, DT.00 = Deyin~t ~ection air outlet temp - %
J-M = P1B‘I’, P ST, P57, :'hST = Drying profust surfoce temp = OC

- Q= P1HC. ¥ KC, P 1T, 1'14::'3 = Drving wrodnet moisture content
' ' =3 Wel Winirg

2
= Irra. = Irradiation = Jolar insu'ntion = W/m

a RH, = Relative humidity = %

Wet bulb = Yet bult toupes =~ “°c
= Dry bulb = Dry bulb temp. = °C

= AMT = Ambient temp. - “c

£ = =9 w»v »w» w
1]

= Wind speed - n/s
Time = Time of the dayv-lours

Quantity of product dired in ench dryer = S0kg
Initial moisture content 33.3% Wet bosia,
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LY
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Table B.3 Conttd. |

DPEFINITIONS : !

The subscript 1 refers to small senle wood type dryer with
rockbed heat stornge.

The subscript 2 refers to small scale wood type dryer without
rockbed heat storage. ;

The subscript 3 refers to small scale metal type dryer without
rockbed heat storage. :

The subscript L refers to traditional meihod drying.

h-C = €TT, CIT, (,IT = Collcctor air inlet temp - °c

D~ F = C,0%, 0T, 0,00 = Collector nir outlet temp - %

G-I = DS1OT, D820T, DSBOT = Dryings seetion alr ou?let temp ~ °c
J N = p1ST, PQST, PBHT, PhST = Drying product surface temp - e

NeQ = PTMC, P_MC, P.RGC, P, MC = Dryines product molsture content

2 3 b -~ % wetl brsis,

Trra = drradiation = seolar insulation - W/m

]

= R.H. = H&lati\fe humidit,‘f - %

= Wei bulb = Wet bulb temp - OC

= Dry bulb = Dry bulb temp ~ °C

= AMT = Ambinent temp = °c

® 4 o =3 M
|

Wind speed = mfo

{l

Time = Time of the day-hours
Quantity of product dired in ench dryer = 19kg
Initial meoisture content = 37,5 wet basis

Depth of layer = bem
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Table B.4 Cont'd, |

DEFINITIONS i

The Subscript 1 refers to small wood type dryer with
rockbed heat storage, |

The subscript 2 refers tno small scsle wood type dryer
without rockbed heat stornge, ,

The subseript 3 refers to small sonle metal ty:
rockbed heat stornge.

The gubscript L refers to tradition:® methed drying.

'
i

A-C = 0,I7, CIT, 01T = Collector air inlet temp - °C
D-F = €00, C,0T, 7,00 = Collactor ~ir outlet temn - °C
G-I = D30T, DS,0T, D507 = Drying section air outlet temp - %

1
J =M = P,ST, PST, P.ST, PST = Mryine product surface temp - %

'g

HaQ = P1MC, P2MC, P3MG' PhMC = Mrying product moisture
eontent - % Yet basis.

R = Irrad. = Irradiztion = Snlar innulation - W/m2

X = R.H, = Helative humidity - ¢ :

T = Wet buib = Vet bulb temn, - °C |

U = Dry tulb = Dry bulb tamp. - °C j

v = AMP = Amhient temp. - °C {

W =~ Wind specd n/s

Pime = "Mime of the day - hours

Initial molsture content = T0% W.B. {
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&, Spa  Y.5 1. F,6 41 3T YT 4y LD LG L LC 19 N 2.0 TS TE S0 21.8 M,3 3.5 0.33
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J=- K = P57, F 87, #.57, P, ST a2 Jryine produnt
m...n?nam,p X oC g
“Ye subpaript ' refares to asill scals dsad < =P
type dvyer with rockbed heat storage, ¥- 4 = PMC, ENC, PMC, -.r:n = Drying product =
ThHe subaszipt 2 refers to pmall soale wood aotsturd contdnt %
svre !ryer without! rockbed heat storaee. B = [readiation = Solar insulation = .;\-n
T™he subaeripts ] refers %o small noale wmenl x = A4 = Helative -,.i_.ﬂ.nunn *
type dever without rockbed heat sterage. T - Wet bulh = ‘et bulb temp. - ©
The gubaeript L refers to traditicnal v « Drv tulb = Dry bulb temp., - °C
aethod of ATying. o v - AMT « Ambient tesp. = %
-ie L I -~ = =) -~ - - s = - nours
A% =207, suw.u- nuuo.l M..u.._..w 2 _:» mnna.—n temm % e - N B A
c,0or we 1 ollector alr outlet temp. -
D-F . 0,07, CUT, nu = e P . » ik gl =l

&1« 5,07, 15,07, DS,07 « Drying seetion 2ir outlet tesp. - °C
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s 7,75
DRYER - A percentage cash flow gain suvantage
over the traditional drying mothod

= 43,625 - 7.7

= 35.8%
The same method emplovad ineml latinge e Payback
period and the dryer percentapne cash flow gain
advantage ovar the tr-ditional dryi-~ mecthod for

DRYER - A was exactly Dllowed in chlculating for

the remaining ryers.
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Table B.b Cont'd.
DEFINITION OF TERMS

Subscripts 1

1=
5-8
9 =1k

15 =21

22 -28

29
30
3
32
33

Medium se~le double layer vesetable/fruit
wood type dryer without rockbed hent storage

i)

2 = Small scale single l~yer vegetable/¥Fruit
wood type dryer without rockhed heat ntornge,

3 = Fedium seale double layer veratavle/fruit
wood type dryer with rockhted heai storrge.

L = Small scale single | wer verotable/fruit

wood type dryer with roekhed he~t siornge.
5 = Traditional drying othod
d = Lower layer for double laver dryera (Indirect Mode)

U = Upper layer for double layer dryera (Direct mode)

C,I7, C,IT, C,I7, GIT = Collectors air inlet temp. %

¢,0T, C,0T, C,07, GOT = Cnllectora air outlet temp. '

DS,0M, DS 0TV, D5,0T, DS,071, DS,0T, 1S, 0T = Drying
sections air outlet temn. “C

PST.4, PST,U, P57, PSTyd, PIU, Pily, PSTy = Dryving
product surfsce temp. °C.

P,MCd, P MCU, B N, PsM3d, PHCU, Fy¥C, PMC = Product
moisture content, % wet brgis.

Irrad = Irradiation = sslar ineulation, Wn‘?

R.He = Helative humidity

Wet bulb = Wet bulb temo, °C

Dry bulb = Lry bulb tems, C

AMI = Ambient temp. °C

Wind spced, m/s

Initial moisture

Content = BU% wet besis

Quantity of product in each drying layer:

Dryers 1 and 3 = 0.51 kg
bryers 2, L4 and 5 = 0.32 kg

Time = Time of the day -~ hours
Drying dates June 5th to June 7th 1991,
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Table B

Peeye

Ty
i e

nitdal M.C. = 3% WB, Quasntity = LOkg; Depth of Layer Scm

ing of Single Layer Rewetted Maize with Hybtrid Tryer without Sclar Bnergy

—n Vet Dry

7 Qg Irra

- HRIT™ CIT coT DOT CPT G HYIT TW0T T FF FTD bulb bBulb F AUy FMC
Time min kg txn_m s on °¢c 9¢ Sg 04 ﬂwo 1 mmw.wm )8 1 mﬁa 2 Sa 9% 9g WQ % %
25/4/91 _ ,
12 noon 12.175 580 28 28.3 27.9 27 mq.m. 27.1 30.8 30.8 30.8 30.8 30 30.6 2l 30 31 33
12.30 12,55 1,792 520 28,5 55 h,9 350 33 37 450  Lhs 60 55 BED L33.L 2h 33 3 31,6
1.00 =30 550 30 71 70 87 k2 37 500 490 66.7 5B.5 515 L7L 2h.5 3 31.5  29.9
1.30 8O 30 2.5 k2 39 33 L& 50 L5 3845 34 43 32.5 2he3 30 31,5 28,1
2,00 2.15 | b3t 3 1.5 ki L0 32.9 3% 46 43 33 32 L2 31.5 26 31 32 26,5
2,30 2,45 1792 LS6 32 60 60 SO 35 k3 L20 L0S SB.L 3B W36 LOB 26 31 32 25
3,00 =30 30 31 70 70 65 Wi LS K90 K78 67.7 Bi.4 505 465 25,5 31 32 23.7
3430 331 32 ube3 Lo B 30 Lo 16 130 53.9 LO 156 140 25,56 3% 32.5 2241
L.00 heiS 2,389 326 3t 38 38 37 32.8 35 Sk SO0 39.L 3L.5 L0 33 24,5 30 32 20.8
be30 . W39 ko7 32 50 50 L3 O 3 107 92 k0.0 37 b3 L0 2 3 31 19.8
5.00 250 32 62 i 55 L9 L6 L3O  L6T  €L.3 53 500 472 2L 29,5 30 18.7
5430 116 6  She2 20,2 L0 KO 350 L5 k5.6 39.5 280 235 24 29 30 17.4
6,00 6.15 1.792 56 30 3L 33 33k 31 35 69 68 31 36 60 53 23.8 29 29 18,7
.30 6.L3 12 29 55.8 55.6 S51.7 3% L1 153 137 L1 37 L75 LLT.5 23.8 28.7 29 15.8



ables B4 Cont'd,

2l,/1:/91
7.00 Te35 3 28 57 5641 53,1 L2 k5 360 343 55.8 kO LSO 161.7 23.8 28.5 28.5 1L.h
730 0.05 1.792 3 28 36.8 6.8 36 32 3 1710 68 33 32 65 55,9 23.5 28,5 28.5 13.4
0.00 =30 3 27.5 61 62 59 L3 LO LT0 L65 63 55 W89 L55.5 23 28 28 12.7
8.30 3 27.5 35.1 35 3.7 3k 33 66 €3 34 32,5 62 Skt 23 28 28 11,8

DEFTHITION OF THE SUBSCRIPTS

¥T w Flrin: tiLs « pinutes BEWoT

- - 2 = Hea¥ nunwuu.mmm outaside up

0z = Quatity of pas vued « kg wall tezp, = ©

Irra. = radiation = golar inmilation = ﬂ\um FTF = Tlus temp, above flame - °

HEIT = Heat exchanger air inlet teopr. = % iD = Flue wow“v. through the

CIT = Collector mir inlet texmp. - % Suat <@

coT = Gollector air loutlet temp. = °C VS Ske e VES DRES S0 °c

o7 ‘a Drylas section alr outlet temp. = ¢ Dry telt = Dry buld temp. - °C

crr = Collontor plate temp., = °C AMF = Anbient temp, - °O

on = Glass cover temp, - °C MIC = Drying produot moisture

= Heat sxchanger inside dowa well teap. - °C content - % Vet basta,

HWIT
EVIT, = Heat exchanger inside up wall temp. - °C
HWOT = Heat exchanger cutside down wall temp, = %



Tatle 2,31 Drying of Sirgle Liver %ewet:od Yolee otk Febrld Srvar with Sslar Snerey

DHITIAL Tl = YW P el w  Thtr "eoth of loyer Sem.

POTORCT CpT 9T WeIT, NHIT, EWOT, BT, FTF FTD et Dry I F¥C

Tize L o irfa, -
sr ke wle = e Pe f o o7 BTV 87T B S5 pap puiv e v
¢ £
bLF (WL
200 s Laer ¥y 34 - 5 M 13 14 15 15 15 EIA ' =6 W, ¥ 1

1230 o= 12223 L= & - = c 74 W "I MBs 50 6,7 LLO 400 7% W L =L N

Yol .18 Qi ” st ¥ 31 L3 L0 3¥9.y & 5T L9C L23.8 78 L " =6
125 ) B0 i ¥ S ¥ 5 ar a2 78 15 7 &8 35 26 u i e B
T 2410 Je2 k' C- ELANE: B 1 2 L0 Loo 16.9 =8 L50 LOC.5  2%5:% 1.8 A oyl
te
2. 30 2480 579 818 e 7 - Y ¥ ke 52 36 Lid w2 &5 43 5.5 4 T M3
& v.00 233 16 wa w aae se i W L 480 L0 KG,5  S7.8 K40 LIS 25,5 W W TH
to
L. SR o E_EEY 193 L. ‘- " a5 L6 &5 14,7 LY 7.3 0 62,58 25 TR AL Y
1 = '
a0 b 19 L) S LAY ™ L 3 26 LEY LR ER) RB9 LER h2D 5 .5 .t 'RE
te
Y.L =5
= ‘0 sy e S ¥ ke ¥ iy i} liss 1.5 ficd =yt L5 B a5 %, T
%y it i ' - % e =0 == 1L Nk & = 14 i To a2
iai0
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Table B.9 Cont'd

DEFINITION OF TH. SUMCRIFT

Fr
@
Irra,
HEIT

CIT

E\iI‘l‘1

EWIT,
HWOT,
HWOT,,
FTF
FID
Wet buldb
Dry bulb
AMT

PMC

Firvinr Tire - minutes

Quantity of ;3 ured - k¢

Ippadiation = S0lar incul:ation = w/m?

Heat Uxehvnrer nir inlet tem, - °C
Collector nir inlei <emp. = %

Collector nir outlet temp, - %

Dryins scction uir outlei temp. - °C
Collectar plote temp. - °e

Glass cover temp. - °C

Heat exchanser inside down wall temp. - %
Heat exchanger innide up wall temp. - %
Heat exchanrmer outside down wall temp. - %
Heat exchanrer outside up wall temp. - °c
Flue temp. atove flame - °c

Flue temp. through the duct = °C

Wet buldb temp. - °c

Dry bulb temp. - %

Ambient temp., - °C

Drying product moisture content - % Wet Basis
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Table B.1G: Dats on Drying of Wewly Harvested Majize with Medium

Scale Wood Type Dryer at Jere in Kaduna State

Time ¢IT o DoT PEC Irea. Vet  Dry AMT  Wind
huib  buld apeed

°% % ° « wa’ S %% /s

13/9/90 -

2,30 p. 35 Y 62 20 981 26 33.8 3 0.5

.30 pm 31 46 L8 1.3 101 2k 30 31 1.83

1L/9/90 } .

10.3¢ am 29 37.5 L1 LN 318 23,8 79 29 1.5

2,30 pm 33 01 g3 16.3  Bo9r g 32.7 33 Ge17

6.30 pm 30 Lhé hh .5 a4, 2l 30 30 2,00

15/9/90 ’

10,30 an 28 a0 30 1h 2715 23,7 28 28 1,67

2.30pm 34 59 &6 13,1 620 A 33.8  33.9 0.2%

6,30 pm 31.5 35 36 2.2 200 oL.1 0.8 31 1.37

16/9/90

10.30 am  29.5% 6 39 1901 02 23 28 29 0.67

2,30 pm 34 57 63 11,5 966 25,5 33 33.5 0.27

Quantity of Product (Unthreshed Maize) = 150kg

Initial Poisture Content - 20% Wei Basig

Befinition of the Subscripts for Table

Time = Time of the Day-lours é

Irrad. = Irradiation = Solar Insulation - W/m”

CIT = Collector alr inlet Temp, - °

GOT = Collector air outlet Temp. - °C o -

ot = Drying Section cir outlet Temp, - C

Wet bulb = Wet bulb Temp. ~ °C -

Dry bulb = Dry buld Temp., - °C

Wind speced m n/w

AMT =

Ambient Tewp. - °
PMC = Drying Product Moisture Jontent - % Vet Baais
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Pable N.11: Data on Drying of Newly Harvepted Maize snd
Groundnut with Tarpe Scale Metal Type Dryer

at New-Wupe, Niser State.

Time CIT €OT DO PNC, PHC, PIC, Irra. Wet Dry AMT  Wind
- 3 buln  buld speed
O°¢ % % v w v yfg® % Op m/ 0
8/9/90 - _ S
1.00 pm 3, 5l 51 27 24 19 989 25 32 33 1.58
6.30 pn 28 o8 2 23,5 M.5 1h o6 273 20 28 1.83

9/9/90 29 33 3\ 22,5 20.9 12.h W25 P37 300 31 0.5
10.30 am

2.30pm 35 58 60 21.3 18.7 9 888 24,6 3} 33,8 0.75

$.30 vm 30 30.5 31 184 15.3 k24 31.5 32 1.67
10/9/90 -

10.30 am 28.9 3 35 7.5 1h.3 500  2L.5 29.%5 30 1.5

2.30 pm 34 57 59 16.2 12,7 820  25.5 32.5 33 0.38
6.30 pm 31 1y 35 ha? 11,7 170 240 3 31 1,00
11/9/90

10,30 am 30 L1 ho 13.9 _ 703 23 28 30 2.5

2.30 pm 33 L5 60 13 700 2% E3 12,3 1,67
6.30 pn 28 27 27 1243 .75 22 25 25 2.00
12/9/90

10,30 am 29 3l 36 10,2 _ 260 23 28 28 1.5

2.30 pm 35 59 63 1.6 - 970 26 3 35 D428

Quantity of Froduet o |

Magziet Unthreshed = 250kg; Initial, M.C. = 27%
Threshed = 5H0kg, Initial, M,C, 2%
Groundnut: 20kg, Initial M.C. 1%6

Dafinition of the Subseripts for Table

Time = Time of the Day-Hours 5
Irrad. = Irrediation = Selar {insulation - W/m
CIT = Collector air inlet Temp. - °C

coT Collector air outlet Temp, -~ ©C

DoT Drying Section air outlet Tewp. - c
Wet buld = Wet Buld Temp. ~ gC

Dry buld - Dry Bulb Temp. - °C

Wind speed -~ m/s

AMT = Ambient Temp. - °C
PMO1 = DPrying Produst {Unthreshed Mead me )
Moisture Content - % Wet Basis
PMG2 ~ Drying Product (Threshed Haize)
PMC olsture Conteni - % Wet Basis
3 = ing Product (Groundnut) Meoisture
ontent - % Wet Basis _

l’

nou
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Table B.12:] Drying Newly Havvested Groundnut, with Large

Seale Metal Type Dryer nt Kwaka, liper State

Time cIr co’L Dot M™¢  Trra. VWet DIry

bulk buld

°% % % % wm S¢ g
8/9/90 -
12,00 39 68 6% 29 820 2L 29
5.00 pm 30 L1 L2 27 K0 23 2B
9/9/90 . _ . |
9.00 am 29 35 37 0 26,5 70 23 29
1.00 pn 32 ol 66 75 960 o6 3
5.00 pm 30 L5 L% 23 270 2l 30
10/9/90 |
9,00 am  29.8 L0 2 225 326 b3 28
1.00 pm 34 5h 61 20,5 970 5.5 32
5.00 pu 31 L3 L5 16.9 160 2l 30
11/9/%0 |
9.00 am 29 38 It 15.2 290 234 29
1.00 pm 33 N 1] 13.8 950 6 31.7
5.00 pm 29.7 39 41 11.6 230 23,7 29
12/9/90 _
9,00 am 28,0 18 34 9.3 170 "3 78,3

1.00 pm 33.5  49.5 557 7.5 920 25,5 32

£y

“c

30.5

29

23
32.5

29

29
32,2

Wind
speed

m/5

R s ]

D.6L

145
0,85
1.17

2.0
0.67
1.33

2.67
.17
0.92

2,00
0.17

[

Quantity of Groundnut 73.%kp

Toitial Moigture Content 729% ‘Jet Basis,

Depth of layer hem

Definition of the Subscripts for Table

Time = Time of the Day - Hours 5
Irra., = Irradiation = Solar Insulation - W/m
CIT = OCollector air inlet Temp. - °C
COT = Collector air outlet Temp., - °C

DOT = Drying BSection air outlet Temp. - °c
Wet bulb = Wet Pulb Temp., ~ 9C

Dry bulb = Dry bulb Temp. ~ C

Wind apeed - m/s

AM? = Ambient Temp. -~ © ) :
PMC = Drying Product Moksture Content — % Wet Basis
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Lorge Seale loatal Type D "

Time CIT coT O
% 8% “c

13/9/90

1.00 pm 33 51 7

14/9/90

9,00 am 28 30 32

100 pm 34 56 58

5.00 pm 30 33 36

15/9/90

9.00 am 28,5 N i

1.00 pm 36 62 56

5.00 pm 31,5 4O L3

16/9/90

9,00 am 29 gIN 16

1.00 pm 3 58 7

5.00 pm 32 L7 hA

Quantity of Grouninut 1

Initial Moisture Content

Depth of layer 5.5cm

Definition of the

Time of tha Day-tours
Irradiation = Sol:r Insulrtion - W/m"

Time

Irra.d =
CIT =
COT =
DOT =

Collector air inlei Temp. - ©C

o
b

ubacrint

Drying of Hewly lhrvested Gronndout, with

rer o & Kuaka, Nipger Stnte
EY31 Pffﬁ Irriie Vet Dry T Wind
bulb  bulbd speed
N 0
' o Vn'/ 'l nﬂ 0"? ¢ m/s
10 0 s Lo 6 <L 30 12 1.67
G cf 220 24 29 30 0,17
23 £7.5 36 23.% 27.5 28 0.58
19 zh oo 24 1 32 1.00
17 23 100 2L.8 29 30 0.08
3.6 Z20.5 679 24 32 33 0.33
12 1.1 200 24 0.5 31 0.83
10 17 Lo 23.7 29 29  0.67
1.7 15.37 985 25 32 33 0.25
7.8 12.8 262 24 20 31 0.83
Wet Bagis
for Table

Collector air outlct Temp. - °C

Drying Section nir outlet Temp, -

Wet bulb = Wet bulb Temp. - °C
Dry bulb = Dry bulb Temp. - °C
Wind Speed = m/s

AMT =
PH01 =

me, =

Ambient Temp. - -

%

a

Product Moisture Content Dried with the
metal dryer - % Yet Basis
Product Moisture Content Dried by Traditional
Method - % Wet Baais
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table B.13: Drying of Single Iayer Newly ¥Yarvested Fresh Maize

with the Iarge Soale Mad m

+pe Dryer at Jere, Kaduna State

Time Trrad., CIT COT DOT Het Dry Wind  AMT PMC
tuld Balh sapeed

wet % % % “q g ﬁ/s c o
/5791
9.00 am L1100 27.5 2% 3h 0?3 27 1.17  27.9 30
12,00 _
noon 15k 30 141 55 24 06,8  0.67 28 28.9
5,00 po 108 31.5 - 33 35 23.5  79.2 - 27 2548
15/5/ 9 a
9,00 am 320 28y 29 30 23.7 26.8 1.5 28 25
12-00 - ’ :
noon 790 3L 42 59 2h.b 32 0.23 33 23.9
5.00 pm 211 30.8 238 L2 23 29 0.1 20,08 2242
16/5/ 9N : i
3,00 am 706 ©9.1 33 318 23 27.1  0.9%2 29 21.5
noon 86k 13.8 ®h 62 Ph 31,5 0.26 32 19.7
5,00 pm 183 32 36 39 24 28.7 - 3 17.8
17/5/ N
9,00 anm 110 27.5 30 31.6 228 27 1.85 27 1641
12,00 -
noon 930 35 52 58  25.9  23.5 0.76 3.5 4.8
£.00 pm 76 1 gin 37 24 29 1.8 3.2 13.6
18/5/9 E
9,00 an 150 29 30 32 23.1 2B 1.67 29 13
12.00 | |
noon i 32 L3 37.5 2 30,3 0.83 31.8 12.2
5,00 pm 88 25 3 33 2.6 LS 0.99 2.5 1.5

Definition of the Subscripts

Time = Time of the Day-tours 5
Iread, = Irrediation - Solar Insulatign =~ W/mo
CIT = Collector air inlet Tamp. =

coT - Collector air outlet Temp. -

0T = Drying Section air ocutlet Temp. - °c
Vet bulb = Wet Bulb Temp. - °c

Dry btulb = Dry Bulb Temp. - °e

Wind Speed -~ mis

AN - Ambient Temp. = C

PMO = Drying Froduct Moisture Content, - %.Wet Bagis
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Table B.14:

with the large Senle Mud
Niger State,

vpe Dryer at NHewy-Wuse,

Drying of Single Layer Heyly Harvested Fresh Maize,

Time Irrad., CIT cog DOT Wet Dry Wind AMT PMC
e % ‘_"_f; o Rglh lr)-;;'l b ug;rd o "
14/5/91
8.00 am 210 27.% 10 23 27 1.33 7.5 30
1.00 pm 350 30 WS 23 25 1. 28 28.8
6,00 pm 51 30 33 h 9 1.05 27.9 26
15/5/91
8.00 am 110 25 ) 30 22.7 2% 19 5 25.3
1.00 pn 913 3.9 62 26 13 -~ Uy 24
6.00 pm 181 28.5 ¥ 33.5 2k 28 N97 28.2 22.1
16/5/91
8,00 am 195 28 20 29,6 23.5 28 0.83 8 21,4
1.00 am 783 31 h> L8 h i3 0.67 7.7 19.9
6.00 am 66 29,2 3 " 23.2 28.5 - 9 18
17/5/9N
8.00 am 230 26.7 2t 29 27 76,7 1.8 26.6 17.2
1.00 pn 881 %.3 gl 61.8 25,7 172 0.7k  33.8 15.6
6.00 pm LB 28,5 113 13 2h.1 28 - 8 13.L
18/5/91
8.00 am 91 26 29 29 22,y 26 0.11 26 12.9
1.00 pm 779 33 h L7 2.9 31 0.7 32.5 12.1
6,00 pm 59 28.4 29 29 2l 28 0.82 28 11,2

Definition of the Subscripta

Time = Time of the Day-Hours

Irrad. = Irrediation = Solar Inamlation - W/m

CIT = Collector air inlet Temp, - C

COT = Collector air outlet Temp, - “C

DOT = Drying Section air outlet Temp. - %

Wet buldb = Wet Bulb Temp. - °C

Dry bulb = Dry bulb Temp. - “C

Wind Speed - n/s

AM? . Ambient Temp. - °C

PMC = Drying preduct moisture coatent - %
Wet Pasis



Fable C.1: Dryer ‘'A" Cost nstimate Analvsis

- - wet

Materials olze ACTY . co:t

wook
Black Afra 0.075m x .05m X {.0um i 150,00
dlack afra JelUtn X e sUbm % 1.00m 2 Sy o WU
Zlywood ettt % 102m % o 5m ).28 45,00
Glass cover Q.00 Imxviglm x 140 'm P 80,00
Polypr. foam D02m x 1.22m % 1,5%3m 1 #0.00
Zxpanded metal
sheet Oeom ® Ta,.'lm 1 60, 10
!ire netting veom X 1. im 1 1,90
fock 3e DU

Nails 10,00

dinges Lem 2 5y e WD
Stapple Hem 1 200
Black paint J.12yh% rullon ST

Aluntinum pant 125 zallon 25.00

—

TCTAL #%519,00
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Table C,21 Drver B Cont Lstimate Analysis ¢

Materiols 3ilza | Qty: ‘‘‘‘‘ ;”;“ ﬁ;;ﬁ

i ok
Black afre 0.026m ¥ 0,305m x 2.66m L4 180,00
Black efra 0,0%r ¥ 7,30%m x 3.66m 2 % - 8l;.00
Plywood 0.00525m = 1.22m % 2.i.'m % o 48,00
Glass cover 0.003n x 0.61m % 1.22m 2 - 80.00
Polypr. fcam C.02n x 1.22m x 1..3m 1 : N - 20,90
Expanded metal _ : ‘
gheet 0.6m x 1.22m ' 1 . 50.00
Wirae gouge O.6m x 1.22m . | ”_ 1 ; : N 10.00
Nails B - 10,00
Hinges “-; 0.0%n 1 pair 2.00
Stapple 0.05m : 1 i : 2.00
Black peint k - 0.127 gallen 25,00
Aluminun paint | : 0.125 gnllen 28,00

TUL AL %516,00



Table Co 31 Dryer C Cost Eatimate Annlysis

A e A A e —

Matorials Sica

-

Galvanizad netal

shaet {18 gause) 1.22mx2.44m
- Mild steel sheet (20 page) 1.22m x2.h0m

Plain glass 0.00% % N.61n x 1.22m

Folyor, foom 0.02m % 1.7°7 » 1.8

Anpmle dron 0.05 % 0.75 x 6.1m

Expanded metal _

ghedt 0.6m x 1.27m

¥ire gauge O.6m x 1.2¢m

Filler rods,
welding rods,
brazing rods snd

electrods
Hinges 0.05m
Stapnple 0. 05m

Black paint

Alluminum pent

.

1 palr

1 |
0.125 gﬂllon
0.125 gallon

Net
Cost

300,00
75.00
80.00
20.00

110.00

60.G0
10.00

20.00
5.00
2.00

25.00

25.00

TOTAL

W732.00
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Table C.h4t Dryer D Cost Fetimate Analysis J

Materials ~ 8ize ' Qty, | 2g:t

. _ kR
ﬁiﬁck afrs 0.G26m x 0.305m x 3.08m 3 ? : 112.50
Black afra 0.05m x 0,305m x 3,66 1.5 ; 84.00
Plywood 0.00625m % 1.220 % 2.4lm 0. 100.00
Polythanel _ _ | ? i
(plain) 0.G50 x 2.6m (O 20.00
Polypr. foom 0.02m x 1.22 x 0.%51 1 5- 315.00
Nylon netting O.5m x 1.77m 1 j | 15.00
Nails | o o 20.00
Hinges | 0.0Sm' | 1 palr 5.00
Stapple : C.0%m _ | L 5 L 3.00
Aluminum paint | - 0.125 gallon 25.00
Blaok paint ' 0.125% geallon 25.00

TCT AL dlihyly . 50



Table C.51 Dz'yeré . Cost Lotimate Analysis

L L4
' .

Materials Size Qty. "g‘g:t

| I
Black sfra C.02%m x 0.305s x 3.66m 3 } _ 112.50
Black afra 0.0%m x 0.305m x 3.G6m 1.5 : 81,00
Plywood 0.00625m » 1.22: 2.L4m Q. 100,00
Rogk 40« 95Ky 6.15
Plain é -
polythene 0.65n » 2.0m 1 | ' 20,00
Polypre foanm 0.07m x 1.22m x 0,550 1 : 35.00
Mylon netting Q.8m x 1.7"m 1 g N 15.00
Nails N I 20.00
Hinges 0.0%m 1 puir | §.00
Stapple 0.05m 1. 3.00

~ Aluninun paint 0.125 gallon  25.00
Blaok paint 0,125 gallon 25,00

T CT:‘;-L tho - 00
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Table C.03 Dryer F Cost Estimaﬁu'nnaiysis

Raterisle Size aty. N

| B k
Bluck afva 0.0251 x 0.305% x 3.66m 5.5 | 206.25
Black ofra 04051 x 0,305 3.66m 2.5 124.00
Flywood - Q.00625m x 1.22 % 2.4m 1.£ v 300.00
Polythene \ - ,
{plain) 0." " 3.2m 1 38,00
Polyﬁr. foam 0.0 3 1.0 4 i 79,50
Nylon netting  1.52 x 3.C0m ' 30,00
Nails S 36.00
Hinges 0.Cta 2 8.00
StaplLe D00 1 2.00

Artuninum pupint

Blackx paiut

L o . ok -l o =Pk e S

0.125 gallon 25,00
0,42% gallon 25,00

TILAL #371.75
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Tablae C.7t Dryer G Cust Dsiimete iualynls

Mnterinls Bize Jdty. 5 2g:t

. WOk
Black efra - (U625 x v.305 = 3.00)m 5.5 | 206.25
Black afra | 0,05mx 2, 30En ﬁ 1,.60m 2.5 124,00
Plywood 0.00625m x 1.228 x 2.h4m 1,2 | 309,00
Polythene ' :E.
(plain) .07 % 3.2a 1 | ‘ © 30,00
Polypr. foam D.00m % 1.0 X 1.50 1 L ' 7?.50
Rock | . 70.65kg 10450
Nylon neltting 1.52 X J.lom 1 ? N, 00
Nails - 0 35,00
Hinges o 0.0%m _ _ 1 pair 5.60
Stavple 0.05m : . 1 : .00
Aluninug paint ~ 0.125 gallen 25,00

Black paint o D.125 gallen  25.00

TCTAL 182,35
’ | ' . | . .
|
|
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Table C.,8:1 Dryer H Cost Lstimate /inalysis

Net

Materisle Size aty. cost
Galvanized
metal sheet gaze 18, {(1.22x2.4})m 7 lj,200.00
Mild steel sheet gage 20, (1.22m%x2.'4)n 2 900.00
Mild steel shect O.u0%m x 1.22 x 2. ¢m 1.5 1,500.00
Mild steel sheet 0.U1m x 1.72 x 2.))m 0.25 600.00
Angle iron 0.82%m x 02,0252 x 6.0m 5 30,90
Angle iron 0.0%r x 0.05m x 6.0m 2¢5 170.20
Flat bar 0.0% x 6,0m 2 130.720
H.tﬂl I’Od 0.05—?1 x C.0n 105 0’7.5'0
Galvanized pipe 0.05 cktornal diameter

by 6.Ca 0.5 40.00
Galvanized pipe 0.05 internal dlameter

by 6.0m 0.5 40,00
Glass 0.003 x 0,61m X 1.22nm 8 280.00
Expanded metal
sheet 1s2m x 2,4 1 90.00
wire netting 1.2m X 2. 1 40.00
Polypr. foa: 0.1m X 1.2 X 2.4m 1.5 140.00
Polyor. foam 0.05m x 1.2 x 2.4m 1.5 75.00
Filler rds,
welding rods,
brazing rods,
and electrods 50.00
Black paint 1 gallon 150.00
Aluainum paint 1.5 gallon 180.00
Electric motor Gingle phase, 1.5kVW 1 2,900.00
Gas burners Large size 3 860.00

TOTAL K12.783.50



Table C,9t Dryer J Carh

201

nhinate \nnlvysin

det
Matarinrls fize eV Cast

3 B 4
Black efra 0,025 x 0.305a x 3.66a o 225.0
Black afra 0.C%a x 04305 x 3.66m 168.00
Plywaod 0.00625n X 1.22m x 2.i)m 0.5 90,00
Polypr. foon 0.05m x 1.22 % 2.4im 1 6L.00
Expanded metal 1.2 x 2.hkn 1 G9C.00
Adhensive qeal 1 g=2llen “0UC. 00
Class 0.003 x 0.6 x 1,2 1.5 525,00
Wire netting (1.2 x 2,h)a 1 30,0
Soligown 1 pallon 140,00
Nails 310.00
Aluninum peint 1 3Jallen 122.00
Black paint 0.5 gnilon 75.90

A et e T e e—

o7 L

#1,793.00



Table C.10: ] Cost L nete saal
Materinls Siue e g:zt
bk
Mud blocks 0.15m X 0.7 x O.3m G 000,20
Ceaant (Z2enue) 5 300 .0
Rlaask afra 0.05m x Q.20"7m x» ,.66m 8 458.140
Glnss 0.0058 x 1.7 x 2..:8 3.5 1,4U0,00
Joors 2m X 2.im N Jdod. U0
Soligoum 1.5 gpilon 2793,/

adnensive pseal

cxpanded metal
aheat

wire netting
Black paint

goil and water

11 x 2-’:":

1.2 x 2.Lm

1 relleon

2

2

:?{‘.jn n

160,00
L5.70

0eS gnllon 75,90

100.00

-

TOUAL

#h, 458,40
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Table C.111 Dryer L Cost Bstimate /nalvsis

Materiealn Size itye 2::t
Galvanized metal
gheat 48 gagel1.2 x 2.h)m 175 14,200.00
Mild g.eel sheet 20 gagel1.2 X 2.4)m 1.75 187.50
Angle icon 0.0% x 0.05 x Om 3 204 .00
angle iron 0.006m % 0.025m x Om 5 110,00
Flat bar U.U5m x L.Jis 3 195.20
Metal yod 0.0% x m 1.5 27.50
Jalvanized plpe  U.03 internal dlseter

by 5.0m 0.5 40.99
Calvanized pipe 0.05 axternal diassocter ' |

by L.UZ Qe 9.0
Gluss C.o0%m x Te28 X ZoL@ 1.5 1,),00.90
Expauded metal 120 K Zoly 2 180.00
wire netting 1.20 X 2.4m 2 6J.U90
Polypr. fonm Us050m x 1.2 X D.lim 1 70.09
Adhaneive oeal 1.25 gallen 21,0.70
Black vainl 0.5 galion 75.00
Filler rods,
welding rods,
brazing vods
and elecirvde 90.00
liinges 0.05m b 20.00
Stapples 0.05m 2 k.00

TUDL #HB,043.00

vryers I, & and M are similar in structure enl toteld

material cost., Likewlse Dryers L and N are similar in

structure and total material cost.
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APPENDIX C-2

1. .Calculation of The Paybnck Period Of The

Solar Crop Dryers And The Hybrid Crap Dryer.

II. Calculation Of The 0. 3 And The Traditional

Drying Method Percentape Cash Flow Gain.
|

In order to calculate the payback period of

the dryers and the annual percentage cash flow

gain, the [ollowing points are specified.

The total estimated cost {initial inveétment)
of each dryer show in Table 5.3 1s used.

The prices of undried and dried crops as well
as the labour cost were given by the farmers

at Jere, New-Wuse Kwgka and Zaria - Hunkuiyl

at the prevailing market price in 1991.

The quantity of crops a farmer can produce.in

a year, the percentage cost due to traditionzl
drying method and the farmers financial
capablility to purchase any of the given dryers
were found through the Hapid Rural Appraisa
(RRA) approach. | | .
The farmers indicated that they dry their crops
on the elevated hard surface ground, Therefore
the cosl of the traditional crop dfyihg
container is assumed to be zero.

Keith {1989) gave the formula applied in
calculating the payback period of the dryers.
The method of calculating the percentage cash

cflow gain was assums,
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. Tomatoes and malze only were the crops considered
in the calculation of tha payback period and
the percentage crop cash flow 7ain, because
these crops are producced in large quantity and
they have the greatest dryving problems.% '

. Each of thoe farmers produces a number of

| different crops, and each of the dryers can

dry more than on2 typc of crop within a:year,
but for these mlculations, tne farmer is
assumed to he . . ..ing only one type of crop
(maize or tomatoas) whici: is dried in one
dryer of the size correrpondiag to his produétion

tion capacity.

i. Calculation of the Payhack Period and the

Percentapge cash flow gain., i

From Keith (1989) the payback period when

considering a single system (machine) operation is
given as

Initial investment

Payback Period =

annual casn flow .

But in this project, two systems (old and new)
or operation are considered. Thus traditienal -
drying method (old system) and the crop dryers
(new system) Therefore the payback pericd of the

crop dryei's is given as
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| Initind investment
Payback peried =

Crop dryers advontage over
the traditional drying
method, L

where
Initial investment is the estimnted cost of

dryers as Aindicated in Table 5,7

Crop dryers advantage over the traditional drying
method is expressed as .

{crop dryer total annual net cash f£low)}

-~ (Traditional drying mathod total annual

cash flow) K i

but crop dryer total annual net cash flow = Annual
cash inflow- overall annual c¢ash outflow,
Where overall annual cash outflow= Annual césh out

flow + Dryer depreciation.

Dryer annual cash outflow = cost of expecfed
3 annual quantity of
- undried crops + annual
dryer maintenance cost
+ annual labour cost.
Depreciation: The straight line methou for
| | calculating deprociation of a

machine is given by lenderson and

perry (1976) as

Cost new-salvage value

Total expected life in year
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For this project, cost new = Initin) dryer

investmont aalvage
value of lne dryers
are assumed to bs
TEr'C,
The expected life in
year is indicated
for each dryef.
Annual cash inflow = Sale of the expected annual

quantlity of dricd Crop.

Traditional drying method total annual net cash
flow

= Annual ¢nsh inflow - overall annual cash outflow.

. where
Ooverall annual cask outflow =

cost of the estimated annual
quantity of wmdried erop
+ labour cost for drying the
crop ' '_.

Annual cash inflow = Sale of the 2xpected annual

quantity nf dried crop

ii. Calculation of Crop lryer Percentu’e Cash Flow

Gain Advantage Over the Traditional Drying
Method. -

This is glven as
{Crop dryer percentage cash [low galn) -
{(Traditional drying method peruég%ﬁge cash flow

gain. Where crop dryer percentage cash flow

gain = Crop drver total annuil not cash flow x 100%

Crop dryer overall annual nsh outflow
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The methoid of findingthe total snnual net cash
flow and the crop dryer nveral) mauns? cash outfllow
remain same asreviounly explnined,

The traditional drying meothe! percoentase rash flow

gain is glven ns

Traditional drvinsg mathod total annvnl net cash flow

Traditional dryinzg method overa'll srmu-l cash outflow
Calculatio-ns

DRYER = A Small-scale wood “yne dried mode solar
dryer with rockbed heat storage.
Initial investment = §8919.00
Cash Outflow
The farmers that can purchase DY4R-A are those
under the production level of “dkz of maize per
year.
Annual cost of D0kg malze before drying = H800,00/yr
Annual maintenance cost of the dryver = 5% ¢’ the
initial investmenl ie, 0,05 x §519.00=N26/yr
The 1life of tnls dryer is assumed to be 5 years
with no salvage value.

Depreciation N519.00

= W103.80/yr
Syrs

Labour cost is calculated as fullows:

50kg of maize is dried ina
batch dryingm.

500kg will be 10 batch drying

x 100
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but each batch drying takes J.0@ys

Thus 10 batch drying will tale 30 davs

It is assumed that the labour for Loading wunn off

loading the maize in and out of te Jdryer asn well

as turning the maise periodicnlly during the

30 days drying time will cost 745,00 i.e, drying

labour cost per year. (N45.20/yr)

Overall annual cash atflows=

N8D0.00fyr + 826.00/yr +
N4H.00/yr + W103.80/yr
= N374.80/yr

Annual cash infllow
Sale of tne same 500k of maize after drying

#1400.00/yr

Cropdryer total annual net cash flow =

N1400.,00/yr = NO74.80/yr = N425,2/yr
=Traditional drying method overnll annual cash
outflow = Annual cost of 500ke of maize before
drying 8800,C0/yr Annual Labour coast: Assuming
50kg of mize is also dried in a batchn drying and
that each batch drying takes 7 days, Therefore it
will take 70 days to dry 500kz. dithin this
drying period the labour for taking care (spreading
in the sun, removing the maize when it is about to
rain and driving away animals) of the drying maize
is assumed to be N175.,00 i.e. dryin: labour cost

per year (N175/yr)
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Overall annual cash outflow =
HB00.00/yr + ¥175.00/yr
= N97%.00/yr
Traditional drting method anmusl cash inflow.
It was found Lhat inteaditicna] drying method
about 2%% of grain is lost :ue Lo lamages by the
effect of writher, animals -n' mould,

] » ™
e i & LU
Annual castt inflow = 9% oL i

v N2 -"'-O/k g
yr

= N10,50.00/yr

Thus Traditiona drying method total annunl net

cash flow = '1050,00/yr - ¥¥/%5.00/yr = 85450.,20/yr

Fayback period for DRYFR -

§519.00 B N519,00 x T
= ———— Yt i
¥350.20/yr 8350.20 T

= 1.48 1.9yr

Crop dryer percentage cash flow zain

N425.20/yr
x 100
N974.80/yr

Traditional drying method percentage cesh flow
gain

= N75.00/yr
8970.00/yr

x DO
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DRYER - A percentage cash flow gain auvantage
over the traditional drying m>thoa
- “‘3-62?" i ?-75?
= 35.8%
The same method employed inecl ulalingthe Payback
period and the dryer percentage cash flow gain
advantage over the tr-ditional dryin+ wethod for

DRYER = A was exactly dllowel in enlculating for

the remaining iryers.



