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ABSTRACT

A cabinet drier with dimensions 0.82m x 0.45m % 0.52m, having four trays and
capable of drying 4kg of palm kernel per hour was constructed.  Using electrical heating,
hot air is produced and allowed to flow through the product in order to remove the
mpisture, The drier is heavily lagged to conserve heal. Type k thermocouple was
constructed and used to monitor the temperature. The lectronic instrumentation section of
the drier has a digital display unit that allows the termperature of the drying chamber to be
read. A control circuit for reguiating and presetting the temperature of 'he drier was also
developed. This permits the temperature of the drying chamber to be fixed between
ambient temperature and 100°C. This drier was found to work satisfactonily, achieving
complete drying of the nuts within the temperature range of 80°C to 100°C under
e0minutes of its operation without discoloration of the kemels or the resultant extracted oil
It is also suitable for drying several agricultural products under varying temperature

condition.
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CHAPTER ONE

INTRODUCTION

There has never been enough food available to feed the whole human family
property. According to Robbele, et al. {1989), even in Greal Britain, where nowadays, food
is very plentiful, there was recorded famine one year in every ten. Mechanized farming, the
liberal use of fertilizers, irrigation and pest control, together with the application ol foad
technology in preserving food between harvests have, in recent years, removed food
shortages in the industnalized countries. The shortages remain however in the non-
industnialized countries, such as Nigena.
The present-day food industry has its ongins in pre-history when the first food
processing took place to preserve foods against famine, or lo improve therr nutntional
quality. For example, grains were sun-dried to extend their shelf life and meat was roasted
to improve its flavour. Mechanical processing equipment was developed to reduce the Lime
and labour nvolved m manual methods. Food processing equipment now  allows
increasingly sophisticated control of processing conditions to achieve the two ams of
reduced processing costs and reduced damages (particularly heat damage) to the sensory
and nutritional qualities of foods. Energy saving is also an important feature of most Tood
processing equipment (Fellows, 1990).
According to Robbele, et al (1989), collectively, oil crops and their products are the
second most valuable commodity i world trade.  Production and trade in these
commodities have expanded rapidly in response to a growing world population and nsing
living standard, This ever increasing demand for ol has necessitated our work in this area.

Some oil crops such as groundnuts are used directly as food, bul most crops are

processed by pressing and/or extracting to obtain fat or @il and cake. Palm kernel nuts are



also an important oil source, with a composition similar to coconut oil (Robbele, 1989). Palm
kernels oil (PKO) is a vegetable oil that is derived from the seed which 5 protected by the
endocarp of palm kermel. Nigerians have developed and acquired taste for imported
vegetable oul, which in recent times has come pnmarily from Malaysia and other countries
around her. Palm trees grow atI'LI'-I'Id-EIH.Hf in the Southern part of Nigenia. From its fruits, we
can obtain palm oil and palm kermel oil (PKO). PKO 15 a good replacement for imported
edible vegetable oil. Therefore, in order o conserve our foreign exchange earnings, it 15
imperative that efforts should be geared towards improving the Nigerian crude palm kernel
oil.

Qils and fats are vital components of the human diet because they are important
sources of energy and act as carrier of fat-soluble vitamins. The required fat intake for
good heaith varies with the individual depending on the ciimate and the work performed.
Demand for oil cake anises from its high nutritional value as a result of its high content of
good quality proten.

There is a growing awareness of the importance of oils and fats in human nutntion.
Robbele, et al. (1989) pointed out that the oil palm produces the largest quantity of oil per
unit area of all oil-bearing plants with production in 1989 amounting to 5 to 7 tonnes of ol
per hectare. They also emphasized that palm oil became the world's second maost
important vegetable oil after soybean in 1980 and its production has increased n a
spectacular manner, more than doubling during the decade from 1970 to 1980.

The chiel significance of the ol seeds and ther products 15 to salisfy Lhe wital
demand for oils and fats and for huigh protein ammal feed. About B0% of the fals and oils
produced is used for edible purposes and the rest is processed in the techmcal soctor

(Richtter and Knaut 1984). Table 1.1 shows some of the uses of palm ol The hst of uses s

-




certainly not exhaustive but it gives some idea of the great variety of possible uses and
indeed importance of vegetable oils in the world economy.

Table 1.1: Examples of the Use of Vegetable Qils

Edible Oil Uses Technical oil uses
Cooking oils Chemicals, candies
Fats for the bakery, confectionery industry and | Cosmetics
mayonnaise manufacturers Linoleum
Marganne Lubrication
Qils for the fish and canning industry Faints and resins, coalings
Salad oils Pharmaceutical product
Shortemings Plastic coalings
Vanaspati Soaps

| Technical products

Products of palm kemel nuts such as palm kernel oll (PKO) and soap are in great
demand by many consumers. Thousands of people in the southem part of Nigena are
engaged in the business because of its econpomic importance locally. For example, the
locally processed black PKO is used for the following,; (a) medically as an antidote against
poison to reduce or nuliify the effect of poison, (b) as body and haircream,(c) for producing
the local black scap. The list is not exhaustive. However, the major setback it has as a
cooking ingredient 1s due Lo its bad tasle, awful cdour and black colour which emanates
from the contamination of the il by soot during the drying process. The application of too
much heat bums the nuts and turns them black. However, it is realized by the elite class
that PKD can be used as edible oil if the nuts are properly dried and the oil is extracted by
pressing. Insufficently dried kernel nuts have shown a much higher rale of increase in free
fatty acid (FFA), which lowers the quality of the product (Timms, 1535},

During the dry season, sun drying is found to be efficient and cloan. Dut sun drying
15 extremely difficult especially during rainy E.-EEE-.'JH. This problem was initially brought into

focus by a local user of the product who had carried out the drying process using the local

o
a



methods listed in table 1.2, all of which have failed to yield the desired result because o

some attendant problems.

Table 1.2: Some Sources of Heating of PK Nuts Locally and attendant Probhlcms

| Source of Heating Attendant Problem L. 1
(a) Fire wood Muts acquired a lot of smoke and soot
{b) Diesel engine Nuts acquire a lot of smoke and soot
{¢) Electricity Inefficient harnessing of  the heat
because the heat from the source did not
get to the nuts

Objectives of this project are to:

(1) Remove any moisture content in the stored palm kernel nuts before using i ful any
product manufacture and

(i) Kemove any moisture content that may also accompany the dried nuts within the
dner as a result of vapour condensation.

(i)  Construct a machine of high efficency, which will conserve energy dunng drying
process and give us a cleaner PKO than hitherto produced by local manufacturers,

(w) Design and construct the electromc instrumentation and control systems for
regulating and presetting the temperature of the machine
The problems discussed above will be examined critically and solved in a rather more

soientific fashion. The source of heating is electrical. The method of drying will be by using

heated atmospheric air, which s controlled to transfer the necessary heal of evaporation Lo

the palm kernel nuts.




CHAPTER TWO
2.0 LITERATURE REVIEW
2.1 OIL PALM (ELAEIS GUINENSIS)

The ol palm ( Slacis Guinensis) 1s a perennial plant indigenous to tropical West Alnca.
it s found naturally in semi-wild groove or under cultivation throughout most of the tropics
between latitude 15°N and 15°S. It requires hot humid conditions. [t is @ unique crop in
that it Is one of the world's main sources of edible and soap making oil, and yields more ol
per year than any other gil-bearing plant in Nigeria.

The two most important products of the palm tree are the palm oil and the palm

kernel, both of which are obtained from the fruits. The fruits are harvested when they are

ripe enough and still fresh. Over-ripeming increases the percentage of FFA, which decreases

the quality of palm oil.

Two types of oil are obtained from the oil palm, palm ol (from the penicarp) and the
palm kernel oil from the endocarp that 1s, the hard nut inside the fruit of palm tree. Palm
oil and the kernel oil became important in the latter part of the 19th century as industrial
oils mostly secured from West Afnica, It s interesting that although both oils are denve
from the same fruit, their characteristics are different and the processing of palm oil n:an1
affect the quality of the palm kernel seed.

The qualty of the palm fruit 1s judged mamly by its oil, shell and dirt contents, whilg
that of the PKO s judged mainly by its FFA., Palm kernels constitute aboul 45-48% (Dy

weight) of the paim fruit. On a wet basis, the kernels contain about 47-50% by weight o

oil whose properties and charactenistics are quite different from palm oil.



2.1.1 PRODUCTION OF PALM KERNELS

In the kermel recovery process, the nuls contained in the cake discharged by the
press are separated from the fiber in a depericarper. They are then dned and cracked in
centrifugal crackers to release the kernels, The kernels can be separated from the she!l by
using a combination of winnowing and hydrocyclones.

Cuning the nut-cracking process some of the kernels are broken. The rale of FIA
ncreases much faster in broken kemels. Breakage of kemnels should therefore be kept as
low as possible given other processing considerations. Steam sterilization of the wet kerncls
for several minutes prior to drying was reported to reduce the rate of increase of FFA in the
kernels during storage.,

Teoh and Muh (1985) recommended that kernels must be dned to moisture content
of about 7% before packing.. Drying of kernels is normally carnied out using hot air and
provided the temperature of the ar does not exceed 80°C, no discoloration of the kermels

occurs (Jorgensen, 1985). Figure 2,1 shows the flow diagram of the drying processes,

2.1.2 FACTORS AFFECTING THE QUALITY OF PALM KERNEL

trict quality control right from fruil processing to kemnel extraction s necessary 1o
ensure production of good quality ol and other by-products. The pnimary amm of the
processes is to maximize oil recovery from the kernels. As the guality of the final product 15
dictated primarily by the quality of the raw material, the kernel processor usually 15 very
concerned about the nature and quality of the kernel he receives from the supphicrs

The parameters analyzed invanably are dirt and shell content, ol content, and he
colour of kernels. There is the need to check for the ratio of whole nuts to broken nuts

which results from kernel cracking because excess of broken nuts resull in a rise in FRA of
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Fig. 2.1: Flow diagram of the drying process



the extracted oil. The moisture content and the mode of storage which can cause the

moldiness of the nuts are also very important factors that must be reckoned with, All these

garameters can affect the yield and quality of the products.

Cut of these factors, our work will be directed towards the design and construction of
a drier to remove the moisture content since the problem of drying the nuts s still there and

methods of drying locally have so far proved inefficient.

2.2 FLUID FLOW

Many types of fluid are transported during processing. Gases obey the same laws as
hguids and for the purposes of calculations; gases are trealed as compressible fiwds. The
study of fluids 15 therefore of great impartance in food processing. I is divided into fuid
statics and fuid dynamics.

One property of a static flud 15 the pressure thatl it exerts on the containing vessel,
The pressure is related to the density of the fluid and the depth of flud in the vessel, Fluids
at the base of a vessel are at a higher pressure than those al the surface, owing Lo the
weight of flmd. It 15 important in the design of holding tanks and processing vesscls 1o
snsure that the vessel is constructed using materials of adequate strength.

When a fMluid Mows through a processing equipment, there are friction losses and
changes i the potential energy, kinetic energy and pressure energy. Energy s also added
by pumps or by heating the fluid.

To calculate the energy balance when a liquid flows through a pipe-work, Bernoulli’s
equation 15 made use of, This equation holds for non-compressible fluids only.

PL o+ V' +2ig = Py+ Vi o+ 2 (2.1)

P 2 (4N 2



where P 15 the pressure, p s the fluid density, g i1s the acceleration due to gravity, V is the
velocity of the flud and Z is the height above the reference point, The subscripts 1 and 2
indicate the first and second positions in the pipe-work respectively.

In any system in which a fluid Mows, there exists a surface film of fluid next to the
surface over which the fluid flows (figure 2.3). The thickness of the boundary film is
nfluenced by a number of factors including, the fluid wvelocity, viscosity, density and
temperature. Fluds, which have a low flow rate or high viscosity may be thought of as a
series of layers which move over one another without mixing. This produces movement of
the fluid in a single stream, which is termed laminar flow. In a pipe, the velocity of the MNuid
s highest at the centre and zero at the wall. Above a certain flow rate, which s determined
by the nature of fluid and the pipe, the layers of liquid mix together and turbulent flow is
established (figure 2.4).

Flmd flow 15 charactenzed by a dimensionless parameter termed the Reynolds
number R., which 15 given by the formula

R. = DVp (2.2)
U
where D 15 the diameter of the pipe, V 15 the average veloCity, p 1s the Muid densily and | 15

the fluid viscasity.

A Reynolds number of less than 2100 describes laminar flow and Reynolds number of
more than 4000 describes turbulent flow. For Reynolds numbers between 2100 and 4000,
transitional flow 1s present, which can be either laminar or turbulent al different Limes
These different flow characteristics have mportant implication for heal transfer and mixing
operations, Turbulent flow produces thinner boundary layers, which in turn permits highe

rates of heat transfer. In turbulent flow, particles of Mlud move in all directions and sohds



Fig. 2.2: Fluid Flow through a Pipe.
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are retained in suspension more readily. This reduces the formulation of deposits on heal

exchangers and prevents solids from setthng out in pipe work. Streamline flow produces a

larger range of residence times for individual particles flowing in a tube. This 15 impartant
when calculating the residence time required for heat treatment of liquid foods, as it 15 |
necessary to ensure that all parts of the food receive the required amount of heat.

Turbulent flow causes higher friction losses than streamline flow and therefore requires

hugher encrgy input from pumps.

2.3 V/ATER ACTIVITY

Deterioration of foods by micro-organisms can take place rapidly, whereas enzymalic
and chemical reactions take place more slowly duning storage. In either case, water s the
single most important factor controling the rate of detenoration, The mosture content of
foods can be expressed on a wet-weight basis according to Lewrs (1987) as;

mass of water x 100 (2.3)
i — mass of sample

Alternatively, It 15 expressed on a dry - weaighl basis as

mass of water

= mass of sohds {2.4)

The dry = weight basis 15 more commonly used for processing calculations whereas
the wet-weight basis i1s frequently quoted in food composition tables.

come foods are unstable at a low moisture content (for example peanul o
deteriorates If the maosture content exceeds 0.6%) whereas other foods are stable al
relatively high moisture contents (for example potato starch s stable at 20% maoisture). 11 s
the avallability of water for microbal, enzymatic or chemical activity that determines the
shell life of a food, and this is measured by the water activity {a..) of a food. Some foods



have to be packaged to prevent moisture loss, while some must be packaged to prevent
moisture uptake, Examples of unit operations that reduce the avalability of water in foods
include those that physically remove water, which 1s gefpdration.

Water in food exerts a vapour pressure, The size of the vapour pressure depends on
the amount of water present, the lemperature and the concentration of dissolved solules in
the water, Water activity,a., Is defined as the ratio of the vapour pressure of water in

food to the saturated vapour pressure of water at the same lemperature:

5
(2.5)

3« = Pp

where P s vapour pressure of the food and P; s the vapour pressure of pure water at the
.ame temperature, a,, 15 related to the morsture content by the Brunauer - Emmett - Toellor
(BET) equation (Fellows, 1990)

B 0= ] +(Cl]a. {2.6)

X{1=3u) xC X,C

whera X" is the moisture at percentage dry weight, X', is the moisture (dry weight basis) of
a monomalecular layer and C is a constant.

The movement of water vapour from food to the surrounding air depends upan the
moisture content and composition of the food and the temperature and humidity of the air
Al a constant temperature, the mosture content of the food changes and comes nlo
equilibrium with the water vapour in the surrounding ar, The food neither gams nor loses
wieight on storage under those conditions. This 15 called the equelibrium moisture content of

the food and the relative humidity of the storage atmosphere 1s known as the eguibrium

relatnve humidity, When the values of relative humidity versus equilibrium maoisture contion
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are plotted, a curve known as waler sorption isotherm is obtained such as shown in figure
r 2.5.Each food has a unigue set of sorption isotherms at different temperatures. The shape
of the sorption sotherm is caused by differences in the physical pressure, cherical
composition and extent of water binding within the food, but all sorption 1sotherms have a
charactenstic shape similar to the one in figure 2.5. The first part of the curve, to pont A
represents maonolayer water, which is very stable, unfreezable and not removed by drying.
The second relatively straight part of curve (AB) represents water adsorbed in multilayer
within the food and solutions of soluble components. The third portion, (above point B) 15
“free” water condensed within the food and held by only weak forces. It 15 easily removed
by drying and easily frozen, as indicated by the steepness of the curve. Free water is
available for microwal growth and enzymatic activibies, and the food which has a moisture
content above pamnt B on the curve 15 hkely susceplible to spoilage.

The sorption sotherm indicates the water activity (a..) at which food 15 stable and
alliows prediction of the effect of changes in moisture content on a, and hence on storage
stability. [t is used to determine the rate and extent of drying, the optimum frozen storage
remperatures and the moisture barmer properties required i packaging matenals,

The rate of change of 3. on a sorpbion isotherm differs according to whether
moisture in removed from the food (desorption) or whether it s added to the dry food
(absorption) as in figure 2.5 above. This is termed a Aysteresis jogp.  The difference s
large in some foods (for example rice) and s important in determining the protection
required against mosture uptake,

Psychrometry 1s the study of the interrelationships of the temperature and humidity
of ar, These properties are most conveniently represented on a psycfvometnic Chart. The

temperature of the ar measured by a thermometer bulb s termed the dry bulb
| -4



temperature. If the thermometer bulb 15 surrounded by a wet cloth, heat is removed by
evaporation of the water from the cloth and the temperature falls. This lower temperature
t5 called the wet-bulb temperature. The difference between the two temperatures is used
o find the relative humidity (RH) of ar on the psychometric chart. An increase in air
temperature or reduction in the relative humidity causes water to evaporate more rapidly
from the wet surface of a solid and therefore produces a greater fall in the temperatures of
:he solid.

Foods are characterized as hygroscopic and non-hygroscopic.  Mygroscopic foods are
foods in which the partial pressure of water vapour vanes with the moisture content while

Non-Hygroscopic foods have a constant water vapour pressure at different moisture

contents (Karel, 1975).

2.4 THEORY OF DRYING
2.4.1 DEFINITION AND INTRODUCTION

Drying 15 @ process wherein moisture 15 removed from a food product to enhance its
storability, transportability, flavour or texture (Karel, 1975), Dunng this operation, the waler
activity of a food is lowered by removal of nearly all the water normally present through
vaporization or sublimation (in the case of freeze drying).

In effect, drying can be defined as the application of heal under controlled conditions
to remove the majority of the water normally present in a food by evaporation. Ths
definition excludes other unit operations which remove water from foods for example;
mechanical separations, membrane concenitration, evaporation and baking as hese

normally remove much less water than drying. The main purpose of dehydration 15 (¢

extend the shelf ife of the food by a reduction m water activity. This inhibits mucrobia

|5



growth and enzyme activity, but the product temperature 15 usually insufficlent to cause
inactivation. The reduction in weight and bulk of food reduces transport and storage costs
and for some types of food, provides greater variety and convenience for the consumer
Drying may cause deterioration of the eating quality and the nutritive value of the focd,
The design and operation of dehydration equipment aims al murnimizing these changes by
selection of appropriate drying condibons for different types of food. Examples of
commercially important dried foods are sugar, coffee, milk, potato, flour {including bakery
mixes), beans, pulses, nuts, breakfast cereals, tea and spices (Fellows, 1990).

Dehydration as defined above does not include removal of water extraction with
suitable solvents. Furthermore, production of foods of low water activity by incorporation
of such osmotic agents as sugar or salts 15 not included in this definilion (Fellows, 1990).

Dehydration can be carnied out i vanous kinds of dners. Since dehydration 15 a
combined heat and mass-transfer operation, the dners can be classified according to the
methods by which these transfers are accomplhished. The heat and mass transfer are
affected by the total pressure at which the drnier operates. Dners operating at atmosphenc
pressure can be batch or continuous and the heat transfer can be by convection,
conduction, radiation or dielectric heating (Karel, 1975).

The most widely used dehydration methods involve the exposure of foods to heated
air. In these driers the primary mode of heat transfer is by convection (Karel, 1975). The

process of dehydration by examples chosen from air-drying methods will be llustrated.

1.4.2 BASIC CONCEPT

Consider the typical wet food product put in a slab having its surface exposed o an
air stream with a specified velocity, temperature, pressure, and relative humidity. 1f the

I



>

;flll

Moisture content (%)

Drying Time (minutes) —»

Fig. 2.6: & typical drying curve for a food product

i, i It
&
1]
&
31
&
oy
|
Time (menutes) —

Fig. 2.7: Drying rates versus time for a typical food product.

Water vapour

?

T

Heat Input

Fig. 2.8: A slab of material being dried via conduction heat transfer



weight of material 15 measured and plotted as a function of time, a curve similar to that

sown in figure 2.6 would be obtained.

Between points (1) and (2), 2 nearly linear decrease relationship between moisture
content and Ome exist. Bebween points (2) and (3) the curve asymptotically approaches an
équilibrium moisture content dependent on the temperature and relative humidity of the air
steam. The drying rate can be found by determining the slope of the curve in figure 2.6 at
any paint.

Figure 2.7 illustrates a typical drying rate curve. The portion of this curve from paint (1) to
rfl} s called constant — rate period while the curve from (2) to (3) is called the faling — rate

panad, The moisture content at point 2 15 called the oritical moisture content,

24.3 CONSTANT DRYING RATE PERIOD
During this penod mosture 15 always present on the surface of the matenal being

dried and latent heat of vaporization causes water to evaporate, The water within this

matenal is able to diffuse through to the surface at a rate faster than the rate alt which it

leaves the surface. For heat addition by forced convection of hot air, the drying rate s

given according to Karel (1975) by

M = hA(e,- 6 (2.7)
ey

where M is the drying rate, h is the convective heat transfer coefficient, A is the area

avadable for heat transfer, 6, 1s the air stream temperature, il 15 the surface temperature,

hy; is the latent heal of vaponzation evaluated at 0.,

The surface temperature 6, can usually be approximated as the wel bulb

temperature of the air stream because the air steam flowing over a wet- bulb thermometer
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owers the temperature of the thermometer. In a similar manner, the surface temperature
of a wet matenal subjected to forced convective heat transfer reaches the wel bulb
lemperature given sufficient time.

Conduction is another mechanism for transferring heat to the material being dried,
As illustrated in figure 2.8, heat intake occurs on one side of a wet food product while water
vapour leaves on the other. If all the heat transfer occurs by conduction, the surface
temperature of the material being dried will approximately be egual to the baoiling point
emperature.  If both conduction and convective heat transfer modes are present, the
surface temperature will be somewhere between the wet bulb temperature and the bailling
point temperature. During the constant rale time penod the drying rate is given (Karel,
1975) as

M = KmA (Py - Py) (2. 8)
where M s the drying rate, K. is the mass transfer coefficient, P, 15 the saturation pressure

of water corresponding to the surface temperature, P, 15 the partial pressure of the water

vapour in the air.

The value of the mass transfer coefficient 15 dependent on the drier design. Equation
(2.8) indicates that for a gven dner design, the drying rate s proportional to the surface
area and the water vapour partial pressure difference. Another equation for estimating

evaporation rates due to conduction heat transfer can be found in Karel (1975) as,

M = UA (Bs0ure = 6:) (2.9)
hig

where U is the overall heat transfer coefficient between heat source and the surface,

lewace 18 the Temperature of the heat source, 8, is the surface temperature, and A 5 the

area avallable for heat transfer. The three charactenstics of ar thal are necessary for

ju



successful drying i this period are; (a) a moderately high dry — bulb temperature (b) a
low RH (c} a high air velocity.

The boundary film of air surrounding the food acts as a barrier to the transfer of both
heat and water vapour during drying, Primarily the air velocity determines the thickness of
the film. I velocity i1s too low, water vapour leaves the surface of the food and increases
the humidity of the surrounding air, thereby causing a reduction in the water vapour
pressure gradient and the rate of drying (Fellows, 1990). Similarty, if the temperature of

the drying air falls or the hurmidity rises, the rate of evaporation falls and drying slows

f ap e

dowen.,

44.4 FALLING-RATE TIME PERIOQD T et

T

This period begins when water within the matenial being dried can no longer diffuse
ta the surface at a rate fast enough to keep the entire surface saturated with morsture, The
surface therefore dries out. This is usually the longest period of drying operation and in
some foods (e.g. grain drying) where the mitial moisture content is below the critical
moisture cantent, the drying curve contains the falling rate period. At this point, the factors
that control the rate of drying change and the properties of the matenal being dned begin
to influence the drying rates (Fennemma, 1975). Initially the important factors that control
the rate of drying are similar to those in the constant-rate period bul gradually the rate of
mass transfer becomes the predominant factor. This depends mostly on the temperature of
the air and the thickness of the food. It 1s unaffected by both the relative hurmdity of the
air and the velocity of the air {Fellows, 1990).

When the moisture content of the food falls below the crnitical mousture content, the

nfluence of water maobility on drying rate increases and the rate of drying slowly decreases

i



until it approaches zero at the eguiibrium modsture content (that 1s, the food comes into

aquilibrium with the drying air). This is known as the falling rate period. Waler mobility is

determined primarily by diffusion and capillary flow.

During the falling rate penod, the amount of water evaporating from the swface
gradually decreases but as the same amount is being carried by the air, the surface
temperature rises unbtil it reaches the dry-bulb temperature of the drying air. Most heat
damages to food therefore occurs in the falling =rate period.

Non-hygroscopic foods have a single falling-rate period, whereas hygroscopic foods
have two penods. In the first penod, the plane of evaporation moves inside the focd and
water diffuses through the dry solids to the drying air. [t ends when the plane of
evaporation reaches the centre of the food and the partial pressure of water falls below the
saturated water vapour pressure. The second period occurs when the partial pressure of
water 15 below the saturated vapour pressure, and drying is by desorption (Fellows, 1950),

In practice, foods may differ from these idealized drying curves owing to shrinkage,
change i temperature and rate of moisture diffusion in different parts of the food, and

changes in the temperature and humidity of the drying air.

24.5 CALCULATION OF DRYING RATE

The rate of drying depends on the properties of the drier (i.e. the dry bulb
temperature, RH, wvelocity of the air, and the surface heat transfer coefficient), the
croperties of the food (i.e. the mosture content, surface to volume ratio, the surface
temperature and the rate of moisture loss). The size of food pieces has an important effect
on the drying rate in both the constant- and faling - rate penod. In the constanl rate
period, smaller pieces have a larger surface area available for evaporation whereas in falling
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- rate period, smaller pieces have a shorter distance for moisture to travel through the

food. Other factors which influence the rate of drying inciude

(1)  The fat content of the food; higher fat contents generally result in slower drying

as water is trapped within the body.

(2) The method of preparation of the food; cut surfaces lose moisture more quickly

than the skin of the seed, and

(3)  The guantity of food placed into a drier. In a given drier, faster drying is achieved
with smaller quantities of food.
According to Fellows {1990), the rate of heat transfer is given by
Q = hA (0, - 8) (2.10)

While the rate of mass transfer is found using
“M = Kmh {Hy= Ha ) (2.11)

During the constant rate period equilibrium exists between the rate of heat transfer to the

food and the rate of mass transfer in the form of moisture loss from the food. Thase rates

are according to Fellows {1990) related by equation

=M = heA (8, - B.)/ hyg (2.12)

where Q 15 the rate of heat transfer, h. is the surface heat transfer coefficient for convective
heating, A 15 the surface area available for drying, 8, 15 the average dry-bulb temperature
of arying air, 8, 15 the average wel-bulb temperature of drying ar, M 15 the change in mass
with time {i.e drying rate), K. is the mass transfer coefficient, H, Is the relative hurmdity ot
the surface of the food, H, 15 the relative homidity of air, hyg 5 the latent heat of

evaporation at the wet-bulb temperature.
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The surface heat transfer coefficient (h, ) is related to the mass flow rate of air using
the follov:ing equations (Fellows, 1990);
For parallel air flow
he = 14.3G ** {2.13)
For perpendicular air flow

h =24.2G%" (2.14)
“here G 15 the mass flow rate of air

Far a tray of food, in which water evaporates only from the upper surface, the drying
tme s found using
- M=he (g - 04}/ hugppx (2.15)
where p s the bulk density of food and x 15 the thickness of the bed of food. The drying
Yime in 1. constant rate period is found, using

b= pohegX(Xs-X'¢) / ho(0 - 1h) (£.16)

where U is the drying time, X% is the initial moisture content, X' Is the critical moisture

content.

2.5 HEAT TRANSFER
Practically, all the operations that are carried out in the dner involve the production or
absorption of energy in the form of heatl. Heat transfer 15 an energy-transfer phenomonon,
Increased heat energy increases the knetic energy of the molecules. Heat s transfermed
when a fast mowving molecule collides with a slow moving molecule to gain kinclic encrgy
{Freeman, 1955).

Heat transfer s one of the most important unit operations mn the food industry.

carly every process requires either heat mput or heat removal 1o alter the physical,



chemical and storage charactenstics of the product. An understanding of the physical
principles enables one to predict the heating phenomenon and to determine the cptimum
operating conditions. In deterrmining the optimum operating conditions, consideration must
of course, be given nat only to the rate of energy transfer but also to food quality. This has

qecesaitated the work in this area.

1.5.1 NATURE OF HEAT FLOW

When two objects at different temperatures are brought into thermal contact, heat
flows from the object at the higher temperature to that at the lower temperature. The nat
flow is always in the direction of the temperature decrease. The mechanisms by wluch the
heat may flow are three: conduction, convecticn and radiation. In reality, temperature
distnbution in @ mediem 15 controlled by the combined effects of these three modes of heat
transfer; therefore, it 5 not actually possible to isolate entirely one mode from interactung
with the other modes, However, for simplicity, one can consider, each mode scparatoly
whenever heat transfer by the two other modes s neghgible {(Lund, 1975%). With ths

approach, the following sections give a qualitative description of these three distingl modes

of heat transfer,

2.5.2 CONDUCTION

This 1s the mode of heat transfer in which energy exchange takes piace from Lhe
region of high temperature to that of low temperature by the kinetic motion of direct impact
of molecules, as in the case of fluid at rest, and by the drift of electrons, as i the case of
metals {ozisik, 1985). Conduction occurs when thermal energy 15 transferred from one
molecule ar atom to an adjacent molecule u.r atom withoul gross change in the relative

positions of the molecules. Molecular movement s limited to oscillation about a fixed
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posiion, allowing any given molecule to make contact with only ils immediate neighbours
(Freeman, 19558).

In a solid which 15 a good electncal conductor, a large number of free electrons move
about the lattice; hence materials that are good electric conductors are generally good heat
conductors. A few of them are copper, brass, silver and many other metals or hguid metals,

The empincal o of heat conduction 15 based on the experimental observations of
Biot but is generally named after the French mathematical physicist Joseph Founer
(Freeman, 1955) who used it in his analytic thecry of heat, The Fourer law of heat transfer
by conduction states that the rate of heat transfer through a uniform matenal in a given
frection 15 directly proportional to the area normal to the direction of heat flow and to the
lemperatura grachent through the material in that direction and inversely proportional to the

thickness of the matenal. Stated mathematically according to Ozisik (1985), Fourer's law s

Q. =dQ = -kA df
dt dx : {2.17)

where ), = the rate of heat flow in the positive x direction, through area A normal 1o tho x

direction, and
g = hm utl]
dx Ax ™0 Ax (2.18)
5 the gradient of temperature in that direction.
Hengca,
{2.19)

Q= Q. = kdu

A dx
is the heat flux in the positive x direction. The proportionality constant k s called the
thermal conductivity of the material. Its umit 5 walts per metre per Kelvin, It & the

reciprocal of resistance to heat transfer called conductance of the material.



Note that q. represents the amount of heat flow per unit area, per unit time n the x
direction. The minus sign is as a result of the following. If the temperature decreases in Lthe
positive x Cirection, dil/dx is negative; Q, 15 a positive quantity. Therefore the heat flow is in
the positive x direction.

if on the other hand, the temperature increases in the positive x direction, dii/dx is

positive, (3, becomes negative and the heat flow is in the negative x direction.

2.5.3 STEADY-STATE CONDUCTION

Under steady-state conditions there is a constant temperature difference betweoeen
two surfaces through which heat flows. The amount of heal entenng one surface of he
matenal eguals the amount of heat leaving at the opposite surface. The rate of heal
transfer therefore 15 calculated using
Q = ka1, = i3)/ x (2.20)

The thermal conductivity of foods s influenced by a number of factors concerned
with the nature of the food for example the cell structure, the amount of air trapped
between the celis, and the moisture content, its temperature and pressure of the
surroundings. A reduction in moisture content causes a substantial reduction i thermal
conductivity,  This has important implications in unit operations, which involve conducticn of

heat through food to remove water.  [In table 2.1, we compare the thermal conductivities af

common foods and other matenials.
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Table 2.1: Thermal Conductivity of Selected Foods and Other Materials

Foods anc other Materials | Thermal Conductivity Temperature of
wWm k! Measurements (K)

Orange 0.410 273 - 288

Creen beans 0.800 260.9

fog 0.960 265

fce 2.250 273

Water 0.570 273

Aluminum 220,000 273

Copper 388.000 273

Stainless steel 21.000 293

Ciher metals’ 45,000 = 400.000 273

Brick 0.6%0 293

Concrete 0.870 293

Polystyrene foam 0.036 273

Polymethang foam 0.026 273

1.5.4 UNSTEADY-STATE CONDUCTION

In the majority of food processing applications the temperature of the food and that
ol the heating or cooling medium are constantly changing, and unsteady slate heatl transfor
sccurs, Calculations of heat transfer under these conditions are extremely complicated but
are simplified by making a number of assumptions and in some cases using prepared charts
o give approximate solutions. The temperature at a gven point within a food during
crocessing depends on the time of heating and the position in the food. [t therefore
.hanges continuously.  The factors that influence the temperature change are the
temperature of the heating medium, the thermal conductivity of the food and the specfic

weat capacity of the food.

The basic equation for unsteady state heat transfer in a single direction x 15

dl = kd'n = adin
dt  pcdy dx’ (2.21)
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where a = k/pC = thermal diffusivity, dii s the change in temperature with time of food,
dt
k& the thermal conductivity of food, ¢ is the specific heat capacity of food, and p 15 the

density of the food.

255 LONVECTION

In heat transfer by convection the molecules are free to move about, resulting in
mixing of warmer and cooler portions of the same matenal. Convection 1s thus restnicied to
the fiow of heat in a fiud, either a gas or a hgwd. When a flud flows over a sohd body o
nside a channel and the temperatures are different, heat transfer takes place between the
flud and the sohd body as a result of the motion of the flud. This mechamsm of heat
cransfer 15 called comvection. I there is no Muid motion, the heat transfer s by conducton,
if the flueg motion is artificially induced with a pump, a blower, a fan or wind that forces the
flow over the surface, the heat transfgr 15 said to D-F_" by forced convection. However, if the
flid motion 15 set up by buoyancy effects resulting from density difference caused by
lemperature difference 1 the fid, the heal transfer s said o be by free (or natural)
comwection.

In engineenng applications, to smplify the heat transfer calculations, a guantity
called the heat transfer coefficrent h s defined between a hot surface at 1., and a cold

fluid flowing over it at a bulk temperature 1, as

g= h (I'I.'n-"ull.'l'_ ".:] II-EEJ

where q is the heat flux {in watts per square metre) from the hot wall to the cold fud ang
the temporatures are in degrees celsius (or kelvins), then the heat transfer coeflicent has
the dimension W om' K and it 5 always a positive quantity.  Alternatively, the heat transfes

from the hot Mluwd to the cald wall 1s written as
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Q= 1 (0u-Ounsee) (223)
where g represents the heat flux from the hot fluid to the cold wall, Historically, the form
given by equation 2.22 was first used as a law of cooling Tor the removal of heat from a ho
body into a cold fluid flowing over it. It is generally referred to as the Newton's law of
cooling.

The determination of the heal transfer coefficient for convection problems 1s a very
complicated matter because h varies with the type of flow (i.e laminar, turbulent or
transhional), the geametry of the body, the physical properues of the flug, the termperature
difference, the position along the surface of the body and whether the mechamsm s forced
ar free convection, When h varnes with the pasition along the swiface of the Lody, for
convenience N engmeenng apphcations, its average value hy, over the surface 15 considered

instead of its local value h,

Therefore, the rate of convective heat transfer governed by Newton's law of Cooling
which states that the rate of heat transfer by convection s directly proportional to the heat

transfer over the temperature difference between the hot and cold fluid, Mathoclically, it

can be expressed (Bayazitoglu and QOzisik, 1988) as
Q = hAAT (2.24)
Q is the rate of heat transfer, AT is the Temperature difference, A is the heat trz~<fer area,

h is the proportionality constant which 1s heat transfer coefficent.

The surface heat transfer coefficient 15 a measure of the ressstance to heal flow
taused by the boundary film and is therefore egquivalent to the term k/x in the conduction

equation Q = kA{@,-0;)/ x (2.25)
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It s therefore higher in turbulent flow than in streamline flow. Table 2.2 shows the surface

heat transfer coefficient values of some fluds,

Table 2.2: Values of Surface Heat Transfer Coefficients (Fellows, 1990)

ho (Wm*K') | Typical Applications !
Bohing hiquids 2400-6000 Evaporation ]
Condensing saturated steam 12000 Canning, Evaporation |
Condensing steam B |
with 3% air 3500 }- Canning _
with 6% air 1200 = :
Liquid flowing through '
Pipes (a) At low viscosity 1.200-6000 Pasteurization
'[a}l At high wiscosity 120-1200 Evaporation ‘
Mowing air (3ms Ay 30 Freezing, baking
Still air & Cold Stores.

This data mdicates that heat transfer through air 5 lower than through hquids and
higher rates of heat transfer are obtained by mowving air when air is used for heating or
tooling. The surface heal transfer coefficient 15 related 1o the physical properties of the
NMwd (that s, its density, wviscosity, and specific heat capacity), agravity, mm;"-m.lturi:-
dfference and the dimension nf. the container under investigation. According to Fellows

(1990), the formulae that relate these factors are expressed as dimensionless numbers as

follows:

Nusselt number given as N, = he D/ k (2.26)
Prandtf number given as P, = Cou L (2.27)
Grashof number given as G, = D'p'gaase/y’ (2.28)

Where h. is the convection heat transfer coefficient at the solid-liquid interface, D is the

tharacteristic dimension (i.e the diameter or the length), k is the thermal conductivity of the



fluid, C, is the specific heat al constant pressure, p i~ the density, y is the viscosity, g is the
acceleration due to gravity, p is the coefficient of thermal expansion, and Ag 15 Lhe
temperature difference,
For streamline flow through pipes, Nusselt number is given as

N, = 1.62 (R. P,D)°*¥ L (2.29)
where L is the length of pipe, when R, P, D / L > 120 and all physical properties are
measurad at the mean bulk temperature of the fluid. For turbulent flow through pipes,

Ny = 0.023 (Re)** (P.)" (2.32)
where n s 0.4 for heating or n 15 0.3 for cooling. The Grasshof number is used for natural

convection when there s no turbulence in the fuid.

2.5.6 OVERALL HEAT-TRANSFER COEFFICIENT

i1 15 reasonable to expect the heal flux to be proportional 1o a driving force. In heat
flow, the driving force s taken as 8y, — 8., where 8, 15 the average temperature of the hol
fluid and 8, is that of the cold fluid. The quantity &, — 8, = A8, the gverall local temperature
difference. Along a tube, mj can vary considerably from point to point and, since the heal
flux 15 proportional to Au, the flux also vanes with tube length. By focusing attention on &
differential area dA through which a differential heat flow dq occurs under the driving lorce
of a local value of a0, the local flux s then dg/dA and 1s related to the local value of A by
the equation  dg = Uan = U (8, = gs) (2.31)

dA

The quantity U s a proportionality factor and is called the Local Overall Heat-Tranule

Coefficent (OHTC). Most cases of heal transfer involve heat transfer through a number of



different materials. For example, heat transfer from a hot fluid through the wall of a vessel
to a second Auid as shown in fig. 2.9.

Heat transfer is a dynamic process whergin heat is transferred from a hol body to a
told body. A temperature difference is therefore necessary and this temperature difference
5 called the “driving force” for heat transfer. In transferring heat energy from one body o
another, resistance s encountered. This resistance (o heat flow can occur within or at the
curface of the matenal. Like all rale processes, the rate of heat transfer s inversely
oroportional to resistance and directly proportional to the dnving force.  Thus,

Rate of transfer = Driving force (2.32)
Resistance

For the diagram shown in fig. 2.9, in steady state, the rate of heat transfer across each
physical houndary 1 constant. The heat-transfer coefficient characterizing transfer of heal
from the hot fluid to the wall is

g = hAjdi = _ Ab
1/haA\

a thermal conductrvity characterizing heat transfer through the wall is

g=_An .
X/ KA

and finally a heat transfer coefficient for transfer of heat from the wall to the cold fluid is

given by q= futy
1/he A
Hence, the overall temperature difference is found using

Al he kK hy (2.33)

Note thal b, decreases as it moves toward the cold fluid through the wall, and @, 15

approximately @, while 8. 15 approximately @, in figure 2.9.
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Figure 2.9; Indirect heat transfer as temperature changes from a hot flud through 2 vessel
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The unknown wall temperatures @; and 83 are not required and all factors can be
measured. The sum of the resistances to heat flow is termed the overall heat transfer
coefficient (OHTC) U and the rate of heat transfer may then be expressed as

Q= UA (8: — &) {2.34)

This indicates that the rate of heat transfer is the product of three factors; overall
heat transfer coefficient, temperature difference, and area of the heating surface. The
OHTC is an important term, which s used to indicate the effectiveness of heating or cooling
in different types of processing equipment. And in every heating application, it is necessary
to establish the magnitude of U so that the equipment can be properly sized.

To complete the definition of U, from equation 2.31,

dg = UAB = U{G B.),
(a feh

it Is necessary to specify the area. If A is taken as the outside tube area A, U becomes a
coefficient basad on that-area and is written U, Likewise, if the inside area A, is considered,
the coefficient is also based on that area and is denoted by U, Since A0 and dg are

independent of the choice of area, it follows that

uﬂ= dﬂl = Qi
U dA, De {2.35)

Where & and Dy are the inside and outside tube diameters respectively.

2.5.7 NATURAL CONVECTION

As an example of natural convection, consider a hot, vertical plate in contact with air
in a room. The temperature of the air in contact with the plate is equal to that at the
surface of the plate, and a temperature gradient exists from the plate out into the room. Al

the bottom of the plate, the temperature gradient is steep, as shown by the full ine marked
34



"2 = 10mm” in fig. 2.10. At distances above the bottom of the plate, the gradient becomes
less steep as shown by the full curve marked "2 = 240mm”, At a height (2) of about
e00mm from the bottom of the plate, the temperature distance curves approach an
asymptotic condition and do not change with further increase in height.

The density of the heated air immediately adjacent to the plate is less than that of
the unheated air at a distance from the plate, and the buoyancy of the hot air causes an
imbalar-e between the vertical Iaz-l"Er‘.i of air of diffenng density, As a resull of the
unbaiancad forces, a crculation 15 generated, by which hot airr near the plate nses and cold
air flows toward the plate from the room to replerish the rising ar stream. A velocity
gradient near the plate i1s formed. Since the velocilies of the air in contact with the plate
and that out in the room are both zerp, the velocity 5 @ masimum at a definite distance
from the wall. The velocity reaches its maximum a few millimeters from the surface of the
plate. The dashed curves in the figure 2.10 shows the velocity gradients for heights o
10mm and 240 mm above the bottom of the plate. For tall plates, an asymptotic condito:
5 approached.

The temperature difference between the surface of the plate and the air in the rocn
at a distance from the plate causes a transfer of heat by conduction into the current of ga

next to the wall, and the stream carnes the heat away by convection in a direction parallc

to the plate.

2.5.8 FORCED CONVECTION

Thus 1akes place when a stirrer, pump or fan s used to agiate the flud (ar). This produce

fugher rates of heat transfer and rapid temperature redistnibution, Conseguently,
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forced convection is more frequently used in food processing. The rate of heat transfer from
a hat fluid to the surface of a food is found using
Q = hA{e, - 8;)

where B is the surface temperature and @4s the bulk fluid temperature.

2.5.9 RADIATION

Transfer of heat by radiation occurs by means of an electromagnetic radiation,
Electromagnetic radiation passes unimpeded through space and 15 not converted to heat or
any other form of energy until it collides with matter. Upon collision the radiation can be
transmitted, absorbed, or reflected. Only absorbed energy can appear as heat.

All bodies emit energy due to their temperature., The energy thus emitted is called
thermal radiation. The radiant energy emitted is transmitted in space in the form of
electromagnetic waves according to Maxwell's classic electromagnelic wave theory,
Alternatively it can be descrnibed in the form of discrete photons according to Planck's
hypothesis. Both concepts have been utilized in the investigation of radiative heat transfer.
The emission or absorption of radiation energy by a body is a bulk process; that s, the
radiation originating from the interior of the body Is emitted through the surface. Similarly,
the radiation energy incident on the surface of a body penelrates into the depths of the
body, where it is attenuated. If the emission and absorption of radiation take place within a
very short distance from the surface, then the radiation process is called surface radhation
and the body is said to be gpague to thermal radiation. Examples of opague materials are
metals, wood, stone and paper.

In contrast to this, a sheet of glass s said to be semi-transparent to the solar

radiation incident upon it, because part of the solar radiation is absorbed, part reflected,

b A
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and the remainder transmitted by the glass. Another example of semitransparent medium is
a body of water but the solar radiation incident on it 15 gradually attenuated by water as the
beam penetrates deeper i to the water. Radation propagating in a medium 5 weakened
as a result of absorption. It 1s only mn a vacuum that radiation propagates without
attenuation, Therefore, a vacuum i1s considered completely fransparent to radiation. For all
practical purposes, the atmosphene air contained in a room is considered transparent to
thermal rachation because the attenuation of radiation by air s insigmificant unless the air

layer 15 soveral kilometres thick,

2.5.10 EMISSION OF RADIATION

The maximum radiabion flux emitted per unit area by a body at temperature T 15

given by the Stefan — Boltzmann's law
E,= aT (2.36)
where E; 15 the black body emissive power, T 15 the absolute temperature in Kelvin and o 15

the Stefan - Boitzmann constant.

Only an ideal radator {also called Alachbody) can emit the maximum radiation flux
according to equabion 2,36, The radiation flux q emitted by a real body at an absolute

temperature T 1s always less than the blackbody emissive power and it 15 given by

1= €k = goT (2.39)

#here € 15 the emissivity of the body, € <1 for all real bodies and € = 1 for a blackbody.

15.11 ABSORPTION OF RADIATION.
if a radiation flux g.. is incident on a blackbody, 1t s completely absorbed by the blackbody.

The absorbed energy Gue. 15 gven by Quw = Qe (2.38)

o



But @ real body absorbs only a fraction of the radiation that falls on it. The energy

absorbed Que 15 grven by

Qatn = 0k Chc (2.39)
o is the absorptivity, which hes between zero and unity. The absorptivity o of a body is

generally different from its emissivity €., However, in many practical applications, o

simplify the analysis, « 15 assumed to be equal to «.

42312 RADIATION EXCHANGE

When two bodies at different temperatures are near each other, heat 5 exchanged
between them by radiation. If the intervening medium s filled with a substance such an
which 1s transparent to radiation, the radiation emitted from one body travels through the
intervering medium with no attenuation and reaches the other body and vice versa. Then
the hot body experiences a nel heat loss, and the cold body a net heat gan, as a result of
the radiation heat exchange.

Fig. 2.11a shows a small, hot, opaque plate of surface area A;, and emissivily €,

maintained at an absolute temperature T, and exposed (0 a large surrounding area A; al an

absolute temperature Ty (if Ay/A; —e 0).

The space bebween them contains awr, which 18 transparent to thermal radiation. The
radiation energy emitted by the surface A; 1s given by Aye,aT,". The large surrounding
area can be approximated as a blackbody in relation to the small surface A;. Then, the
radiation flux emitted by the surrounding area s aT:*, which s also the radiation Mux

incident on the surface A;. Hence, the radiation energy absorbed by the surface A; 15 given

by A. ey T;°. The net radiation loss at the surface A, 15 the difference between the
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Fg. 2.11: Radiation exchange between different surfaces and surrounding (Ozisik, 1985)
(a) Radiation exchange between a surface A; and its surrounding
(b} Radiation exchange between surfaces A; and A;
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energy emitted and the energy absorbed;

Q- AjesaT* Ao T, (2.40)
For €; = oy this result simplifies to
Qi = Avera(T," = T, (2.41)

which prowvides the expression for calculating the radiation heat exchange belween a small
surface element A, and its surroundings at T;, The positive value of Q, implies heal loss
from the surface A, and the negative value imphes heat gain.

For two mfinte surfaces A; and A: (figure 2.11b), maintaned at absolute
temperature T, and T, respectively and have emissivibies €; and e;, the physical situation
implies that part of the radiation leaving surface A, reaches surface A; while the remaining
15 lost to the surroundings. Similar considerations apply for the radiation leaving surface A;.
The analysis of radiation heat exchange between the two surfaces for such a case should
include the effects of the onentabion of the surfaces, the contribution of radation from the
surroundings, and the reflection of radiation at the surfaces. I we assume that the
radiabion flux from the surroundings s neghgible compared to those from surfaces A; and

A;, then the net radiation heat transfer Q; at the surface A. can be expressed in the form

Qi =F A (T -T) (2.42)

where F, is a factor that includes the effects of the onentabion of the surfaces and then

Emussvibies.

To simplify the heat transfer calculations, it may be possible, under very restnclive

conditions, to define a radiation heat transfer coefficient h,, analogous to the convection

heat transfer coefficient as

q= h(T,=T;) (2.43)

The concept can be applied to the result given by Equation 2.41. We therefore have,
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Q=Arer o (T2 + T27) (Ty+ T2) (T, -Ta) (2.44)
WiT,- T/ << T.,thenT,=T:,

Hence Eguation 2.44 is linearised as

QiaAye ;4T (T;-T3) {2.45)

Org, =Q = (4T, €, 6) (T, -T2) (2.46)

Ay
A comparson of equations 2.43 and 2.46 reveals that for specific case gwven by
gguation 2.41, a radiation heat transfer coefficient hr can be defined (Ozisik, 1985) as

h=4T e (2.47)

2.5.13 COMBINED HEAT TRANSFER MECHANISM

In many practical situations heat transfer from a surface takes place simultancously
by convecton due to the ambient air and by radiation to the surroundings. For a small plato
of area A and ermussivity €, of the wall surface that 15 maintained at T. and exchanges
energy by convection with a fluid at Te with a heat transfer coeflicent b, and by rodiation

with the surroundings at T,. _ThE heat loss per unit area of the plate, by the combined

mechanism of convection and radiation, 15 given by McCabe et al (1985) as
QA= QuA + QA =G = W (To-Ta) = en(T," = T.7) (2.48)
I Ma — T << T, the second term according to Ozisik (1985) can be lineanzed to obtamn,

G =t (To =T} + W {Tu = To) (2.49)

where, gy /A 15 the total heat flux, g./A s the heat flux by conduction-convecton,
g./A 1s the heat flux by radiation, h; is the convective heat transfer coefficient

. i5 the emissivity of surface, T, 15 the temperature of surface, T 15 the temperature of

surroundings.

However, T, and T, are both temperatures of the surrounding,
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eTe=T, =T
/A = Qu = [(he+h)(Tw=T) (2.50)
where h, is the radiation heat - transfer coefficient defined by
he =g, / A(Ty, -T) (2.51)

which depends stronaly on the absolute magnitude of T. and to some extent on the
iemperature difference T, — T. However, when the temperature difference is smail, the
value of h. can be approxmated from a simple equation using only one temperature.
Expansion of the fourth - power term in equation 2.48 gives

G/A = 0eu (T =T = geu(Ta" + T) (Ta + T){T. -T) (2.52)

if To =T is very small, T can be replaced by T, in all but one term of equation 2.52 1o give

G /A = oen (2750 (2T:) (Ta =T) =as. (4T.) (Ta=T) (2.53)
From the definition of h., eq. 2.51 becomes
h =458, T (2.54)

Equations 2.51 and 257 apply to a small area completely surrounded by a surface of much

larger area, so that only the emissivity of the small area influences the heat flux (McCabe el

al, 1985).

2.6 SOURCES OF HEAT AND METHODS OF APPLICATION TO FOODS

The cost of energy lor food processing has become one of the major cansiderations
n eguipment design and ultimately the cost of the food and the profitabibty of the

operation. Different energy sources have specific advanlages and hmitabons in terms of
cost, safety, risk of contamination of the food, flexibility of use, and capital and operating

costs for the heat transfer equipment. Sources of energy use in {ood processing are



ricity, gas (i.e natural and liquid petroleum gas), liquid fuel oll, and solid fuals (i.e

anthracite, coal, wood and charcoal),

Drect and indirect methods may be used to heat foods but only indirect methods +1= used

for cooling foods (Fellows, 1990).

16.1 DIRECT METHODS

The heat and products evalved from the burning fuel come directly into contact with
the food, There 15 an obvious rnisk of contamination of the food by odours of incompletely
buned fuel and for this reason, only gas and to a lesser extent liquid fuels are used.

Electricity is not a fuel in the same sense as the other types described above,

TABLE 2.3: Advantages and Limitations of different energy sources for food

processing (Fellows, 1990)

Electricty Gas Liquict fuel Solid fuel N
ey per | Mol applcable Lo High Moderate to high 1
ust mass  or |
Vol !
Cost per | Hig Low Low Lowe 1
hakyjouie af
Enery e e
Heat transfer | Low Low High High |
supmen|
o N N - |
fficency of | High Moderate to High | Moderate fo low | Low |
femal
Fedbity of | High High Low Low '
L .
Rate af | Low M Low Lenw
ERplpsion
haard ] : I | | N :
Fek of food | Low Loww High High
gentaminabon i
Ehowr  and | Low Low [ High !
fandiing cost B
amoant (%) | 9.60 38.20 30.44 31.7%
s i Eroipse
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1.6.2 INDIRECT METHODS

Indirect heating methods employ a heal exchanger lo separate the food from the
aroducts of combustion and consists of burming fuel beneath a metal plate and heating by
radiated energy from the plate. The most common type used in food processing 1S steam
generated by a heat exchanger located away from the processing area.

Indirect electrical heating uses resistance heaters or infrared heaters. Resistance
heaters are nickel-chromium wires contained in sohid plates, wihich are attached to the walls
of vessels, in flexible jackets, which wrap around vessels, or in immersion heaters which are

submerged in the food, These types of heater are used for localised or intermittent

heating.

4.6.3 EFFECT OF HEAT ON MICRO-ORGANISMS, NUTRITIONAL AND
SENSORY PROPERTIES OF FOODS (6)

The preservative effect of heat processing 15 due to the denaturation of protemns,
which destroys enzyme activity and enzyme controlled metabolism in micro-orgamisms,  The
rate of destruction is a first-order reaction; when food 15 heated to a lemperature that 1s
mgh enough to destroy contarminating micro-organisms, the same percentage die in a given
time interval regardless of the numbers present imitially, This is known as the floganithmic
order of death and s described by a death rate cune.

The destruction of many vitamins, aroma compounds and pigments by heat follows a
amilar first-order reaction to microbial destruction.  Nutnbional and sensory properties are

better retained by the use of higher temperatures and shorter times during heal processing.



47 TYPES OF DRIER

Varous kinds of driers can be designed to carry out dehydration of foods., Since
dehydration is a combined heat and mass transfer operation, the dners can be classified
according to the methods by which these transfers are accomplished. Most commercial
driers are insulated to reduce heat losses, and they re-circulate hol ar to save energy.
Many designs have energy—saving devices, which recover heat from the exhaust air or
automatically control the awr humdity. Computer controlled dners are increasingly

becoming sophisticated and also resull in savings of energy.

2.7.1 ATMOSPHERIC BATCH DRIERS

Batch driers are used when different types of matenals are to be dned and where the
operabions are small or seasonal. Examples of batch driers are
.7.1.1 Kiln drier
This consists of a two-storey building with a slotted floor separating the drying rooms in
the upper storey from the rooms on the lower floor, The lower floor rooms contam burners
heating air which, along with the combustion gases, supply heat to a layer of fruit (up to
20cm deep) resting on the slotted floor. These dners have been used traditionally for
drying apple rings or shces in the USA, and hops or malt in Europe, There i1s imited control
over drying conditions and drying times are relatively long. High labour costs are incurred

by the need to turn the product regularly, and by manual loading and unloading. However,

ihe dners have a large capacity and are easily constructed and mamntaned at low cosl.
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Fig 2.12; Schematic representation of a kiln drier,

2.7.1.2. Cabinet or tray drier
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Fig. 2.13: A control volume for a tray, tunnel or belt drier

47

T -,
— e,
'.1- - . i ' ..-__."'
g "L



This use a hot circulating air stream to provide the energy needed for drying. It
mnsists of an insulated cabinet fitted with shallow mesh or perforated trays which contains
athin {(about 2 — 6cm deep) layer of food. Air is heated by direct combustion with fuels or
by steam or electric coils. Dampers are installed and regulated to control the amount of air
entering and exiting the drier thereby controlling the humidity within the drier. Hot air is
therefore circulated through the cabinet at 0.5 - Sms’ per sguare metre tray area. A
. gystemn of ducts and blower 15 used to direct air over and/or through each tray to promote

uniform air distribution. Additional heaters may be placed above or alongside the trays to
ncrease the rate of drying. Tray dners are used for small-scale production (1 to ™7 tonnes
per day) or for piiot plant scale operation. They require low capital and maintenance costs
out have relatively poor control and produce more vanable product quality.

The energy required for operation of tray driers like tunnel and belt driers can be
pstimated if the properties of all the mass flow entenng and leaving the dner are known,
An energy balance for this system gives,

Heat transfer needed = Heat received by product + Heal camed by dry air + Heat due 10
absolute humidity of air + Heat of vapornization of the moisture content

of the product + Heat loss to the walls and by air leaks to surrounding.

Q = Muolooltpe - E‘p-] + MaCa (0ao — 0a) + HpalPue = M)} + Mevag (e - ) + 'E:Fm‘ (2.55)

where

Q = heat transfer needed,

My = product mass flow rate leaving the system
e = product specific heat at product exit,

b = product temperature at the exit

O = product temperature at the entrance,
AR



dry air mass flow rate entering the drier,

F
I

e = constant pressure specfic heat for dry air

L]

Han temperature of air at the exit,
i, = temperature of air at the entrance
Hy = absolute humidity of air entering the drier

he = enthalpy of the water vapour at the air exit,

Ny = enthalpy of the water vapour at the air entrance,
Mesg = evaporation rate within the drier,

hy - enthalpy of iquid H;0 at the product entrance
Qo = heat loss through the walls and by air leaks

For a given drier production rate, the mass flow rates my, and Mg in the equation
above are fixed. However, the ar mass flow rate (M,) can vary, depending on the
temperature and relative humidity within the drier. The last term (Qus.) accounts for heat
losses from the drer by conduction through the walls and ar leaks, These losses can be
significant and shouid be included for an accurate analysis. Tymcally, these heat losses
amount to 20% of the total heat input but can vary significantly depending on such factors
as how well the driers are insulated and the air leakage,

An important consideration in the operation of tray drer system thatl recirculate awr 1s
to determine the fraction of the air stream to be exhausted. Increasing the amount of air
exhausted generally increases energy costs, but it reduces the humidity within the dner,
and hence increases the rate of evaporation. Thus, there 15 a trade-off between production
rate and energy cosls. Predicing the influence of humidity on production rates s difficull

and accurate data can often only be obtained by measurement,

du



Table 2.4: Expected Eﬁeits of several process parameters on drying rates of food

pieces dried in layers (Basis: Unit surface area of tray) (Karel, 1975).

Effect with increasing value of each parameter

Parameter -Eﬁ;ng‘r_ati- in constant Duration of Constant | Drying ratEMng-
rate poriod (w') rate period (L) rate penod (W)
air velocity (G) Increases Decreases small effect I
Alr temperature (T) | Increases Decreases Increases
Air humidity (H) Decreases Decreases Decreases
Piece size In flow ower trays, | Decreases Increases F

mimmal  effect; in
crossflow, decreases

8ed depth’ Inflow over trays, Depends on degree | Depends on degree
mirumal effect; of packing in the (of packing in the
Incrossflow, increases layers layer

Material properties | No effect 1 unaffectea High effect ==

"Note that the basis rs unt area of tray and nat und wesght of food  The effects are quite dfferent for the two bases.

It 5 however difficult to quantitatively analyse the course of drying wn batch dners.
However, it is possible to predict the effects of various operational parameters on rate of
drying and these are summanzed in table 2.4,

In this work however, the batch design of processing equipment shall be used by
constructing a tray drier to dry the kemel nuts. Some of the advantages of tray dners as
processing equipment are;

% Greater flexibility in being able to change product types or production rates
2. Lower capital cost for equipment.
3. Simpler operation and control to produce desired product

9, Fragile crystals can be handled gently

5. Reliable, safe and economical (that is, operating maintenance costs not excessive)
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B, Pollution is highly reduced and controllable
7. Energy consumption is minimized.

The choice of tray dner is justified by the above advantages and this contributes to
the reason why the most widely used dehydration methods involve exposure of foods to

heated air. In this drier, the primary mode of heat transfer is by convection.

2.7.2 CONTINUOUS HOT-AIR DRIERS

In many food-dehydration operations, drying is conducted continuously in tunnel
aners, or belt dners.
17.2.1 Tunnel drier - Here, layers of food are drnied on trays, which are stacked or
lbaded onlo trucks or carts programmed to move semi-continuously through an insulated
tunnel. Different designs use one of the types of ar flow described in table 2.5. The air
stream i @ tunnel drner could be arranged to flow in the same direction (parallel or co-
current flow), opposite direction {counter-current flow) or at nght angles (cross flow with
respect to the direction in which the carts move through the tunnel. Flow arrangement are
thosen depending on the properties of the product. Counter-current flow prowides the
highest temperatures at the point where the moisture content 15 lowest and therefore
counter-balances the increasing resistance to drying, This arrangement increases the
danger In-f “scorching” the product (i.e damage due to non-enzymabic browning), this
reaction has a maximum rate at intermediate moisture contents, Co-current flow allows the
we of high entening air temperatures and therefore results in rapid imitial drying, which is
often desirable but in a few cases 15 deleterious to the texture of products.

Typically, @ 20m tunnel contains 12-15 trucks with a total capacity of 5000kg of food.

This ability to dry large guantities of food in a relatively short bme (5 - 16 h) made tunnel
1



drying widely used, especially in the USA. However, the method has now been largely
superceeded by conveyor drying and fuidised-bed drying as a result of ther higher energy

efficiency, reduced labour costs and better product guality,

.1.2.2 Belt der Conveyor driers are up to 20m long and 3m wide. Food is dned

2g @ mesh belt in beds 5 — 15cm deep. A continuous mowving system of belts moves the

The belts are perforated to allow the hot air to flow through

. product through the dner.
them in a cross flow manner. Belts driers with parallel and counter airflow to the product

flaw are also utilized.

This type of dner improves uniformity of drying and saves floor space, Foods are
dgried to 10-15% moisture content and then transferred to bin drier for finishing. This
Table 2.5: Advantages and limitations of parallel flow, counter-current flow,

centre-exhaust and cross-flow drying (Fellows, 1990).

[Fiow Type | Advantages | Limitation

“aralbel Rapd wubial drying. Little | Low  moisture content
Foog —W shrinkage of food low |difficult to achieve as cool
Airflow ——m bulk density, less heat | maoist air passes over dry

damage to food. No risk | food.

. . - lofspofage ]

Counter-current More economical use of | Food  shrinkage  and
Food — #* energy. Low final | possible heat damage.
Airflow +— — moisture content as hot | Risk of spoilage from

entre exhaust

air passes over dry food

Combined  benefits  of |

warm moist air meeting
wel food.
More

E——

esmrree

Food ——» parallel and counter- | expensive than single -
Airflow —» & «— current dners bul less | direction air flow,
than cross-flow drers T .
Cross flow type Flexible control of drying | More complex and
‘ Food —® conditions by separately | expensive to buy, operate
Arfiow ¢4 controlled heating zones, | and maintan

grving urifarm drying and

high drying rates




equipment has good control over drying conditions and hugh production rates. It s used for
large scale drying of food (e.g fruits and vegetables). It has independently controlled
drying zones and s automatically loaded and unloaded, which reduces labour costs,
As a result, it has largely replaced the tunnel dner,

2.7.2.3 M A shghtly inchined rotating metal cyhnder is fitted internally with
flights to cause the food to cascade through a stream of hot air as it moves through the
drier., Airflow may be paraliel or counter-current. The agitation of the food and the large
area of food exposed to the air produce high drying rates and a uniformly dned product.
The method is especially suitable for foods that tend to mat or stick together in belt or tray

dners. However, the damage caused by impact and abrasion in the drier restnct this

method to relatively few foods [(e.g sugar, crystals, and cocoa beans). This drier is another

mportant type of continuous drier, suitable for large-scale production of “flow-able”

products.
7.3 ATMOSPHERIC CONDUCTIVE DRIERS
27.3.1 m dner ]

Canduction heat transfer is used to provide energy for vaponzation of water. Steam
tindenses mside the drum to provide heat source, As the 1.jrurn rolates, a thin layer of
:ptnducr. 15 applied to the drum through dipping, splashing, spraying, use of spreading
Gevices or feeding rollers. The speed of rotation of the drum is adjusted so that the desired
masture content 1s obtained when the dned product is scrapped off the drum by a knife.
room in which a drum drier i1s placed must have adeguate ventilation to remove the

gr vapour produced. Drum driers consist of -hollow drums constructed of carefully

ined iron or stankess steel,



The drier may consist of single or double (twin) drums. The single drum 15 widely
used as it has greater flexibility, a larger proportion of the drum area avalable for drying,
pasier access for maintenance and no nisk of damage caused by metal objects falling
between the drums. The drnier has a high drying rates and high energy efficiency. It is
suitable for slurmmes in which the particles are too large for spray drying. However, the
present applications of drum drying in the food industry are limited.
2.7.3.2 Heated Surface driers Drners in which heat s suppbed to the food by
conduction have two main advantages over hot aif_ drying. First, it is nol necessary to heat
large volume of air before drying commences, and the thermal efficiency 15 therefore high.
Secondly, drying may be carmed out in the absence of oxygen to protect components of
foods thatl are easily oxidized,

Typically, heat consumption is 2000 — 3000k] per kg of water evaporated compared
with 4000 - 10,000k) per kg of water evaporated for hot arr driers. However, foods have
low thermal conductivity which become lower as the food dnes. There should therefore be
a thin layer of food to conduct heat rapidly without causing heat damage. Foods may
shrink during drying or Ift off the hot surface. It may therefore introduce an additional

bamer to heat transfer. Careful control Is necessary to minimise shrinkage and to

getermine the thickness of the feed layer.

174  SPRAY DRIER

Spray drying s the most important techmgue for dehydrating hquid food products (Karel,
1975) as i the drying of milk products, coffee, and eggs. A fine dispersion of pre-
wncentrated food s first atormized.  Atomization determines the size distnibution of
droplets. It 15 the most important feature of a 5.;:|n‘:|';,-I drier and can be achieved by means

iy



of high-pressure nozzles in which a fluid acquires a high-velocity tangential motion while
being forced through the nozzie orifice. The fluid swirls out in a cone-shaped sheet, which
breaks up into droplets 10-200um in diameter. The atormized food 1s sprayed into a current
of heated air at 150 - 300°C in a large drying chamber (Fellows, 1990).

In principle, a ligud or a paste is atormized into a chamber, where it 15 put in contact
with a stream of hot ar and rapudly dned. The dry particles become suspended in the air
gream and flow into separation eguipment where they are removed from the air, collected,
and packaged or subjected to further treatment such as instantizing.

Spray driers vary in size from small pilot scale models for low volume high value
groducts, to large commercial models capable of producing 80,000kg of dnied milk per day
(Ashworth, 1981). The main advantages are rampd drying, large-scale continuous
production, low labour cost and simple operation and maintenance. Major limitations are
nugh capital costs and the regurement for a refatively igh feed moisture content Lo ensure
that the food can be pumped to the atomuzer. This results in higher energy costs (to
remove moisture) and higher volatile losses. Conveyor belt dners and fluidized bed drniers

are beginning to replace spray dners as they are more compact and energy efficent

(Brenndorfer et al, 1985).

17.5 FLUIDIZED BED DRIERS

Metal trays with mesh or perforated bases contain a bed of particulate food up to
15cm deep. Hot air 15 blown through the bed, causing the food to become suspended and
wgorously agitated (fluidized). As the hot air flows over the bed, the pressure drop across

the bed balances the weights of the bed and at greater velooties the bed expands and



particles become suspended in air. The hot air thus acts as both the drying and Mudizing
medium, and maximum surface area of food 1s made available for drying (Fellows, 1990).

As the velocities increase further, the bed 15 disturbed and asSurr;i:s the appearance
of @ "boiling fikd”. At still higher air velocities, indwvidual particles are carmed away
(conveyed) by the air. Driers may be batch or continuous in operation. They are compact
and have good control over drying conditions, relatively high thermal eficiencies and high
drying rates. The major mitation of fMuidized drying is the imited range of particle sizes

which can be effectively fludized without excessive mechanical damage.

17.6 PNEUMATIC DRIERS

In these dners particles of food are carried along by a stream of air as they are
amultaneously exchanging mass and heat with the air. In principle, the ﬁmng 15 simularly
o spray drying, excepl it is apphed to sohd particles. It has the advantage of high drying
veiocities, similar to those of spray and fludized bed drying, and is himited pnimarnly by the
type and size of particle that can be conveyed effectively without damage by an air stream.
Tne capital costs are relatively low and thermal efficencies are huigh, The ::lrIErs have close
control over drying conditions. They are often used aﬂer_ spay drying to produce foods

which have a lower mossture content than normal.

7.7 FOAM MAT DRIER

Liguid foods (e.g fruit juices) are formed into stable foam by the addition of a3
stabiizer (Fellows, 1990) and aEratunln with nmitrogen or ar. The foam spread on a
perforated belt to a depth of 2 - 3mm and dred rapdly in two stages by parallel and then
tounter-current air flows. Foam drying is approximately three times faster than drying a
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similar thickness of hqud. The rapid drying and low product temperatures result in a high-
quality product. However, large surface arpa is required for high production rates, and

capital costs are therefore high. Practical application of this method are still imited.

1.7.8 SUN AND SOLAR DRYING

Sun drying 15 the most widely practiced agncultural processing operation in the world
(Fellows, 1990). More than 250,000,000 tonnes of fruits and grains are dned by solar
energy per annum. In some countries, foods are simply Ia-id out on roofs or other fat
surfaces and turned regularly until dry. More sophisticated methods, for example solar
drying collects solar energy to heat air, which i turn 15 used for drying. Solar dners are
classified into
(a) Dwect natural circulation dners - These combine the collector and the drying

chamber.

(b}  Drect dners with separate collector
(c)  Indwrect forced - convection dners — These have the drying chamber separated from
the collector,

Both solar and sun drying are simple mexpensive technologies, in terms of both
capital input and operating costs. Energy inputs and skilléd labour are not required.  The
major disadvantages are relatively poor control over drying conditions, and over drying
rates than those found in artificial driers. This results in products which have lower quality
and greater vanabality, In addition, drying s dependent to the weather, the time of the day

and requires a larger labour force than other methods. They cannot be used during very

cold weather or incessant rainfall.




2.7.9 BIN DRIERS (Deep-bed driers)

Bin drers are hot-ar dners with cylindrical or rectangular container fitted with a
mesh base. Hot ar moves up through a bed of food at relatively low speeds (e.g 0.5m/s
per square metre of an area). These driers have a high capacity and low capital and
mantenance costs. They are mainly used for "finistung” (o 3 - 6% moisture content) after
drying in other types of equipment. Bin driers improve the operating capacity of the imitial
driers by taking the food when it is in the falling-rate period, when moisture removal 15 most
tme consuming. The deep bed of food permils wvariation in moisture content to be
equalized and acts as a store to smooth out NMuctuations in the product between drying
stages and packaging. However the dners may be several metres high, and it is therefore
mpartant Lhat foods are sufficiently strong to withstand compression at the base and to

fetain an open structure to permit the passage of hot ar through the bed,

TABLE 2.6: A classification of some atmospheric driers (Karel, 1975)

— F= R — —

D _ Dners
Mode of heat transfer Batch operabion Continuous operation
‘Convection Kiln drier | Tunnel dner
| Cabinet drier | Conveyor or belt dner
Spray dner
Fluidized-bed drier
|
| Conduction Heated-shelf drier Drum dner
Agitated pan dnier
| Radiaton Infrared heated-shelf infrared heated bell drier
drier
Intemal  generation  of | Microwave oven Dhelectric continuous oven
haat Microwawe tunngl
Hieed - Shiell drier _+ | Rotarydrier |
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1.8 ELECTRONIC MATERIAL

To design and construct the instrumentation and control for the palm kemel drier,
which 15 a key aspect of the dner electronic components such as resistors, diodes,
ransistors, logic gates, analogue to digital and digital to analogue converters are used. A

summary of the charactenstics of the matenials s explaimed as follows.

19 RESISTOR

A resistor s a conductor, which has some amount of electrical resistance to the Mow
af electric current through it. Resistors are used to limit the amount of current flowing in a
grcuit,  The opposition to the flow of current i1s called resistance and it 15 measured in ohms
(11). There are two types of resistor; fixed resistor and vanable resistor. Examples of lixed
resistors are include: Carbon composition, carbon film, metal oxide, metal glaze and.#ire
wound. Exampies of wvanable resistors are the resistance :box, rheostat andr the
potentipmeter. The latter consists of a track of some kind of resistive matenal to which a
movable wiper makes contact. The following resistive materials are used in potentiometers:
la) Carbon - either moided -carbon composiion giving a solid track, or a coating of

carbon plus an insulating filler onto a substrate.
(b)  Wire-wound - Nichrome or other resistance wire wound onto a suilable insulating

former.
(¢} Cermet = A thick film of resistance coating on a ceranuc substrate,

A resistor may be intended only as a resistance that requires to be preset and
therefore adjusted only a few times durng its operational life, or as a control that s

eguired to be continually varied over the whole of its track. The latter must be robust,

Kip
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Figure 2.14: Conventional circuit symbol for Resistors
(2)  fixed resistor  (b) variable resistor () potential divider resistor

210 CAPACITOR

Faraliel leakage
Rp e resistant
| TERSE |
211y —_
o 7 . 1 I‘R
P T R i Capacitance
Sories Seres
indCtand e Resistance [dielectng losses)
Figure 2.15: Equrvalent circuit for a capacitor.
I« (ref)
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Fgure 2. 10; Phasor diagram showing the effect of the senes resistance losses,

where & 15 the loss angle, @ is the phase angle, Tan & is the Rs/X, (dissipation factor),

fes @ = RsfZ,
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siable, and capable of many thousands of rotations before failing. The symbol used o show
a resistor in a circuit diagram s shown in Nigure 2.14.A capacitor 15 an electromic device that
stores an electrical charge. Connecting its leads directly across a power supply can charge
It almost instantly.,  Some of the uses of capacitors are signal filtering, power supply
fitering, coupling and spike and noise suppression. A capacitor is made of two parallel
tonducting plates separated by an insulating gwfectric. The capacitance C of a capacitor s
the measure of how much charge it can store. For a parallel plate capacitor, C 15 given by
C=e.£A/d {2.56)

where £, is the absolute permittivity, £ is the dielectnc constant or relative permittivity, A
i5-area of one of the plates and d is the thickness of the diclectric. To achiove a reasgnable
value of capacitance the area of the plates must be large, the delecric constant hugh, and
the thuckness of the diclectnic small. However, the capacitance-to-volume ratio is important
since the space availabie for a capacitor on a circuit board is usually limited. 1n order lo
achieve a farge capacitance to volume ratio, Iu::ngl stnips of thin conducting foils separated by
3 thin dielectne are rolled together to make the capacitor. Another constraint is that the
thin insulating deelectnc must be able to withstand a reasonable d.c voltage without
treakdowen. Therefore the dielectric strength s also important, And often, the CV product
15 used as a measure of the efficiency of a capacitor type as it gives the total charge  that
can be stored. Electrolytic capacitors have the highest CV value available

The equivalent circuit for a capacitor 15 shown in figure 2.15. The higure shows that
a capacitor consists of a senes inductance, a senes resistance, and a capacitance wilh
parallel leakage resistance.  Neglecting the leakage resistance for the moment, the rest
forms a senes resonant circuit, Bealow remnancel. the mpedance 15 capacitiva; at resonance,

it 15 resistive and above resonance It becomes inductive. T 15 thorefore important to keep



the inductance low in order to increase the working frequency range of a capacitor.
Electrolytic capacitors may have resonant frequencies well below 100kHz, and this is the
reason why they cannot be used to remove short-duration switching spikes from power
supply lines,

Refetring to the equivalent circult (fig 2.15), for frequencies below resonance we
neglect the effect of the series inductance. The loss angle & is a measure of the size of the
sries resistance compared to the capacitive reactance while the dissipation factor is a
measure of how “lossy” a capacitor is and is quoted at a particular frequency (50H; for
gectrolytic capacitors and 1kHz for other types). The phasor diagram is as shown in figure
116,

For a capacitor, & must be small. Hence, the dissipation factor (d.f) = Rs/X; = tan
i Its value ranges from as low as 2 x10™ for polystyrene capacitors (at 1kH,) and abo -
0.3, for large value aluminum electrofytic type at 50H;.  Alternatively, some manufacturs
may quata the power factor which is given as power factor Rs/z = Cos @ = Sin &. {For small
angles & < 5°), Sin & = tan 3.

The leakage resistance, Hs; for most non-electrolytic types of capacitor Is very high,
typecally greates than 10", For electrolytic capacitors, the actual leakage current is usually
guoted, which for a large size type may be several milliamps, Leakage resistance and
leakage current are dependent on both temperature and applied voltage, The resistance

decreases as voltage and temperature are increased,

210.1 CAPACITOR TIME CONSTANT
Capacitor time constant (RC product) is formed by the actual capacitor and its
parallel leakage resistance. If a capacitor is charged and then disconnected from the supply,

il



the charge leaks away through the parallel leakage resistance, and the tme for the voltage
o fall by 63% 15 equal to one time constant, RC products for polystyrene capacitors are sad
to be among the highest recorded v.‘aluus., approaching several days, while at the other
gxtreme the RC value for aluminum electrolytic may be as low as a few seconds. The RC
product 1= used extensively as an indication of capacitor deterioration during life test,

Capacitor circuit symbols are as shown in fig 2.17. &

2.11 TRANSFORMER

Fig. 2.18 shows the general arrangement of a transformer. An iron core C consists of
aminated sheets, insulated from one another by thin layers of paper or varmish or by
spraying the laminations with a mixture of flour, chalk and water, which, when dned,
adheres 1o the metal. The purpose of laminating the core is to reduce the loss due to eddy
currents induced by the alternating magnetic flux. For frequencies in excess of 100kHz, high
resistivity ferrite cores are used réther than laminated corue wsed for low frequency
application. |

Cous P and S are wound on the imbs (the vertical portions of the core). The yokes
arg the top and bottom. Coil P 15 connected to an a.c supply ?nd 15 termed the primary;
Coel 5 1s connected to the lpad and is termed the secondary, An ‘arternatrng voltage applicd
2 P orculzies an alternating current through P and this current produces an alternating flux
i the core, the path of this flux being represented by the dotted ine D, If the whole of the
flux produced by P passes through 5, the e.m.I. induced in each turn is the same for P and
‘& Hence, if N, and N; be the number of turns on P and S respectively,

e.m.f. induced in 5 = N; x e.m.f. per tum = N; {2.57)
em.f appliedto P N; x e.m.l. perturm N,
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Figure 2.17: Conventional circuit symbols for (a) fixed and (b) variable capacitors,
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When the secondary IS on open circuit, its terminal vollage 15 the same as the induced

em.f, The primary current is then very small, so that the apphed voltage V, 1s practical

equal and ocpposite o the e.m.f, induced in P, Hence,

Vi = N (2.58)
Wy M,

Since the full-load efficiency of a transformer is nearly 100 percent,
I}V, x pnimary power facter = [;V; x secondary power lactor,

but the primary and secondary power factors at full load are nearly equal
Lo LV = L

ar I: . y_: I:E-Eg_]

Iz = vy

When a load R is connected across the secondary terminals, the secondary current ,
by Lenz's Law, produces a demagnetizing effect. Consequently, the Mux and the e.n.f.
nduced n the pnimary are reduced lightly. But this small change may increase the
difference between the applied veltage and the e.m.l. induced in the pnimary from, say 0.05
percent to, say, 1 percent, in which case the new primary current would be 20 times the
m-sad current.  The demagnetizing ampere-turns of the secondary are thus nearly
neutralized by the increase in the primary ampere-turns, and since the primary ampere-

tums on no load are very small compared with the full-load ampere turns,

Full load primary ampere-turns - Full load secondary amperg-turns

LG [|_ N; = 1_1-”_1'

50 that [; = Np = \; (2.60)
I N Vy %)
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211.1 PRACTICAL TRANSFORMERS

For large transformer ratios, it is a common practice to make the low-voltage high-
current winding of heavy gauge wire in order to reduce IR losses in the winding. The other
winding 15 a large number of tums of fine wire since only a small current is present. An
equivalent circuit of a practical transformer is illustrated in figure 2.20.

The inductances in the prnimary and secondary circuits are caused by leakage
magnetic flux which does not link both windings, so that the opposing fluxes do not quite
ancel. The resistances are included to account for the resistance of the wire in the
windings. The inductance L, accounts for the small magnetizing current corresponding to
the no-load primary current. The capacitors on the pnmary and secondary sides result from

the l@yer-to-layer capacitances between windings.

According to this equivalent circuit, a transformer is ineffective at low frequency
where the reactance of L. becomes so small that current s shunted from the primary
winding of the ideal transformer. High frequency performance s impaired by the leakage
flux inductances and winding capacitances. In spite of these limitations, transformers can
be designed for effective performance over useful frequency intervals.

Transformers serve two important functions in electromic circuitry: they change the
& line voltage to a useful (usually lower) value that can be used by the circut, “isolate” the
giectronic device from actual connection to the power line, because the windings of a

transformer are electrically insulated from each other. Moreover, they are used for coupling

and also as matching devices.
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Fig. 2.20: Equivalent circuit of a practical transformer,

212 JUNCTION DIODE

(a) b}

’

'~ Fig. 2.21: P-n junction diode and its symbol



This consists of a p-type material and an n-type matenal melted together in a single
oystal, A p-n junction separates the materials. The majority carners in the p-matenal, are
noles while the majority carriers in the n-material are electrons, Due to density gradient,
hoies in the p-type diffuse acrass the junction to n-type and recombine with the electrons
which diffuse across the junction from the n-type material. An electrical potential gradient
bullds up which opposes further movement of charges across the junction, This region of
ihe junction 1s said to be depleted of mobile charges and is therefore called depletion
region,

If a p - n junction is connected as in Figure 2.23a, the holes in the p-type are
atracted to the negative plate of the battery and the electrons in the n = type matenal to
the positive plate. The result is movement of both charges away from the junction. Thus,
at a steady state the majority carmers are prevented from crossing the junction, Howewver,

@ small current flows because a small number of hole-electron pairs are generated

throughout the crystal as a result of thermal agitation. The holes so formed in the n-type

material wander over to the junction and constitute a current. Similarly, the electrons

generated at the p-type matenal move across the junction and constitute a current. The

wio currents flow in the same direction and form the reverse saturation current I, which
ncreases with temperature and is independent of the magnitude of the apphied reverse
voitage.

In the forward bias shown in fig. 2.23b, the height of the potential barmer at the
junction 15 lowered by the apphed voltage V. Holes are injected from the p-type into the n-
type where they constitute injected minority carmers. Similarly electrons are injected from
the n-type into the p-type. The two currents E;FE in the same direction. Thoir sum

constitutes the total current [ across the junction.
ol
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Fig. 2.24: Volt - Ampere Characteristic of Junction diode
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1=15(e""%-1) (2.61)

Al room temperature Vy = 26mV
The constant n is 2 for silicon and 1 for germanium
The volt-ampere characteristic of a diode s of the form shown fig 2.24. The lorward

curent ranges from milliamperes to amperes. The reverse current s several microamperes

fer germanium and several nancamperes for silicon,

213 ZENER DIODE

ldeally, a pn junction diode conducts in the forward direction and does not conduct
n the reverse direction, The zener diode is designed specifically to conduct in the reverse
drection when the reverse voltage exceeds the breakdown woltage. Therefore a zener
diode is a voltage sensitive switch. A zener diode conducts heawvily at a fixed pre-
determined reverse voltage, Reserve breakdown can be explained in terms of the following

PIENOMEna:

(a) AVALANCHE BREAKDOWN: A zener diode 1s heavily doped hence its depletion region 15

very thin. When the diode 15 reverse iased the minonly carmers are accelerated by the
glectnic field in the depletion region. As the reverse voltage increases, the velooity of the
minority carmers increases. At a large value of the reverse voltage the minonly carmers
acquire enough velocity to produce other free electrons by collisions with atoms,

These electrons are similarly accelerated by the field and m tumn cause other
onizations. This avalanche process leads to a large reverse current and the junction is said
fo suffer breakdown. The breakdown s not destructrve, however, unless the powor

dssipation inCreases the temperature to the pmnt'where local melting destroys the diode.

Rl




The voltage across the junction remains quite constant over a wide current range in the

breakdown region.

(b} ZENER BREAKDOWN: In the presence of a strong electnc field at the junction, a
- aifficently strong force can be exerted on a bound electron by the field to tear it out of s
i tovalent bond. The new hole-electron par which 1s created increases the reverse current,
'This method of breakdown does not involve collision of carmers with crystal ons like in the

svalanche multiphcation. Zener breakdown occurs only in zener diodes that have breakdown

witage below 5V. Zener diodes with breakdown woltage greater than 5V operate

gredominantly by avalanche breakdown. Zeners are commeroally available with breakdown

yoltages between 2.5V - 72V. A tymcal V-1 charactenstic of a zener digde and its symbol 15

shown in figure 2.25. V, is the breakdown voltage and 1; i1s the zener current.

114 LIGHT EMITTING DIODE (LED)

Some p-n unctions emit visible light when forward bhased. This occurs because
when the injected minority carriers recombine at the junction, energy s liberated. The
gnergy 15 the excess energy which the electrons give off as they fall from the conduction
sand to the valence band in order to recombine. For a LED, the energy 15 in the visible
egion. LEDs are made of gallium arsenide or gallium phosphide. Possible colours include

red, green, and yellow, Visible LEDs find wide application as inexpensive, low-power

consumption indicators.
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Fig. 2.26: Symbol for a LED



115 BIPOLAR JUNCTION TRANSISTOR (BJT)

A transistor 15 a three terminal active dewice. There are two types of this transistor:-
ngn and pnp. The two forms and their symbols are shown in fig. 2.27. The operations of
the two are conceptually identical except for the interchange of munority and majority
warner types and the polarity of the bias potentials so that it suffices to discuss the pnp
fansistor.  The three terminals of a transistor are named emitter, base and collector. A
snction transistor consists of two parallel p-n junctions juxtaposed back o back in a single
rystal. In operation, the emitter-base junction is forward biased while the collector-base

- unction s reversed biased.

Holes njected into the n-type base region at the emitter junction diffuse across Lo
the collector junction where they are collected by the electric field at the junction,
Variations 1n the emitter-base voltage change the injected current correspondingly and this
sgnal 1s observed at the collector junction. The forward biased emitter represents a smail
resstance and the reverse-biased collector a large resistance.

For common base connection, a useful figure of merit for a transistor s the current
gan «, which 15 the ratio of the change in collector (or output) current to the change in
gmitter {or input) current for constant collector voltage. For most dewvices, « 15 very nearly
uiity,  In many applications, the transistor is used in the common emitter configuration n
which the input signal 15 applied at the base of the transistor and the output signal is taken

al the collector, For this configuration the relevant current gan s b

[l = Change in collector current (2.62)

Change in base current

Tymcal values of B range from 20 to 1000.
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Fig. 2.28: Sketches of collector charactenstics for common emitter configuration,



A convenmient way to represent the [-V charactenstics of a transistor s the collecto

tharacteristics. A typical shape of the collector characteristics for common emitter

tanfiguration is as shown in fig 2.28.

116 PHOTOTRANSISTOR

In principle, a phototransistor 15 a photodiode plus an amplifier on the same chip as
shown in figure 2.29a. A photodiode 15 a junction diode sensitive to hght which when
reverse biased, munority carriers flow in the circuit. If the diode junction is now illuminatad,
the light energy produces more electron = hole pairs, which are swept across the junction.
An increased current flows through the diode.

A phototransistor is light-sensitive and the base is usually left disconnected. When
ight falls on the emitter side, more electron-hole pairs are produced in the base. This is
amplified by transistor action, and a larger current i1s obtained, The phototransistor output

current 1s typecally 100 times larger than the photodiode current. The highet gain is

accomparmied by non-inearity, a conseguence of the variation of |} with l.. Also, the

response time is less, Thus the phototransistor s nol as good as the photodiode where

inearity and speed are essential. The phototransistor works well for interrupted light beam

apphcations, for example the burglar alarm syetem.. Relatively high output currents, as

well as high sensitivity are provided by the darlington connection shown in fig 2.29d.

.17 OPTICAL (OPTO) ISOLATOR

An optical 1solator or coupler consists of a LED and a photodiode mounted in the sarme
package (Fig. 2.30). The photodiode 15 mounted to capture the maximum amount of light

from the LED; that is, the two diodes are oplically coupled but electncally solated. These
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devices are useful in isolating grounds In large systems and where high voltage isoclation
between circuits s required.  Some solators have a built-in transistor which can be
erated in either the common collector mode or the common emitter mode, Because of

the skghtly nonlinear LED characteristics, the current gain ‘= 1.1, varies with the cument

L The current gain 1s in the range of 0.1 to 10. The frequency response is beyond 1MHz,

- and insulaton of 1 to 3kV are typical,

118 PHOTO-RESISTOR (LDR) . i
These are made of photosensitive matenal, such as cadmium mlﬂd;e. "Iﬂ;ﬂﬁ' cadmium
sulfide hght dependent resistor s normally prowded with a clear end window. The
resistance decreases as the intensity of the light falling on the device increases. The
ressstance of a cell may change from over 10M() in the dark to under 1012 in bnght hight.
The response bime s much longer than that of a photodiode, often requiring over 10ms to
return to the dark conductance level.- Photo-resistors have poorer sensitivity, stability, and

gpeed than photodiode. They are used mostly where cost 15 a factor.

.19 OPERATIONAL AMPLIFIERS (OP-AMPS)

An op-amp 1S a high=gain, integrated circuit, direct-coupled ampiifier. It contains
several components as diodes, transistors, capacitors, and resistors, all in one single chip of
a sermiconductor.  The Op-amp s usually used in the hield of analogue operations. And with
sutable feedback, it can be designed to perform many mathematical operations such as
addition, differentiation, multiphcation, and integration to mention a few. They perform the
gperations with high degree of accuracy and reliability, The ideal op-amp s shown in figure

231,




The terminals labelled + and - are the input terminals. The terminals labelled + V.

-V are the power supply hines, which provide the voltages required to drive the

nts in the IC. It should be noted that the amplifier output V. is given with respect

It the power supply common or ground connection.  The output wvoltage Ve of an deal

: grential input op-amp is proportional to the difference in voltage of two signal sources

+and V-) as indicated by

Vo =A. (Vi -Vy) {2.63)

where Ao Is the open-loop gain and its typical value is 10°
An ideal op-amp has the following charactenistics.

[ Its input impedance in infinite. Therefore no current enters through the inputs, This
ensures that any signal could be supplied to it without the IC loading the signal
source.

{ij Its output /mpedance is zera. This ensures that no loss of signal through the device is

recorded.

(n}  The open loop voltage gain A, 15 infinite.

fiv)  The bandwidth 1s infinite.

() There is perfect balance i.e V., = o when V; =V; (CMRR),

The charactenistics do not drift with temperature.

i,



1.19.1 OP-AMP SPECIFICATION
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Fig, 2.31: ldeal OP-AMP.
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Fig. 2.32: The Network ideal characteristic behaviour of Op — Amp.
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Few electromic devices approach their ideal behaviour. For the op-amp, several non-

deal characteristics must be recognized.
OUTPUT SATURATION
An excessive input wvoltage drives the outpul to positive or negative saturation, a
imiting voltage which is somewhat less in magnitude than the power-supply voltage.
The op-amp saturates at + \Wcc - 2V,
Thus, the three region of operations possible are
il Lingar Region, where the output voltage s directly proportional to the voltage 1.e V,
= Aq(Vz- Vy)
()} Positive saturation region, Vy= V. - 2V
[} Negative saturation region, Vo = -V + 2V
INPUT OFFSET VOLTAGE
It is impassible to have perfect matching of transistors and resistors, therefore some
arcuit imbalance 1s inewvitable, This usually results 1 a small voltage at the outpul
even when the input to the amplifier is zero. Ideally, the output should be zero when
the input 1s zero. The input offset voltage s the small voltage that must be applied to
the input terminals to force the quiescent output voltage to zero.
COMMON MODE REJECTION RATIO (C.M.R.R)
This is @ measure of the ability of an op-amp to reject signals
simultaneously applied to both inputs. The c.m.r.r 1s the rabio of the differental
voltage gamn to the common mode gain expressed in decibels.

d. BANDWIDTH: This s frequency range over which an op-amp will function, it 15 the

frequency at which the gain falls to unity.



INPUT BIAS CURRENT
A small bias current flows into both inputs of an op-amp. For an op-amp with BIT

input, the Dias current 15 with the base current of the input transistor and s in the
range of 10nA, For op amps with FET inputs, the bias current 15 much smaller, often
below 0.1 pA.

INPUT OFFSET CURRENT

This is the difference between the currents llowing into the two input terminals when
the quigscent output voltage is zero.

INPUT (COMMON - MODE) VOLTAGE RANGE.

Op-amps work properly only if input voltages are within a specified range, termed
the common- mode operating range. If the maximum gallowable input voltage 15
exceoded, the device will be destroyed. Newer model ICs have permussible input

voltage range roughly equal to the output saturation range.

SLEW RATE

Many op- amps cannot deliver the full- voltage output at high frequencies. This
limitation 1= specified by the slew rate, defined as the maximum output voltage
change per unit time. If a square wave is applied to the input, the change in the

putput voltage 1s not instantanecus. The output initially nises hinearly at the slew rate

(typically 1V/us).

Kl



2.19.2 SOME BASIC APPLICATIONS OF OP-AMPS

2] NON-INVERTING AMPLIFIER

A non-inverting amplifier is shown in fig. 2.33. Its purpose is to amplify an input voltage V;

by a factor A to give an output voitage V.. A fraction [ of the output voltage is fed back to

the inverting input of the op-amp. The net signal between the inputs of the op-amp is;
Vi=-Vi=V -V, {2.64)

- This is an example of negative feedback. The output voltage V, is given by

1"":' = 'a'\'.'ln{ll'll: = Illllt:l e -'ﬁ'o{lli'll = Elli'llu:l {2.55}
Rearranging, W = A
W, 1+ PAq (2.66)

For a properly designed amplifier, B is chosen so that BA; is much larger than 1. This
usually presents no difficulty because A, is typically high (between 10° and 10%). Assuming

therefore that [iA, >>1, we ignore 1 in the denominator.

Vo =1

Vi [ (2.67)

o= By (2.68)
Ry + R

Therefore the overall voltage gain
A = 1 = RBy+PRy (2.69)
i Ry
It can be noted that the voitage gain A is independent of Ag. At low frequencies
equation 2.64 is quite accurate in practice. Where accurate gain is desired, dose- tolerance
resistors (1 percent) are used, and closed — loop gain A is limited to 100 or less, The best
range of R; is 2k to 100k . We note however that as the gain of the op-amp drops at

higher frequencies, there is a freguency above which eguation 2.69 is not valid. An



advantage of the non-inverting amplifier is its high input impedance. The minimum ~=
unity when R; = oo and R; = 0.

Fig 2.33 below is designed for operation down to zero frequency, When L . uw ww
signal source of low output resistance (e.g. a thermocoupie) the resistor Rx is needed. This
latter requirement anises from the fact that the amplifier must draw its input bias current
fram the sighal source and must therefore see a d.c path to earth. Resistor Rx is in circuit
amply to ensure that both inputs see the same resistance to earth.

For minimum offset, Rx must have the value;

Ry R; (2.70)
Ry + R

It may be thought at first that Rx, being in series with the signal, will cause
significant attenuation, Fortunately, this is not the case because the non-inverting amplifier
has an input impedance of at least 50 MQ, Small Rx ts about 10kQ, signal loss across Rx
negligible. If the signal source has an output resistance comparable with Ry, its value must
be subtracted from Rx
(b)  INVERTING AMPLIFIER

An inverting amplifier is shown below in figure 2.34. The input and output signals

are 180" out of phase. The signal at the non-inverting input V; = 0. Since A, is large, the

signal between the op amp input is negligible. The inverting input is a virtual ground.

M=V, = _M-Wp (2.71)
R Rz
Since Vy = 0,
Theclosed loop gain A= My = -RBy (2.72)

1I||r| R]
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Figure 2.33: Non-inverting amplifier
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Fg. 2.34: Inverting Amplifier

(c)  DIFFERENTIAL AMPLIFIER
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Usually Ry = Ry and R, = Ry
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Figure 2.35; Differential Ampiifier  (a) Circuit (b} Symbol

K4



A disadvantage of the inverting amplifier is its relatively low input impedance, which is equal
o R; because the inverting input is at ground potential. The input impedance, however, is
ordinarily much larger than the op-amp output impedance and therefore rarely presents a
problermn when driven by another op-amp. The input resistance R; must not be too high

(over 100k) for an op-amp with BIT inputs or the effect of the bias current may become

significant. If the bias current is a problem, a bias current compensation resistor (R, = R;)

may be added from the non-inverting input to ground. Closed loop gain A of value 0.1 to
100 is practical. The gain is independent of the supply voltage.
The differential amplifier employs negative feedback to stabilize the gain A. Putting

Ri=R; and Ry = R,

VoA (V- V) {(2:73)
where A = 8,
R

For many applications, the common-mode rejection ratio (CMRR) must be made as large as
possible. In order to change the gain of the amplifier R; and R; may be made variable over
a narrow range. If the input impedance of this circult is too low for the desired application,
unity gain amplifiers are added preceding each input. An improved wversion of the
differential-input amplifier is the instrument amplifier-
fc}  INSTRUMENTATION AMPLIFIER

An instrumentation Amplifier is a variable gain differential amplifier consisting of
three op-amps, as indicated in fig 2.36. Its special features are (a) high input impedance,
especially If op-amps A, and A; have FET inputs (b} high CMRR (c) precizian high gain, if
the resistors R s precision resistor. High input impedance is achieve using the non-

inverting amplifier configuration on the inputs. Precision high gain is achieved by two stages

BL
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Figure 2.37: Inverting summing Amplifier
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Fgure 2.39: Op-amp comparators (a) Simple comparator with vanable threshold
violtage (b) Inverting comparator with hysteresis (c) Non-inverting
comparator with hysteresis and a variable threshold.
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feedback amphfier. High common —mode rejection 15 achieved by the dual non-inverting
abion circuit, which utilizes a common feedback resistor R,.

[d) SUMMING AMPLIFIER

As the name implies the amplifier is used for summing two or more signals as shown
n figure 2.37. It s an inverting amplifier with many inputs. Because of the feedback, the
umming point x 1S a virtual ground. As a consequence, the input currents 1y, 1z, |3 are

independent of one another, while the output current i 1s the sum of the input currents.

That is I+ i + - + s =1 (2.74)
Ny Mo+ ¥y =N, (2.75)
Ry R Rn Ry
Vo= -Ry [Mp+Vo+ .. +V¥, (2.76)
Ry R; Ra

_ where n = total number of inputs. As with the standard inverting amplifier, signal spurces
must have low impedance, such as provided by the output of a previous leedback amplifier,

fe) UNITY - GAIN AMPLIFIER.

The unity - gain amphfers of fig, 2.38 above are specialized versions of the non-

- mverting and inverting amplifiers prewviously discussed. The main use of the non-inverting
- amplifier 1s as a high input — impedance buffer which has an output impedance low enough
1o drive subsequent stages.
(i COMPARATOR,
The response of an op-amp comparator s positive saturation when the input differential
voltage (V; = V.) s greater than 1mV, When the input differential valtage s negative and of

magnitude greater than ImV, the outpul swings to negative saturalion.

Ky



Three versions of the comparator are shown in fig 2.39. In fig 2.3%(a) a reference V

ied to one nput. Because of the high open - loop gain of the op-amp, an input

above V. causes the output to swing from negative to posiive saturation.

ing V, below Ve can reverse the output polarty, Positive feedback is utilized in fig

3, to speed the transition and to provide hysteresis. With hysteres:s the input voltage

ed to produce positive saturation is shghtly higher than thal required to produce a

saturation. False transition due to noisy signals s eliminated by hysteresis.

LOGIC ELEMENTS

The logic elements in digital instruments are the basic bulding biocks of the circuits

tcontrol data flow and processing of standard signals. Each logic element 15 a network of

ic components. Logic elements include the following gates AND, OR, NOT, NAND,

NOR, EX- OR, COMPARATOR and FLIP-FLOP, The vanous logic elements are treated Dclow,

The symbaols for the gates are shown in fig 2.40.

TABLE 2.7: Truth Table of different types of gate
Inputs | - Outputs

A B | AND |OR ‘ NAND | NOR |EX-OR [EX-NOR |

| gate | gate | gate | gate | gate gate

| 0 [0 | 0 | 0 — 1 1 : 0 1

o [t Jo |1 1 0 1 I
|.| 0 |0 |' 1 1 0 |1 0

I |1 1 1 [ 0 i 0 0 1
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Fig 2.40: Symbols of different Gates
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ANALOG TO DIGITAL CONVERTER (ADC)

A/D converters are required to convert analog signals into corresponding, cquivalent
agial codes, after a certain time delay. The A/D conversion process 15 more compheated
#d time consuming than the DA conversion. Different types of A/D converters have been

oped some of which use a D/A Converter as a part of their circuitry. In the section that

bllows some simple types of A/D converter are briefly discussed.

2.21.1 STAIRCASE RAMP A/D CONVERTER
The block diagram s shown in hig 2.41. Initially, a tngger input resets the digdtal
tunter. V,, the output of the D/A converter 15 zero. For V, positive, the output of the

wmparator is at logic 1, The AND gate allows clock pulses 1o pass to the counter,

As time progresses, V, increases in steps producing a staircase output waveform. At

the point where V, exceeds V, the comparator output switches negative and the puises to
the counter cease. At this point, the digital output corresponds to the analog input. The
tock frequency determines the rate of conversion bul has no effect on the accuracy. The
tme grows rapidly with the number of bits, a significant drawback for many applications.
This staircase ramp A/D converter prowdes a good method for digiizing e a high

mesolution,

E:.I.ELE DUAL-SLOPE A/D CONVERTERS

Figure 2.42a shows a block diagram of a dual-slope A/D converter. The op amp A, acls as
an integrator, A conversion cycle starts with the integrator output at 0V, the counier
fesets Lo zero, and the nput swilch s connected fo the unknown mpul voltags Vi

Assuming V.. 1S positive, the integrator output ramps in a negative direction. As scan as the



mtegrator pushes the negative input of the comparator a few micro-volls negative, the
mtput of the comparator goes high and enables the AND gate. This lets the clock signal
nto the counter. {n this phase V, = - V.. t /RC.

The integrator output is allowed to ramp negative for a fixed number of counts. This
s shown as t, in fig. 2.42b. After the fixed number of counts, the control circuitry resets
the counter to zero and switches the integrator input to a negative reference voltage Via
which causes the integrator output to ramp positive as shown by the section labeled t;.
When the integrator output goes a few micro-volts above OV again, the comparator output
goes low. This disables the AND gate and shuts off the clock signal to the counter, The
tontrol circuit then latches the accumulated count, resets the counters to 2ero, and switches
the integrator input back to the unknown input voltage to start another conversion cycle,
The number of counts stored on the latches 15 proportional to the input voltage.

Since the same R and C are used for the signal integrate ramp and the rofcrence
mtegrate ramp, vanations in R or C with temperature has no effect on the accuracy of the
putput reading.  This 1s the major advantage of a dual-ramp converter over a single ramp
type. Since t; and V... are constants, this equation shows that t; s directly proportional 1o
V.. It 15 noted that the value of RC of the ntegrator 15 selected so that the op-amp gdoes
not go into saturation when the maximum input voltage s apphed to the integrator input
L The advantages of a dual slope converter are high resolution, low cost, and immuiily
o temperature changes. The major disadvantage of dual-slope converter 15 its slow speed.

Examples of A/D converter based on dual slope integration are ICL7107, ICL7137 ICL7136,

s
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1.21.3 SUCCESSIVE — APPROXIMATION A/D CONVERTERS

This is one of the fastest and most commonly used A/D converlers. [t comprises a
voltage comparator, logic programmer, digital register and D/A converter as shown in fligure
2.43,

It 15 similar to the counter type ADC except that the bits are tested in suCcession

garting from the most significant tit. At the beginming of the conversion process, the most

significant bit (MSB) 1s put equal to 1. The output V; of the D/A converter 1s compared with

the analogue input voltage V. If V., exceeds V; the comparator output is high and the bit
s retained. If not, the bit reverts to 0.

The next bit 15 then put egual to 1 and the companson between V, and V,, 15 made,

Other bits are tned in succession, After the LSB has been tnied, the digital output of ADC s

read, This s the digital word corresponding to the analogue input voltage.

Clearly the process 1s much faster than counting pulses, especially if the number of

bits 15 large. The main disadvantage 5 that the control logic reguired s rather nvolved,

Fortunately, this converter 1s now avaldable in 1C form,

Far example, ADOSO s an 8-bit
comverter.
a1 It enr |
e —— ".-.,. ......
| Lo e L. o ] i I | ] |
T 7] Prosgammor
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A | |
Analogue & ' Enanl
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Fig 2.43; Block diagram of Successive — approximation A/D Converter
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2.21.4 FLASH CONVERTERS
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Fig. 2.44: Flash converters (a) Simple 2-bit converter (b) 6-bit converter




A flash converter (fig 2.44) utilizes a series of comparators with the threshcld inputs
spaced at regularly increasing voltages. All comparators with threshold voltages below the
analegue input Vi, are turmed on. An encoder converts the comparator cutputs to a Binary
code. The number of comparator increases with the number of bits. A standard 6-bit
converter requires 63 comparators.

A flash converter does not utilize clock signals for the conversion process. The
converter has only one step. Conversion speed is of the order of 100-MHz. No cther
converter approaches this speed. However the resolution is more limited than the other

types of A/D converters.

2.22 SILICON CONTROLLED RECTIFIER (SCR)

This s a three terminal device. The terminals are known as the Gate, Anode and
Cathode. Often the device (also known as thyristor) is used in an ac drcuit to corto! U
power delivered to the load such as an electric motor or a heating element.
STRUCTURE: It consists of four layers of semiconductor in a pnpn sandwich. A positive
potential applied to the p type terminal puts the centre pn junction under reverse bias while
the two other junctions are forward-biased. The device may be looked upon as the back -
to back combination of two transistors @, and Q; (fig 2.42<). Let I be emitter current in Qy.
Its collector current I¢y = « I, Similarly, if I; is the emitter current of T Its coliecior
current, Ic; = ;I Using kirchhoff's current rule at the collector junction,

L=oyly +a;la+l; (2.77)

where I = gate current
The overall current input to the device is given as

L=l+] (2.78)
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Fromegn 2.72 and 2.73
0 CTRSEN (5 ) (2.79)

1- (e + «3)

From equation 2.79, if the sum of the current gains «=; + «; IS near unity, the current I; can
be very large even though the gate current is small. Thyristors can be used in d.C circuils

such as in lamp fiashers and high- speed trip circuit.

.13 TRIAC

The triac i= similar in operation to two thyristors connected in reverse parallsl but
with a common gate connection (fig 2.46). This means that the device can pass or block
wrrent in both directions. Also it can be triggered to conduction in either directizn by
applying either a positive or a negative gate signal, Triacs are mostly used in full- wave a.c
control circuits in preference to two thyristors because a simpler heat sink and & moare

economical trigger circuit can be used.

1.24 DIAC

Diac is basically a two-terminal parallel-inverse combination of semiconductor layers
- that permils triggering in either direction as shown in fig. .= above. The diac like a tnac is
bedirectional switch between the main terminals, but it does not have a gate, The
tharacteristics of the device clearly demonstrate that there is a breakover voltage in either
direction. This possibility of an ‘on’ condition in either direction car he used to its fullest
advantage in ac applications to deliver full power when switched, Note that ncither terminil

is referred to as the cathode but as terminal 1 and terminal 2.
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15 THE 555 TIMER AS AN ASTABLE MULTI-VIBRATOR

The 555 timer IC is a device which can be used to form monostable, bistalle and
Btable multivibrators. [Its internal structure is shown in fig 2.48a. By means of the three
msstors R, the tngger and threshold terminals are set at 1/3 V. and 2/3 V. respactively,
Ths device can be used to produce an output signal without any input signal. Hence the
name free-running. It s a closed loop regenerative feedback circuit. Figure 2. 4Bc shows the
555 timer used as an astable multi-vibrator.

The output is a train of positive pulses with the width and frequency determined by
pernal biming components — Ra, Rg and C, Pins 2 and 6 are connected together which
alows the capacitor to charge and discharge between the threshold and trigger levels. At

switch-on, C charges via Ry and Ry towards V... When the voltage across C reaches 2/3 V.,
the output changes state and C is discharged wia Ry towards OV, When the voltage across C
falls to 1/3 V¢ , the circuit again changes state, the intermal discharge transistor turns oif,
and C charges Via R. and Ry towards V... Thus a continuous train of pulses appears at Lhe
output.

To get an almost symmetrical cutput waveform, Rg is made very large with respoct

to R, , say 50 times and in that case the frequency f, will be primarily determined by R and

C.

Figure 2.45 (d) is a typical waveform

f= 1.49
(Ra+ 2R JC
The duty cycle = Time output high = (Ra+Ras ). (2.50)

Period (Ra+ 2Ry )

Lfa
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To achieve some control over duty cycle, a circuit such as shown in fig 2.45d 15 used.

the capacitor charges through diode D; and discharges through D;. Ra and Rg are
by means of the pots RV, and RV;. Using pin 4, the reset, as a control, can create
oscillators. While pin 4 is held at QV, the oscillation s inhibited, but if 2 positive

tage is applied then the circuit is allowed to oscillate.

.26 DISPLAYS

The increasing use of digital displays in calculators, watches and all orms of
nstrumentation has contnbuted to the current extensive interest in structures that wall emit
ight when properly biased. The three types in common use today to perform this function
are the light-emitting diode (LED) and the liquid-crystal display (LCD) and the high current

and voltage display, These three categonies will be discussed in this section.

1.26.1 LED DISPLAY

This i1s the most common digital display. Any digit from 0 to 9 can be dispizyed by
rning on the proper combination of seven segments which are shown in fig 2.49a. Eall
segment 15 a light emitting diode made of Gallum Arsenide. When the diode = 'orward
biased, it conducts and emits red, yellow or green light, all in the wisible region of the
electromagnetic spectrum, The seven segments can be connected either in the common
@thode form and common anode form, .

In the common anode form (shown in fig 2.490) the anodes are Joined together. A

segment is activated if the cathode of the corresponding cathode fs grounded, In the

common cathode form (fig 2.49¢) the cathodes are connected to the positive supply and the

anode of the LED is grounded in order for a segment to be activated.

(L1}
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126.2 LIQUID CRYSTAL DISPLAYS (LCDs)
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Figure 2.49; LED Display (a) Seven - segment array for numerals

LED display

s

L

Figure 2.50: Liguid crystal displays (LCD) principle {Reflection type);
(a) Expanded cross- sectional view. (b) Top- view of seven- segment display.
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Liguid crystals consist of a high concentration of asymmetrnc molecules in =
transparent organic solvent (Fig 2.50). These molecules can be oriented by an evhor
glectric field, which in turmn can rotate the plane of polarization of a transmitted beam of
polarized light.

A display has an optical polarizer which polarizes the incident fight beam. If the
polarized beam is not rotated as it passes through this crystal region, then it passes through
the polarizer again (reflection type) or a similarly onented polanizer on the other side
(ransmission type) with little loss. An electric field s zpplied to the liquid crystal by a
voltage (3 to 20v) across the transparent electrodes. The field rotates the plane of
polarization by 90 so that the exit polarizer does not allow the light to pass. Thus the area
below the electrode (one segment of the display) appears dark in contrast to the white
reflected area, The voltage is applied between an individual segment and the common
lower electrode or back plane, Either polarity of the applied voltage produces the same
effect.

An LCD will respond to and may be tested with a dc or a single polarity voltage.
However, the life of the display |s short unless an ac square wave driver with no dc
component is used, This is accomplished by applying 2 square wave to the back plane. The
input signal for the segment is applied through the X- OR gate. An X-OR gate provides the
proper segment drive (reversing the truth table) for a data input provided by the standard
decoder output, The square wave (30 to 300Hz) must be symmetrical otherwise the display
voltage will have a dc bias.

Decoder/drivers for LCD displays have internal XOR gates. Normally, a
decoder/driver is required for each digit, although the back plane is common. Most LCD

displays cannot be multiplexed.
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2.26.3 HIGH CURRENT AND VOLTAGE DISPLAYS

Gas discharge, neon, or incandescent lamp seven-segment displays are similar to the
LED dlisplays except for; (1) the current and voltage requirements on the drivers and (2) the
amp segments are electrically un-polarized so that either the common - anode or common-
cathode drive circuits will work with any display.

Neon or gas — discharge displays are bright, large, and low- cost but require a high -
voltage drive (about 100 V at 1mA). Most IC drivers are inadequate, and a high- voltage
drrver transistor for each segment s a common solution (see fig 2.51a)

Incandescent displays (Fig. 2.51b) have roughly the same advantages and
disadvantages as the gas - discharge displays except that the special power- supply
requirement is a relatively high - current, at a lower voltage, Here also, individual segment
drivers are usually required. Sometimes a resistor Rw is added to keep the filament warm,
thus reducing the warm-up shock. These displays require a fair amount of power but can be

made as large as desired so that the display can be read at a distance.
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Figure 2.51: Seven- segment drive circuit for (a) Gas (b) Incandescent lamp.
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A heater of the type used for this project, 5 made of a resistive element coiled into a
hefical form and contained inside a copper tube insulated from tube wall by a suitable electical
msulator, The ends of the coil are soldered to good conductor studs, which are also insulated
from the copper tube by means of a high temperature resistive rubber material {sce fig,
3.17a). The tube is finally coiled into shape of figure (3.17b) completed with an end plate Tor

positioning.
The power rating of the heater s 1.8 KW at 240V, while the current rating is 8.34 and

its resistance 15 3201

2.28 FAN

A fan is a device which propels air continuously against the pressure loss of a dosed
circuit system, in which the ambient atmosphere may be a compenent (Obsorme, 1975), The
variation in the mean density of air vanes with the atmospheric pressure and temperature,
both of which have a direct effect on the power input to the fan. It is customary for
manufacturers to guote the Intet volume flow and fan pressure for some “standard air”
condition. This s almost uruversally agreed to be ar having a density ol 1.2 kg/m-, wiich =
that of atmospheric air at a pressure of 100kPa (1 bar), a temperature of 16°C, and a relative
humidity of 65%.

The effect of changes in moisture content on air density can generally be gnored at
temperatures below about 23°C. Fans were selected to match the system through whuch the

air must pass in order to work at the highest efficiency. It 1s more convenient to connect fans

N SETies,




CHAPTER THREE
RESEARCH METHODOLOGY

The palm kermel nuts drier to be designed and constructed has two major parts. The

one is the housing unit or the body of the dner while the second is the control system.

. these two shall be discussed.

1 DRIER BODY FAERICATION

The constructed drier is a metal box measuring B2cm in length, 45cm in breadth and
Sem in height.  2om sguare pipes were used for the framework of the drier. Unto the
famework, sheets of iron, Imm thick, were welded. The main body was double walled
wth sawdust in between the walls as the lagging matenial. Lagging is important n order to
#void heat losses by conduction. The drier has three compartments, namely, the controd
section, the fan/heater section and the drying chamber. The three sections have lengths
20cm, 12cm, and 50cm respectively, The control compartmznt is thermally insulated from
the fan/heater compartment by a lagged wall.  This is to protect the electronic component
n the control section from any form of overheating. The fan/heater section is separated
from the drying chamber by a thin sheet perforated with holes. The fan blows hot air from
the heater through the perforations into the drying chamber.

Stainless steel is not corrosive; it doesn't react with any material or rust, This property
makes it the most adequate material to use in the construction of the trays inside the drying
chamber. However, stainiess steel was not locally available at the time of fabrication hence the
trays were made of ordinary mild steel sheet. The dimension of each tray is S0cm by 36cm

and 2.5an deep,
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The body of the drier was painted green, the interior, silver but the trays were
unpainted because some quantity of kemel oil at the point of drying nomally gets

transferred from the interior of kernals to kemel the surface, This surface ol may reach with

the paint to contaminate the extracted oil.

3.2 DESIGN AND CONSTRUCTION OF CONTROL CIRCUITS AND SYSTLM

The knowledge of the values of the physical and thermal properties of any product 1s
a pre-requisite for the design of equipment for processing of the product [Mujumda, 1980].
According to Jorgensen | 1985, palm kernel nuts are best dned with hot air flowing over
them at a temperature of 80°C. The dner is therefore designed to accommodate & prescl
temperature variable between 27°C {ambient temperature) and 100'C.

This design will prowide a saentific approach to drying under controlled temperature,
and a neal drying enwironment that will allow heated air to blow over the product Lo be

dried. The desigr of the temperature sensor device (a thermocouple)} and other circuit used

in this work will be described in this section.

3.2.1 THE LOCALLY MADE THERMOCOUPLE
A thermocouple consists of two disssimilar metals joined together at cne end but open
at the other end. Heat at the short-circuited junction produces a small de vollege across

ot different

the open end, which 1s usually connected to a dc meter. The junctions must bae

temperatures for an emf to develop between the junctions.
The ends of a par of copper and constantan wires were cleaned, twisted ooother

and soldered. The thermocouple 15 as shown in fgure 3.1, In Uws projocd, two

thermocouples were constructed each wire being Im long.
(LLEY



Copper

Junction
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Constantan

Fig. 3.1 A constructed thermocouple

ERL



3.2.2 EXPERIMENT TO DETERMINE THE CHARACTERISTICS OF THE
THERMOCOUPLE

The set up 15 shown in fig 3.3. The LM 324 was used as a differential amplifier with
a voltage gain of 100. The amplifier was connected to the output of the thermocouple to
examine the response of the device to changes in temperature between 0° C and 100° C.
The cold junction of the thermocouple was put in an ice bath at 0°C while its hot junction
was subjected to the varying temperature of the heated water.

The readings of output voltage Vo versus temperature are shown in the second row
of table 3.1. The readings were used to plot a graph of V, versus temperature 0. The
graph is shown in fig.3.2, From the graph, the gradient 15 4.11mV/°C and the thermocouple
constant is 41.1uV/°C.

The aim of the cold junction compensator is to obtain an eguivalent circuit that would
generate a voltage egquivalent to the _-u-alue of the cold junction emf at 0°C. The
expenmental set-up s shown figure 3.4. The resistors R; R4, Rs, and RV, were chosen so
that under steady conditions, the zener dicde draws a current of 12mA thus ensunng that
the voltage across it is constant, The water was heated to 100°C, RV, was adjusted unlil the
output voltage at 100°C as read on a digital multimeter was 406mV, The water was aliowed
to cool down towards the room temperature; the readings obtained are shown in Table 3.2,

Using the second row data, the gradient 1 4.04mV/°C. For the cold junctici
corrector, the thermocouple has a constant of 40.4pV/°C. Since the thermocouple amphficr
has a gain of 100 at 100°C, the output voltage is 404mV. V, (observed) is the actual
reading of the meter while V', is the calculated output voltage obtained using the Tormula;
V' 5 = thermocouple constant x amplifier gain x temperature

= 40.4uV/Cx 100 x 6 ° {3.1)
Il



According to R S Catalogue |1993), the K-class thermocouple has 2 constant of 40.6uV/C.
Hence, the thermocouple constructed belongs to this class with its constanl equal to
40.4uV/"C.

It 15 observed from the table that V and V' agree and so the cold junction corroctor
15 reliable. The output of the thermocouple amplifier is in analogue form, In order to read
the temperature on a digital display, we must of necessity convert the analogue output o a

digital word, This leads us to discuss the conversion process using ADC 0504,



b

Table 3.1: Readings from the thermocouple shown in fig 3.3
Temp.("C) | 10 |20 [28 |30 [35 |39 |44 55 | 68 73 77 | B2 B8 [88 100
V.(mv) |03 | 07 |11 |12 |14 |06 |18 |22 |28 |.30 |.32 |.34 | .35 |.3 | a0
Table 3.2: Readings from the thermocouple with the cold junction corrector
[Temp 'C 100 [95 |50 |85 [& |75 |70 |65 |60 |55 |50 |45 [40 [35 [30 |25 |20 [I5 |10 5 | @
1_ I
V, observed output | 406 | 386 | 366 | 342 | 326 | 305 | 2A3 | 264 | 242 | 224 | 204 | 183 | 164 | 145 (128 | 100 |62 |64 |46 |28 | 10
visltage () { _
Vs calculated | 404 | 383 [ 364 | 343 | 323 [ 303 [ 282 | 263 | 242 222 [ 202 | 182 162 [ 141 [121 (100 (B2 |61 [40 (20 (O
output vl BgE | |
(mv) | i 4
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Fig 3.3: Circuit to observed temperature response of copper/canstantan thermocouple

3.2.3 DESIGN OF COLD JUNCTION CORRECTOR
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Figure 3.4: Circult to obtain cold junction corrector



3.2.4 DESIGN AND CONSTRUCTION OF ANALOGUE TO DIGITAL CONVERTER

cs 1 20— Vee 3

R0 —2 99— CLKR L

wrR —— 3 1§—— D -

LAR DY 4 ADC L=l ¥
INTR 5 0804 1ﬁ5-— Dy P
M1 —|6 13— D,

IN 2 7 14* Dy

A GND—18 13— Dy

vref/2 g I:Qi‘— o,

D GND—1 10 | b— Dy

Figure 3.5a: Typicai 8 bit ADC 0804 pin configuration
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Figure 3.50: Typical 8 bit ADC 0804 arcuit diagram
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Figure 3.5a shows the pin configuration for a typical successive approximation A/D
converter chip, the ADC 0804. The IC is used in a stand-alone ADC circuit. The run down of
the pin labels according to Puri {1997) is as follows:

Pin 1: C5:- This Is an active —LOW chip select. For the ADC 0804 to operate, the pin must
be grounded.

Pin 2: RD:- This is an active LOW read pin. When pin 2 is LOW, the three — state outputs
are active and the digital output can be read.

Pin 3: WR:- This is an active LOW write pin. When it goes LOW, the AD conversion process
begins.

Pin 4: CLK IN:- This is the clock input pin. The TTL-Level square —wave signal is applied to

this terminal,

Pin 5: INTR:- This is an active low interrupt or halt, When pin 5 goes LOW it signals that
conversion process is complete, IF pin 5 is connected to pin 3, the conversion
process will immediately begin again.

Pin6 & 7:- These are the bwo ﬂiﬁﬂrential input for analogue signals used for voltage

C.sel adjustment. It has two grounds, the first ground is A GND at pin & and
the second ground is D GND at pin 10.

Pin 8: A GND:- This means analogue ground i.e. the ground for analogue signals,

Pin 9: Vwf2:- This pin controls the wvoltage to which the input analogue voltage is
referenced. If left unconnected, V=V../2. By applying a reduced voltage to
pin 9, the range of the input signal can be varied from 0 to 3V.

Pin 10: D GND:- This means digital ground. In practice pins B and 10 are connected to

the common ground,
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Pins 11-18: Dy = Dy:- These are the three — state digital output. If pin 1 or pin 2 is high,
then the digital outputs at Pins 11 to 18 float. When pins 1 and 2 are
low, the digital output appears on pins 11 to 18.

Fin 19; CLK R;- This s the output from the intermal clock. An extemnal resistor and
capacitor connected between pin 19 and the ground determine ils
frequency. The freguency s given by f=1 / 1.1RC.

Pin 20: Vec:- This is the supply voltage typically 5V.

The circuit diagram of the ADC is shown in fig, 3.5b. According to Michael (1995,
the following useful informations were obtained.

(i) A reference voltage of 1.26V Is provided by a precision band - gap device D,

i) The frequency of the ADC 0804’ internal clock is determined by Ry and C;

(i)  Scaling of the input voltage is provided by the simple potential divider arrangement

compnsing of RV, Rycand Ry

‘v The input resistance is 1M and RV, is to be adjusted so that a full-scale output

results from an input of 25.5V, _In that condition, the converter operates in steps of
100mV.

From the information above, the following were carmed out.

(1) Design of equivalent reference voltage as provided by ZN423. The ZN423 regulalor

was not available as at the tme of design. From R S catalogue (1982), the reference

valtage is 1.26V. To obtain such a steady voltage the circuit of figure 3.6 was used.
The currents flowing at vanous points in the circuit were fixed at the values shown.

The values of the components were calculated as Ry = 2200, 1/4W; Re = 4700, 1/4W and

RVs =1k, 1/2W.



Vier = 1.26V

Fig. 3.6:  Circuit to provide 1.26V reference voltage

14



‘-1‘

a
2

The reference dipdes Z;and Z; give reference voltages of 10V and 5.1V respectively.
The purpase of the two is to stabilize the voltage across Z;. Even if the input changes, the
output will still be stabilized. The vanable resistor RV, sets the final output at 1.26V. The
booster affords a precision voltage of 1.26V with an output impedance close to zero. The
capacitor C; stabuhzes the voltage across the Z; in case of any voltage surge; thus ensunng
that the final output remains at 1.26V.

(B) Design of the amplifier for the nput of the A/D converter: The ADC 08049 converter

[T 15 an B-bit converter. IS output has 256 steps full-scale reading. There are 255 steps
above OV, In this work voltage per step is fixed at 100mV and the maximum temperature
i the dner s 100°C. At this temperature, the amplifier output voltage is expected to be
100 steps x 100mV/step = 10V.

From the thermocouple constant of 40.4uVv/°C, the thermo emf at 100°C = 4.04mv. |If
voltage imput to the amplifier 5 4.04mV and the output 15 10V, the amplifier gain =
1V/4.04mV = 2475.

For thes high gain, a cascaded two stage amplifier 15 required in which the output of
stage A 1s 200mV at 100° C and that of stage B is 10V,
Design of stagqe A:  This is the same as the thermocouple amplifier described in section 3.3,
Design of stage B: Stage B s a non inverting ampiifier whose input signal 15 404mV and
output 15 10V, Therefore, the gain = {R;+R;e) / Ry Putting Ry =2.2 k2 and Ry = 51kEL
R., was replaced with a series combination of a fixed resistor of 47k and 3 6.8KQ pol,
which was adjusted to give the required gain.

The complete amplifier including the cold junchion corrector 5 shown in figure 3.7,
The circuit of figure 3.7 1s connected to the magnitude comparator. The 8-bits magnitude

comparator has two 7486 EX-OR gates, two 7404 which are inverters and one 7430 which is
1211



&n eight nput NAND gate. Ther connections are shown in figure 3.8. The magnitude
comparatol compares the signal from ADC and the Binary counters. When the two inputs of
the magnitude comparator are equal. The output (EN) of the magritude comparator will go
low. This will disable the counters as well as enables the latches to read the output of tha
decade counter or to transfer the signal from the output of the decade counter ta its (latch)
cutput,

After the counter stops counting, it would not be able to count again unless reset,
Therefore the circuit must be reset in order to be ready for a new process of counting and
the resel pulse generator (figure 3.10) does that. Resel pulse generator resets whie Lhe

gated clock pulse generator (figure 3.11) drives the counter. The design of the two pulse

aenerators are discussed in section 3.6

3.2.5 COUNTERS, LATCHES AND DISPLAY

In figure 3.9, we have two 7493 [Cs which are inary counters, bwo 7490 which are decade
counters, four 7475 which are latches (memory to preserve data, when enabied i opens
and reads data and transfers it to the cutput; when disabled it latches or locks up the data),
and two 7447 1Cs which are decoder/drivers to decode the BCD digits and drive it to the
display unit. These were used along with the Seven Segment Display. [her connectian
network is as shown In figure 3.9. The orcuit arrangement from the magnitude comparator
to the decoder/driver can be substituted with 7107 IC. This IC was not available as al the

ume of construction. The circuits in figures 3.8 and 3.9 were therefore designed as

replacement,
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3.2.6 PULSE GENERATORS

Having concluded the design of the circuit that will amplify the thermocouple output
and convert signals to digital form, attention i1s now focused on the circuit that will control
the temperature of the heating chamber. For this reason, pulse generators are required.

he 555 timer IC was extensively used in the design,

3.2.6.1 RESET PULSE GENERATOR
The circuit diagram is as in fig 3.10. The circuit uses a 555 timer in an astable mode.
The frequency of oscillation is 1Hz it is assumed that R;<<Ry,.

| herefore the equation of the frequency is givenas = 1 (3.2)
0.693(R; +2R;;)Cy

If f = 1Hz, R;; = 68kl and R;=1kf}
lIsing equation 3.6, Cy = 10.5uF.

The component values selected is Cs = 10pF, 16V and Cs = 0.01pF.

3.2.6.2 10KHz GATED CLOCK PULSE GENERATOR
The circuit diagram (figure 3.11) is the same as in fig 3.10, Here the frequency of
oscillation 5 10KHz, Let Ry, =68ki1, from equation 3.6, C; = 1.05nF. Therefore the value

selected is Cg =1.0nF.
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3.2.6.3 VOLTAGE DEPENDENT PULSE GENERATOR

Thiz oscillator is shown in the upper part of fig 3.12. The supply voltage to the 555
Timer is 5V. The capacitor C; charges through Ry; and the diode D; with a target voltage
of Vear (fig 3.132). V. i5 the output voltage of the comparator that compares the output
of the secc ' 'age thermocouple amplifier {fig 3.7) and the temperature preset circuit (fig
3.14). The charging time t; = 0.693 R;:C;. The capacitor discharges through Ry; and Dy,
the target voltage being OV. The discharging time t; = 0.693 Ry5C;.  For a large value of
Viar, 5ay 10V, C; takes less time to charge from 1/3V. to 2/3V. than to discharges from
2/3Vec to 1/3Vee. Thus, t <
Lett; =10t
Hence the periodictime T=4 +t; = 111
Butt; = 0.693 RypCy
Therefore, T = 0.693R;:Cr x11 = 7.623 R0,
let T = 1/10 5, and C; = 1pF,
Riz= 13,12 K} and Ry3 = 10R;; = 131K

The component values selected are Ry; = 12K, and B3 = 120K40

. T e FIRST HEATER CONTROLLER
The circuit of the heater controller is shown in fig 3.12. Suppose the power circuit 1S
switched ON. At this instant, the differential voltage V.3 15 maximum and higher than V.

The pulse generator has 2 waveform shown in Fig. 3.12. At time t; Pin 3 of the 555 timer
Is driven high. The transistor Q) is driven to saturation, transistor Q; is OFF. There is no
current through the photodiodes D: and Dy, The heater is therefore OFF during this shart
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interval, In the interval t: Pin 3 of the timer is driven low. Q; cuts off and §; saturates.
The leds D; and Ds tum on and they illuminate the light dependent resistor ORP12. The
resistance falls from megaochms to a few kilo-ohms. At this instance the triac drives current
through the heater.

As the temperature rises, the differential voltage (Var) falis and so, the charging
period = capacitor G increases, the discharging time decreases thus, increasing the
duty cycle. Therefore, in every cycle, the interval during which the heater is ON decreases.
The control circuit is able to adjust its pulse width in accordance with temperature
difference between the pre-set and the actual temperature and so drives the power circuit

accordingly. It should be noted that in fig 3.12, Q; merely serves as an inverter.

3.2.71 DESIGN OF THE INVERTER
The inverter is shown in fig 3.12. Let the safe current through the photodiodes be
15mA. When biased, the voltage across each photodiode is 1.2V.  Hence, for two diodes
it is 2.4V, -
Assume that for transistor Gy, Voess = OV,
Therefore, Rig = {5-2.4) 15m& = 1730}
The nearest standard value is 18012,
Q & Qyare 2N2222A transistor with hee = 100

Taking the collector current of Q; as 15mA, its base current = Jg = 150uA.
Fre

For good operation, the base current was increased by a factor of 3.5. Therefore I

S525pA, Ryg = (5 - 0.6)/ 525pA = B.4kQ, the nearest preferred value is B.2kQ. R

SV/15mA = 3300 and R;; as 3.9k0.
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3.2.7.2 DESIGN OF THE FIRST HEATER CIRCUIT
For the pholoresistor, its resistance in darkness is IMQ (min) and its resistance when
subjected to the radiation from the light emitting diode is 4,5k8,
For Diac BR10O, Vg =(32+4) V
Averagely, Vao = 32V,
When the diac breaks down, it conducts and its current fires the triac.
Let 240 Vrms from mains be equivalent to 90%then 32 Vrms will be equivalentto = 12’
From the basic ac theory, the phase angle for an RC network is tan 8 = wRC.
If the mains frequency = 50Hz, tan 12 =2xmwx50xRxC

But R = (R;; + Ry of ORP 12}
According to Loveday (1982), Rey = 4.5k
If Ry7 = 5.6kE1, then R = 10.1kQ

and tan 120 = 2 x % 50 x 10,1k x Cs
This gives Cg = 0.0669 LiF. : Sy /
Two capacitors Cgs and Cgg replace Cg.
g = Can =101 LR
Therefare, the equivalent capacitance = 0.05 yF
The actual firing angle, -8 isgiven bytan ® = 2 xwx 50 x 10.1k x 0.05 pF = 9.00
The proportional temperature controller allows only one heater (rated 240V, 8.34) to
be used in the system as in fig 3.12. This does not provide the required heating because

the triac rating is only 15A. If two of such heaters'are used the current rating of the triac
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will be exceeded. For this reason, a second heater circuit was designed to drive another

heater.

3.2.8 SECOND HEATER CIRCUIT

Consider figure 3.13a where Vqy is the output voltage of the thermocouple amplifier.
Vem 15 the preset voltage corresponding to the desired temperature, If Voy > Ve, then Ve
is OV. Dy and Q; are off, Q; emitter voltage is O V, IC; is In positive saturation and V=
Veee Hence, (p i saturated, Q3 is OFF, the diode, the photo transistor Qs Is off and the
Thyristor SRC; Is also off.
If Viw < Ve, the process reverses.  The phototransistor Q4 is ON, hence it fires the

thyristor SCRy. When the thyristor conducts, sufficient ac current will be passed to the a.c.
relay coll and the latter will change state and supply current to the heater.
Since a thermocouple is very sensitive, it responds rapidly to any slight change

in temperature, diode Dy, traps the previous voltage and prevents oscillabon. The time
constant (R;;Cqq) together with the hysteresis of comparator-2 (I1C;) further dampens the

circuit to prevent erratic triggering due to transients.

According to Douglas (1989) Viyeteresis = Ris * (Ve =11 = 6.3V
Rig+ Ry
The resistors Ryz Ry Rzz Rp3, Rag, Rps and capacitors Cy and Cyp were chosen by

assuming a current 1pd through @y, 10mA through Z; 1mA through Q; and 1mA through

Qa.

For the power circuit, the thyristor is a sensitive gate type with gate current of 0.2mA (min).

Allowing a current of 3.0mA to flow through the zener, Z;, the effective resistance
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Rewr = (240 - 5.6%/3mA = 78k} = Ry,
‘We take R.. = 6BkD
The true current flowing through Zi= (240 - 5.6)/68k = 3.4mA.

Power of the resistor = [4R = 0.BW.

Howewver, in actual construction, four 270KQ resistors in parallel replaced Ren.

3.2.9 TEMPERATURE PRESET CIRCUIT
It 5 necessary to design the arcuit to presetl the temperature of the drying chambaer

of the dner to a fixed degree, 50°C say. This section gives the detail of the design.
Vze = 13V and RV = 2K, 10 turn pot. Let [; = 10mA

Hence, Ri= = (15 - 13)/ 10mA = 2/ 10mA = 2000). The nearest standard value 1s 1800,

IC: s connected as a voltage follower. 1L acts as a high load resistance to the zenaes
circuit and a low source resistance to the succeeding circuit. The output 15 connected to the
mput (Vin) of fig. 3.13 by 4@ single - pole, two-way switch, And after, the chamber
temperatu: o s preset, the switch 1s &Lun‘uzd te normal operation position, thus allowing the

heater to turn on,
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Fig. 3.14: Temperature preset circuit



3.2.10 POWER SUPPLIES
The various stages of these equipments require the following dc voltages (@) +5V for
the operational amplifiers (b) +15V for the comparators. Now each of this supply is

cbtained from a single 240 V, 50Hz ac source.

3.2.10.1 5V-POWER S5UPPLY, I, = 0.5A (Max)

A 240w, 50Hz ac source is applied to the primary of the transformer TR;. The
voltage at the secondary winding of the transformer is 15V. The bridge reciifier BR1
converts the voltage to de. Ry serves as the load resistor to the rectifier. Gy, s the filter
capacitor. By means of Ry; and Z;, the Veo for the op amp is made 15V, The two zeners
regulate the Vee to a fixed voltage. The values of the components in figure 3.15 are chosen
as follows V 77 = 8.2V and V 2 = 3.3V.

The properties of the transistors @, Q; and Qs are as faollow:

(A} For Q, :BFY 50; Icmax = 1A, P, = 800mW , Vicgn = 35V, Veag = 80V, hy = 30min

{B) For Q 2N3055; Ic max = 15A, Py (max) = 115W at 25 9C, Vo = 60V, Vepo =
100V, hye = 20-70.

(C} For Qs: 2N222A; Ic max = 800mA, Power output P, = 500mW at 25 OC, Vo = 40V
Veao = 75V, hge = 100 = 300, Take I3 = 10mA and I; = 20 mA

I; =15 + Ia = 30mA

e S ke

10maA,
Power rating Py = (10mA)2 x 4906 = 49mW

The nearest standard value is 47080, 0.23W
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The output of the transformer = 15V qms, when the input vottage is 290V,
Voo = (15 xv2) - 2Vp = 21V-1.4V = 19,6V
Ry = (19.6V - B.2V)/30mA = 3800

Po= 30 m& x 30 mA x 380 Q = 342mW, hence Ry = 390 Q, 1/2W.

The other components are as follows:

Rse = 2.7kQ, 0.5W; R = 1500, 0.125W; Cy; = 4.700 pF, 35V, and

Ci =10 pF, 25V; Ci; = 47 pF, 25V. For I; {max) = 0.5A

Qs is ON when the forward biased wvoltage s about 0.6V, Suppose the transistor is
fully on at 0.6V, then Vg = 0.6V, Ry = 0.6V/0.5A = 1.20. Since the load curment flows
through R, its power rating is 05 %1.2= 0.3W, Ryp = 1.2 Q, 0.5W.
The base resistor R = 1800

In case of overload, such that output current is greater than 0.54, Qs turms ON and
diverts the base current of Q. The output voltage will drop to protect the series transistor
Q2. When the supply is not loaded, 'n"d:E allow a steady current of 2mA through Rss and RVs,

Ris= 3.3V / ZmA = 1.5kQ

RVs = 1.7V /2mA = 8500
RVs is a 2.2k0 pot, which was adjusted to make the output voltage just S.0V. Oy s

mounted on a suitable heat sink.
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The crcuit shown in hgure 3.16 is in every respect similar to figure 3.15. The
component values in the circuit are therefore chosen as in section 3.10.1.
Properties of the transistor TIF31 used in this circuit are:

ic max = 3A, Py = 40w, Vg = B0W, Veus = 100, hye = 10 = 50. The dc currents
flowing in the different parts of the circuit are shown in the figure. The other components
are computed to be B> = 3900, 0.5W; Ryx= 47041, 1W; Ry = 2.7k8); Ciy = 6800 pF, 50V,

Cia = 4.7uF, 50V; Ci; = 47 uF, 50V; ﬁ:r- = 1500); Ry = 1.20), 2.5W; Ryy= 1.5 KL2; Rys= 2.1

<12 A 4.7k() pot (RV,) replaces Ry; and it 1s adjusted until Vo = 15V,

3.211 DESIGN OF THE PRINTED CIRCUIT USED
Printed circuits were produced using Photo - resist boards. These are copper-clad

epoxy glass boargs. The boards have positive photo-resist surfaces protected by a peel-cli

plastic film.

3.2.11.1 PRODUCTION PROCESS OF PRINTED CIRCUIT BOARD (PCD)

The following steps were taken in the production of the printed circuit board.

(a) Each circuit was redrawn taking into account the shapes and sizes of components to
use.

() The layout of the circuit (or art-work) was made on the drafting sheet using transiers,
tracks, dual inline pads, transistor pads, round pads etc

{c) The artwork was "photocopied” on to the photo resist board using UV exposure unit for
2 minutes.

(d) The artwork pattern was developed using a 5u-r:|1-._1rr1 hydroside solution as a developer,

It was prepared by mixing 10g of sodium hydroxide powder with water to makg up
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500ml of solution in a beaker. The solution was poured into a plastic tray and the
exposed board was placed in the solution, It was shaken continuously and examined
from time to time until the pattern was completely developed. The beard was removed
and washed under running water.

(e) The board was then etched using Ferric chioride Hexahydrate solution, The etchant was
prepared by mixing 200g of crystals with water making the solution to 500ml. The booid
was immersed in the etchant inside a plastic tray. Shaking was done continuous!, vl

the board was completely etched. In order to accelerate the etching process, the

sclution was pre-hoated to 50°C before carrying out the process.
(f) The board was washed under running water and dried.
{g) The pasitions for component leads were drilled using 1mm drill bit.
(h) The developed pattern was scrapped using razor -blade to remove the insulation, The
pattern was tinned with solder to protect the tracks.
(1) The components wera sorted out, with their leads cleaned with fine emery paper.
: Using the circuit diagrams, components were inserted into their respective locations.
Masking tape was used to keep components in place and then the board over tumed for
soldering. Soldenng was camied out and excess component leads tnimmed. The wired boar

was testizd to ensure that it was wer-ing properly.

3.212 INSTAL!ATION OF PARTS ey
The eiectronic components boards were mounted on metal racks having wooden bases,

The racks were secured to the drier fioor by means of screws.  Electnical interconnections ware

achieved by the use of connectors. The mator of the.fan was installed in the control secion W

prevent its being overheated, which would have occurred if it were located in the hod'
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section. The spindie is projected into the fan/heater section, The blades rotate in this section
and blow hot air around the heaters into the drying chamber.

The temperature sensor (thermocouple) was passed through a duct in the double wall
and through a small hollow pipe, which has been welded to the roof of the drying chamber.,
The thermocouple junction projects out of the hollow cylinder into the drying chamber, Four
equally spaced rails were welded to both sides of the vertical wall of the drying chamber. The
racks were hung on the rails,

Another fan was installed on the back cover of the control section to cool the electronic

components and the fan motor.
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CHAPTER FOUR

4.1 FAW MATERIAL SUPPLY AND PREPARATION

The palm kemel seeds used in this work were obtained from a village named "Ooard'
after Oda town in Akure South Local Government within the South West zone of Migara
Akure s 7° 14' North of the Equator and 5° 08" East of the Greenwich Meridian. Cn receipt
the kernel was cleaned by removing the dirts and pebbles in it without washing because
washing would introduce increased free fatty acid (FFA) which would affect the guality of
the product. Care was taken to use newly cracked kemel and not old stock U.st has boer
partially dried. There was no need of sZe reduction because il already maintain:
approximately small and regular shape. Size reduction is the process of breaking the keme

nuts into smaller shape or size such that the nuts assume same size throughout and il ads

drying process thereby reducing drying time,

4.2 TEST EQUIPMENT

The test equipment s a tray drier, The details of s construction were describad in
chapter 3. The dner has three ;:ﬂmﬁartmems namely (i) drying chamber (i} fan/haater
section and (iii) Electronic instrumentation or control section.

The drying chamber can take four trays, each of length 50cm, breadth 36crn and
depth 3cr. The trays were stackec about 10cm above each other within the vertical drying
column, The chamber has a pipe, which carries the thermocouple wires from the elecironig
section to the drying chamber, The thermocouple senses the dry bulb tempe ature cf the
chamber. The roof of the chamber has a small opening of 2em in diameter at the top of the
drying section. This opening serves two purposes: it 15 one of the autlets for water va, ol

to escape from the drier and for the thermometer used to sense the wet-bulb temipus lure
141



of the chamber, The chamber has a door with hinges, which allow easy loading -
unloading of the kemels.

The second section houses the fan and the heater, Two 2kW heaters are installed
next to the drying chamber. The fan was installed with its engine in the electronic section
while the blade is in the fan/heater section directly blowing air around the heater into the
drying chamber. An "air guard” was also installed over the fan to avoid air dispersal and
focus the air into the drying chamber.

The third section is the electronic instrumentation compartment. This compartments
houses the electronic components that regulate and control the temperature of the chamber
and other electrical parts of the drier. A second fan is installed in this compartment to blow
cool air over the electronic board and the coil of the first fan. The coil of the first fan is not
in the fan/heater section to avoid its being overheated because the fan/heater compartment
and the drying chamber are very hot. This dryer was designed to oprrate between 27°C
and 99°C making it suitable to dry many food items such as maize and beans to mention a

few,

4.3 EXPERIMENTAL APPROACH

This work reported here investigated the drying performance of the drier. Particle to
particle and surface to particle heat transfer are key elements of the drying process. Drying
of solids involves bringing heat to the particles to be dried. This can be done indirectly by a
flowing hot gas or directly by means of heating surfaces. This investigation is limited to
cotvective drying with influence of conduction (i.e. particle to particle heat transfer) and
radiation from surrounding walls. The velocity of the air is constant at natural convection

{not turbulent flow) and proportional to the power input to the fan and the fan pressure
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(that s, the rate at which it blows the air within the medium). The air temperature IS
measured by the thermocouple. If it is lower than the presel temperature, the heaters
switch ON and the air temperature rises. When the air temperature reaches the preset
temperature, the heaters switch OFF, The heaters switch ON again when the temperature

falls to about 1°C below the preset temperature.

4 EXPERIMENTAL PROCEDURE
141 PRELIMINARY EXPERIMENTS (With drier only)

After installation, the completed work was test-run at some temperatures., The
-emperature readings on both digital display and a reference mercury-in-glass thermometer
were recorded. The reading tracked each other. The maximum difference recorded was 0.5°C.
Four preliminary expesiments were carnied out to determine the charactenstics of the drier,
Experiment 1:; The drier was emply and the temperature of the chamber was preset at
100°C. Thereafter readings of the temperature were taken at regular intervals of 80 seconds.
The readings taken two times are shown in columns 2 and 2 of table 4.1.

Experiment 2: Next the chamber was heated to 100°C and allowed to cool while the door
was kept open. Readings of the temperature were recorded at intervals of 30 seconds, This 1s
nown in column 4 of the table 4.1,

Experiment 3: The chamber was again heated to 100°C. It was allowed to cool while the
door was kept closed. Readings of the temperature were recorded at intervals of 60 seconds.

(See column 5 of table 4.1),



4.4.2 PALM KERNEL NUTS DRYING EXPERIMENTS

Before running the experiment the temperature of the chamber as read by the
thermocouple was noted. A liquid - in - glass thermometer whose bulb was covered with a
wick soaked in distilled water inside a beaker was placed inside the drying chamber to
measure the wet-bulb temperature,

Each of the four trays was filled with a weighed sample of the nuts. 1kg of the nuts
was spread in a thin layer of about two or three nuts depth inside each tray, In all, dkg of
the nut was used in each experiment. The trays were then inserted into the drying
chamber. The chamber was maintained at a constant temperature of 40°C. At intervals of
L5minutes the trays were emplied and weighed to determine the moisture loss. This
experiment was repeated with the drier temperature preset to 60°C, 80°C, and 100°C
respectively, The result is shown in table 4.2. The relative humidity of the drying chamber
was deduced from the Relafive Humidity Tables using the corresponding values of the wet-
and dry-bulb temperatures (see table 4.3).

Second experiment:

For accuracy, the first experiment was repeated all over again but this time around
the temperature of the drying chamber was preset to 60°C, 80°C and 100°C, For each
preset temperature the readings were taken at interval of 20minutes {see table 4.4). The
relative humidity table as shown in table 4.5 was deduced the same way as that of the first

experiment.
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The moisture content of each sample was determined using equation 2.4,
Re-writing eqguation 2.4,

¥y = mass of wet nuts - mass of dry nuts
mass of dry nuts (4.1)

Note that the onginal mass of kermnels = 1000g

The mass of dry sample of kernels was found by keeping sample (i.e. 1000qg) in th

oven for three hours at temperature 101°C. Re-weighing after three hours, the dry mass ol
the sample became 919, 70g. Therefore, using egquation 4.1, at 40°C when the mass ol
"wel” kermnel was 992,25;

X7 = = 0.0786 = 7.86 x 10°
This procedure was followed to obtain the values in row 7 of table 4.6,

The followirg precautions were taken during the experiment;

(i)  The dner was turned ON for about 10minutes before drying commenced in order to
enable the drying chamber walls reach thermal steady state. This highly reduced
heat loss to the surrounding wall of the chamber during drying process,

(il The wet bulb temperature sensor was placed close to the dry-bulb sensor
(thermocouple junction) in order for both Lo sense the same temperature per time
and hence give accurate readings.

(iiiy The laboratory used was well ventilated such that warm mwist air discharged from
the drier does not affect the original inlet conditions over the period of the
experiment.

{iv] Drying was done under constant drying condition i.e., the temperature, humidity,
velocity, wetl material shape and direction of flow of the air across the drying surface

are constant. Il is noteworthy that only the conditions in the airstreamn are constant.
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The mossture content and other factors in the solid (1L.e., palm kemel nuts) do change

however under constant drying condition {McCabe et al, 1985).

4.5 EXPERIMENTAL RESULTS AND DISCUSSION

4.5.1 Results and discussion for the preliminary experiments

The graphs of the vanous expenments are shown in figure 4.1. 1t can be observed

from curves 1, and 1; that the temperature increases linearly with time until the preset

temperature is approached. However, the graph of the first experiment 15 not as ingar as that
of the second experiment. The difference in the two graphs s due to the fact that some heat
was lost to the inside wall of the drier during the first expenment in order to keep the system
warm for the drying process. In the second experiment the mner wall of the drier had already
been warmed up. The heat lost to the inner walls was lower. For this reason, whenever the
drier was to be used, it was first turned ON for 10 minutes before the drying process actually
commenced.

From curves 2 and 3, at about 100°C, the cooling rate when the door was opened was
three times the cooling rate when .IZhE door of the chamber was closed. 1n both cases the
cooling rate became slower and slower as the ambient temperature was approached.

This test runming experiments showed that the dner, 15 hughly rehable. Heat loss 1s
mintmized and time taken for the temperature to pick up 15 rapid. I takes maximum of 7
runutes for the aner temperature to nse from ambrent to 100°C. And it 15 very easy to
reduce the chamber temperature by keeping the door ppen after pre-setting to the required
temperature. The maximum time the drier can take to cool to 40°C from 100°C is 10

minutes. However, when it is closed it takes as long as 34 minutes.
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4.5.2 Results and discussion for the palm kernel nuts drying experiments

The results of the first set of kemels drying expenment at different temperature and time
interval of 15minutes and 20minutes are as shown in tables 4.2 and 4.3 respectively. It is
noted that the mass decreased as moisture evaporated from either the surface or the bulk
of the nuts. Figures 4.2 and 4.3 shaw the drying curves for the dried nuts.

In all the drying experiments, the maximum drying time adopted was 60minutes. The
curves in figures 4.2 and 4.3 show that kemels have two stages of drying which are; the
falling rate and the constant rate periods. The constant-rate period of drying when heat is
supplied by convection is amenable to anahytical treatment because it is essentially
independent of the solid material. The falling-rate period is not as amenable to treatment
as the constant-rate period because the falling rate depends largely on the internal
structure of the nuts,

Immediately after contact between the wet nuts and the drying medium, the solid
temperature increases untll it reaches a steady stalte. At steady state, the temperature of
the surface of wet nuts is the wet-bulb temperature of the drying medium. At this point,
the drying rate remains constant. It ends when a solid reaches the critical moisture
content, X'c. Beyond this point, the surface temperature rises, and the drying rate falls off
rapidiy. The falling-rate period sets in and it takes a far longer time than the constant rate
period even though the moisture removed may be less,

The drying rate approaches zero at some equilibrium moisture content, X', which Is
the lowest moisture content obtainable with the solid under the drying conditions used.
However, from figure 4.4, observation shows that the critical moisture content and the

equilibrium moisture content exhibit dependency on temperature as well as time.
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For the drying chamber at 40°C, there was no falling rate period of drying observed
but prolonged and undefined constant rate penod. Hence, the drying process of kernel nuts
was slow and would possibly take more than 120 minutes.  Similarly, at 60°C and BO"C, the
drying period was longer than 60minutes due to the steepness that can still be observed as
the drying curves terminate at 60minutes. However, at 100°C, the drying period is within
60minutes. Al this point the drying rate at the falling rate penod s approximately constant.
Figure 4.3 (from the result of the second experiment in table 4.4) also supports the above
observations.

It s notewarthy that the drier will dry more effectively if after loading, the drying
chamber door is permanently clased for 40 to 60minutes say, without unloading the nuts at
intervals to weigh them. Under this condition it 15 found that the dner was capable of
drying the nuts within 60minutes at 80°C. It is also found that at temperatures up to 100°C
no discolouration of the kernel nuts or the extracted oil was noticed.

The computed relative humidity values are shown in table 4.3. From this table, the
graph of relative humidity versus wet - bulb temperature (or dry bulb temperatures) can be
plotted, as shown in figure 4.5. The observed curve reveals that relative humidity within
the drer reduces with increase in temperature. The computed relative humidity for the
second experiment (table 4.4) is shown in table 4,5,  The curve behaves in a way similar to
that of figure 4.5.

According to McCabe et al (1985), since the air entering a dner 15 seldom completely
dry but contains some moisture and has a definite relative humidity, the portion of the
water in the wet solid which cannot be remowved [:recaus-e of the humidity of the inlet air s

called the eguwibrum mosture. The free moisture is the difference between the total-
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maotsture content of the solid and the equilibriuom moisture content. Thus, if Xy 5

moisture content and I X'z s the equilibrivm moisture content, the free moisture X 1S
X = Xr— X't (4.3)
This can therefore be calculated as

X = (orlginal mass of kernels — mass of the dry sample) - X' (4.4)
mass of the dry sample

Table 4.6 was obtained from table 4.2, This table shows that the drer can dry the
kernel nuts leaving about 5% of the origingl mosture (retained in the nuts) within
e0minutes when it is preset to 100°C (approximately). This result agrees with the assertion
in the Encyclopedia of scence and technology (1997) that the final moisture content of dry
solid is usually less than 10%.

Figure 4.6, which is the variation of the moisture content against relative humidity
reveals that the maisture content is directly proportional to the relative humidity. That s
when the hurmidity i1s high, the moisture content is high and vice versa. The curves of a wet
solid brought into contact with air of lower relative hurmidity also behave this way. The solid
loses moisture and comes Lo equilibrium with the air. When the air is more humid than the
solid, the sofid absorbs maoisture from the air until equilibricm is attained. The movement of
moisture between the solid and air of different relative humidity is independent of
temperature. It is therefore advisable that palm kemel nuts’ oil should be extracted

immediately after drying in order to avoid re-absorption of moisture the surrounding air,
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TABLE 4.1: Variation of temperature with time for the preliminary experiment

Time Experiment 1a | Experimant 1b | Experiments 2 | Experiment 3 |
(minutes) | Temp.("C) | Temp.(’C) |Temp.('C} | Temp.('C)
0.0 32.0 1 99.0 99,0/100.0
0.5 85.0
o___ _ 410 45.0 77.0 9.0
71.0 _ =)
2.0 50.0 59.0 | 66.0 91.0
2.5 i 62.0 [
3.0 60.0 71.0 1560 86.0
3.5 ! 53.0 =N
4.0 . 70.0 82.0 1510 790
4.5 49.0 T
5.0 80.0 92.0 47.0 75.0
3.3 ; 46.0 . =
6.0 50.0 98.0/99.0 45.0 71.0
6.5 44.0
7.0 98.0 99.0/100.0 43.0 680
7.5 42.0 N I
8.0 99.0 99.0/100.0 41.0 | 66.0
5.5 — 411._5_ SR S—
9.0 40.0 64.0
9.5 39.0
10.0 39.0 62.0
10.5
11.0 60.0
11.5 B E il
12.0 59.0
12.5
(13.0 B ~ |ssD
13.5
14.0 ' 56.0
14.5
15.0 B 55.0
15.5 |
16.0 54.0
16.5 -
17.0 i = 53.0
17.5
18.0 = | 52.0




19.0 51.0
195

20.0 50.0
205

21.0 0.0
215

22.0 48.0
225

23.0 48.0
235

24.0 47.0
24.5

25.0 47.0
Z2D.5

26.0 46.0
26,5

270 46.0
2.5

28.0 46.0
285

290 45.0
295

30.0 45.0
30,5

31.0 45.0
315

32.0 44.0
32.5

33.0 44.0
35 B

34.0 43.0
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TABLE 4.2: Results of the first experiment

Weight of wet seeds oniginally lcaded inside each tray = 1lkg

i ol an {11]

Morss Web-hulh | Mass Wot-Blh | Hass | Wieg-Bilb | Mass Wat-Huih
of mEs: | Temp. T | [Q) Teamp *C =} | Temrge "C° | {gh Termnp, *C
o

1% b =F e L tEga | a7 BT | A S 80 | B0

n aa0.m | # Boas0 | 3T a5L.5% | 44 Q2a.00 | %

a4 aFRm | H 55,30 |37 93500 | a4 T5E | 5

i g | - TR I QI | A 3380 | =0

TABLE 4.3: Showing the Relative Humidity from table 4.2

Ef) &4 =

temp, "
Dry-Bidb Tems,
Ay 40
1 2%
& = L
106 o
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TABLE 4.4: The Result of the second experiment

&0 i H 1
Mamial | Wet-Gud Mass (g] | Wel-Bub | Mam(g) | Wel-Bub
ks Tesmig, T Tamp. *C Temp. iC
Time [rmdes (g)
1] L= T LT0ED 45 LR0.00 45
il CFE.70 | 40 16,70 45 933.30 40
&l Cea.5 | A 033.50 ] CEH. 14 ac

TABLE 4.5: Relative Humidity from table 4.4

Wit -Bagh & a5 a4
Temp
Dry-Bll X
Temp, T
/../’—F F
il 30 ; e
."II i -'f- o II'\.
B 15 I ko }
| | -
- : : l.' g / f
15 '.;\. . ‘.-
b g
. ;
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TABLE 4.6: The overall result from tables 4.2 and 4.3

Dhry-lulh  Temp | W0 i & 10

Thi™'s

Wit-Hulh lemp | M3 37 i T -
Tw i

RS 4 24 i ]

Feliive Homshiy | 10 e | s 44

s

lime ¢ M ] 1% n 14 il I A L1L I 5. ik ] I3 i E el fud) 1] 15 T gL 15 fin
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Figure 4.1: Graph of Temperature - Time Response
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Figure 4.1: Drying curves of kernels at different constant temperature

{(From Table 4.1)
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Figure 4.2; A group of kernel drying curves at constant temperatures

{(From Table 4.3)
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Table 4.5)
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Figure 4.5: Graph of relative humidity versus wet-bulb temperatures (From
Table 4.2)
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Figure 46: Graphical analysis of the variation of moisture content with
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160




4.6

CONCLUSION
From mmmmm CONCIUSIONS were drawn,

The different expenments carned out show that the drying rate of any pm:lunl

depends ' on the length of time it spends in the drier and the preset temperature of

the drier.
The performance of the electronics instrumentation and contral systems of the drier

is satisfactory. Preésetting the drer at 1009%C, a maximum period of 50 minutes is
required for drang palm kemel nuts. For a dner at 80°C, the drying period ncreases
to 60 minutes. Drying at a lower temperature than 60°C requires a drying penod
longer than G0minutes. At these temperatures, extraction of optically purer and
cleaner palm kemel oil than hitherta extracted by iocal manufacturers s possible,
Conservation of energy durning the drying process s well achieved. However, the
drying chamber should provide wide enough opening for both inlet of air and outlet
of air in order to reduce the humudity of the drying chamber and hence speed up
drying process. In the drier designed in this work, heat loss was avoded or reduced
to minimum which later resulted to high humidity inside the chamber since the
vapour that escaped out of kernels could not find enough route to escape out of the
dryer, This however lowers the drying rate.

The recommended ventilation type to adopt for many products (especaally those
whose propertics are damageable with heat) s natural convection at 10-30°C above
ambient temperature. The benefit of this 15 the preservation of the physical,
biological as well as the chemical properties of the material been dried since the

temperatures deviate only a little from the natural means of drying which is mainly

by sun-dry.

Il



4.7

|

It 15 'possibie to further reduce the drying penod if a wet bulb thermometer is not in |
the drying chamber and the relative humidity of the product is determined using an

independent source. It is also possible to increase the number of heaters to make the

drying faster. i
Tha capacity of the tray drier can be increased by increasing the size of the dner.,
The capacity extension most favourable for tray droers 15 n horzontal direction, The
equipment can be adapted to the required size by some design changes for capacity
and a more efficient fan for hot air circulation. The control crcuit or the electronic
instrumentation remains the same.

By merely changing the preset temperature the equipment can be adapted to dry
many other agncultural products such as coffee, beans, cocoa, and maize to mention
a few even at temperature higher than 100°C.

Apart from its high efficiency and dependability, the cost of production of tray driers
15 cheaper compare to many other forms of dner as stated in chapter two of this

write-up. This makes it easily affordable (see appendix B).

RECOMMENDATIONS FOR FURTHER WORK

For greater efficiency and usage,

Trays should be made of stainless steel to allow wider usage of dner, for example in
drying product which may have properties or constituent that can react with either
paint or galvanized and ungalvanized metals to avoid poor end products.

For a general-purpose tray dner, temperature range and s@ze capacity should be

wider and increased respectively.
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APPENDIX A

VALUE OF COMPONENTS

The following are the values of the different components used in the arcuil
employed.

a. Resistors

Ry = 1k Riz = 12kQ R = 6.8k0

Rz = 100k Riz = 120k Rz = 5108

Ry = 2.2k0 R« = 6BOKD Rz = 10k02

Rs = 5600 Ris = 4740 Rze = 4900 = 4700

Rs = 10Q Ris = 51k8 Rz = 3508

Re = B20kQ Riz = 5.6k Ras = 2.7k8}

Ry = 47k02 Rz = 1BOQ Rz = 1508

Rg = 2200 Ris = B.2kQ Ry = 1.20

Ry = 470k Rzp = 3300 Ry = 1.50

Rip = 33kQ Ri = 3.9k} Ry = 2.1k

R, = 6BkQ Ra; = 1.2kQ Riz = 470

b. Capacitors

Cy = 10pF Ce = 1.0nF Ciy = 4.700pF

C.= 22uF Cr=1.0uF Cip=4.7uF

Cy = 150pF Cs = 0.0669u F Cy; = 6.800uF

Ce = 10.5uF Ce = 0.1uF Cia=4.7uF

Cs = 0.01u4F Cio = 1004 F

Mok



¢. Zener Dipdes

Z, = 6.8V
Z; = 5.1V

Z; = 10V

d Bots
RV, = 100kQ
RV; = 22kQ

L = 5.6V
2y = 13V

Ly = 3.3V

RV = 6.8k

RV. = 2k

| dsls

Ly = 8.2V
Zg = 18V

Za=062V

Rllulrg. = 2.2k(}
R‘h"ﬁ = 4_:'16‘.'5'.!



APPENDIX B

COST ESTIMATE
This is the systematic break down of cost data. Cost can either be a detailed or a

concise type. The purpose of prépaning a cost analysis of a project 1s an attempt to reveal
the cost relabonship bebween the vanous sections of a project and also to allow for some
comparabiity with others (Allan, 1988). The concise cost analysis of materials and

components use in this project 15 as follows:

Nk

1. Ressstors - {a) Ordinary x 60 600.00
{b) Potsx7 140.00

2. Capacitor - (a) Small x12 300.00
(b) Bigx9 S00.00

3. Diodes- (a) Rectifiers x 4 40.00
(b) Zenerx 11 275.00

4, IC {a) Op-ampl/4 Lm324x50r2IC 120.00
(b} ADC D804 x1 700.00

(c) 555 timer x 2 100.00

(d) 8 input NAND gate 180.00

(e} Ex-ORx?2 500.00

{n Inverters x 2 400.00

(gy 741x2 50.00

5. Transistor = (1) Driverx 5 150.00
{2) Power transistors x 6 540.00

6. Photodiode x 2 20.00
F Photo resistor (ORP12)X 1 200.00
8. Diac x 1 30.00
9. Trac x 1 100.00
10, Thrysistor x 1 50.00
11. Dpto - isolator x1 50.00
12. Transformers x 2 550.00
13. Relays x 3 450,00
14. Heater x 2 1200.00
15 Seven-segment Display x 1 150.00
16. PCBx7 1050.00
17. Wires {1 metre) x 1 ) 300.00
18. Fanx 2 1500.00
19 Connector x 4 200.00

2 Thermocouphle wires (Copper & constantan) 150.00



20.00
40.00
70.00

100.00

e . 100,00

LM324 N20 & 0804 N30) 160.00
-ade) x 4 1000.00

e 720.00

10.00

1,000.00
2,000.00
and painting 2,000.00

TOTAL 22,265.00

s of the cost of this project provides us with the best guide f
: 1y efficency in the future.
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